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Publications

For manuscripts published from date range March 2017 - March 2026 (16)

Strain-induced modulation of electronic and optical properties in hBN/InSe
heterostructure

Authors (2): Solajic, Andrijana; Pesic, Jelena

Published: Jun 2024 in Optical and Quantum Electronics

DOI: 10.1007/511082-024-06837-2

Tailoring electronic and optical properties of hBN/InTe and hBN/GaTe
heterostructures through biaxial strain engineering

Authors (2): Solajic, A.; Pesic, |.

Published: Jan 2024 in Scientific Reports

DOI: 10.1038/541598-024-51303-4

Spin-phonon interaction and short-range order in Mn3Si2Te6
Authors (9): Mijin, S. Djurdjic; Solajic, A. ... Lazarevic, N.
Published: Feb 2023 in Physical Review B

DOI: 10.1103/PHYSREVB.107.054309

Evolution of lattice, spin, and charge properties across the phase diagram of
FeSel-xSx

Authors (15): Lazarevic, N.; Baum, A. ... Hackl, R.

Published: Sep 2022 in Physical Review B

DOI: 10.1103/PHYSREVB.106.094510

Novel wide spectrum light absorber heterostructures based on hBN/In(Ga)Te
Authors (2): Solajic, A.; Pesic, J.

Published: Aug 2022 in Journal of Physics: Condensed Matter

DOI: 10.1088/1361-648X/AC7996

Structural and optical characterization of titanium-carbide and polymethyl
methacrylate based nanocomposite

Authors (7): Pesic, Jelena; Solajic, Andrijana ... Romcevic, Nebojsa
Published: Jun 2022 in Optical and Quantum Electronics

DOI: 10.1007/511082-022-03674-Z

Probing charge density wave phases and the Mott transition in 1T-TaS2l by
inelastic light scattering

Authors (12): Mijin, S. Djurdjic; Baum, A. ... Lazarevic, N.

Published: Jun 2021 in Physical Review B

DOI: 10.1103/PHYSREVB.103.245133

Peculiar symmetry-protected electronic dispersions in two-dimensional materials

Authors (6): Damljanovic, V; Lazic, N. ... Damnjanovic, M.
Published: Nov 2020 in Journal of Physics: Condensed Matter
DOI: 10.1088/1361-648X/ABAAD1

Times Cited
(All time)

13

10



Short-Range Order in VI3

Authors (9): Mijin, Sanja Djurdjic; Abeykoon, A. M. Milinda ... Lazarevic, Nenad
Published: Nov 2020 in Inorganic Chemistry

DOI: 10.1021/ACS.INORGCHEM.0C02060

Vacancies and spin-phonon coupling in CrSi0.8Ge0.1Te3

Authors (9): Milosavljevic, Ana; Solajic, Andrijana ... Lazarevic, Nenad
Published: Nov 2020 in Journal of Raman Spectroscopy

DOI: 10.1002/JRS.5962

Optical and mechanical properties and electron-phonon interaction in graphene
doped with metal atoms

Authors (3): Solajic, Andrijana; Pesic, Jelena; Gajic, Rados

Published: Mar 2020 in Optical and Quantum Electronics

DOI: 10.1007/511082-020-02300-0

Lattice dynamics and phase transitions in Fe3-xGeTe2
Authors (9): Milosavljevic, A.; Solajic, A. ... Popovic, Z., V
Published: Jun 2019 in Physical Review B

DOI: 10.1103/PHYSREVB.99.214304

Ab Initio Study of the Electronic, Vibrational, and Mechanical Properties of the
Magnesium Diboride Monolayer

Authors (7): Pesic, Jelena; Popov, Igor ... Gajic, Rados

Published: Jun 2019 in Condensed Matter

DOI: 10.3390/CONDMAT4020037

Evidence of spin-phonon coupling in CrSiTe3

Authors (7): Milosavljevic, A.; Solajic, A. ... Popovic, Z. V.
Published: Sep 2018 in Physical Review B

DOI: 10.1103/PHYSREVB.98.104306

Lattice dynamics and phase transition in Cri3 single crystals
Authors (9): Djurdjic-Mijin, S.; Solajic, A. ... Popovic, Z. V.
Published: Sep 2018 in Physical Review B

DOI: 10.1103/PHYSREVB.98.104307

Ab-initio calculations of electronic and vibrational properties of Sr and Yb
intercalated graphene

Authors (3): Solajic, Andrijana; Pesic, Jelena; Gajic, Rados

Published: Jul 2018 in Optical and Quantum Electronics

DOI: 10.1007/S11082-018-1541-X

Verified Reviews
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For manuscripts reviewed from date range March 2017 - March 2026

(3) Journal of Electronic Materials (2) Physica E: Low-dimensional Syst...

27

10

57

51



(2) Electronic Structure (1) Journal of Computational Electro...

8 REVIEWS OF 6 MANUSCRIPTS
For manuscripts published from date range March 2017 - March 2026

Influence of non-metal doping and biaxial strain on the photovoltaic characteristics of monolayer
1T-PtSe2
Feb 2025 Journal of Computational Electronics

Structure-Property Relationship and Electronic Structure Calculation of Cubic YSZ Solid Electrolyte
for Electrochemical Applications
2 Sep 2024 to Nov 2024 Journal of Electronic Materials

Strain Engineering on the Electronic Structure and Optical Properties of Monolayer WSi2X4 (X =
N, P, As)
Jun 2024 Journal of Electronic Materials

Phonons from density-functional perturbation theory using the all-electron full-potential linearized
augmented plane-wave method FLEUR
Nov 2023 Electronic Structure

Structural, Mechanical and Thermodynamic Properties of Two-dimensional Be3X2 (X = C, Si, Ge
and Sn) Materials Using First Principles Calculations
Sep 2020 Electronic Structure

Tunable electronic and magnetic properties of substitutionally doped graphene
2 Dec 2019 to Jan 2020 Physica E: Low-dimensional Systems and Nanostructures



Department of Physics, Mechanics and Electrical Engineering
Chair of Physics

Ass. Prof. Priv.-Doz. Dr Aleksandar Matkovic

Franz Josef Strasse 18

8700 Leoben
Montanuniversitat Phone.: +43 3842 402 4664
Leoben aleksandar.matkovic@unileoben.ac.at

Leoben, 3.11.2025

To:

Dr. Andrijana Solajic
Laboratory for 2D materials,
Institute of Physics,
University of Belgrade

Invitation Letter

Dear Andrijana,

It is my great pleasure to invite you to give a seminar lecture on the topic of
your choosing at our University’s Seminar Series on Semiconductor Physics
and Nanotechnology, in the current winter semester (WS 25-26).

As we have previously discussed via email, the best suiting dates for the seminar would be in the first or
the second week of December. | would suggest 01.12.2025 as the preliminary date. The seminar is
advertised University wide via all our chairs, departments, and institutes, targeting research staff,
professors, and also graduate students (mandatory for the Materials Science curriculum). The timeslot is
45min talk and 15-30min questions. The seminar will be hybrid (online via Zoom). The list of previous
speakers and their abstracts you can find on our web page: https://physik.unileoben.ac.at/home/seminars

Also, as discussed per email, our joint bilateral exchange grant should cover all the expenses of you and
anyone else from your team that might be joining the stay.

If you agree, please send me per email a one-page abstract in an editable format (e.g. MS word, google
doc, latex, or plain text) and please fix the seminar date. Looking forward to your reply.

Sincerely,

Ass. Prof. Priv.-Doz. Dr Aleksandar Matkovic
Senior Group Leader - Matkovic’s Lab
Vice-head of the Chair of Physics,

Department Physics, Mechanics and Electrical Engineering,
Montanuniversitét Leoben, Austria
https://www.unileoben.ac.at/matkovics-lab/
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Lehrstuhl far Physik

Department Physik, Mechanik und Elektrotechnik
Montanuniversitat Leoben ]

A-8700 LEOBEN, Franz Josef Stral3e 18, Austria
Tel: +43 3842 402-4601
e-mail: physics@unileoben.ac.at

Montanuniversitat
Leoben

Chair of
Physics

SEMINAR
on
Semiconductor Physics and Nanotechnology

Mo, 01.12.2025, 11:15 Uhr,

Seminar in
person in the Physics lecture hall or via Zoom

“Tuning the Optical Response of 2D Materials through Strain
Engineering”

Dr. Andrijana Solajié¢

Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia

Two-dimensional (2D) materials represent a versatile platform for tailoring electronic and optical
properties at the atomic scale. Their remarkable mechanical flexibility makes them ideal
candidates for strain engineering, where external deformation serves as a precise and reversible
tool for tuning structural, electronic, and optical properties. Such an approach enables the design
of materials with adjustable characteristics suitable for a wide range of optoelectronic and
photonic applications.

In this seminar, the influence of strain on the optical response of 2D materials and
heterostructures will be discussed, with an emphasis on their potential as novel ultraviolet (UV)
absorbers. The role of strain in modifying band structures and excitonic behavior will be outlined,
together with examples of strain-induced tuning of the absorption edge and enhancement of
light-matter interactions in van der Waals systems. Representative ab initio results obtained for
group Il monochalcogenides and their heterostructures with hexagonal boron nitride (hBN) will
be presented, demonstrating the extent to which strain affects their electronic and optical
spectra.

Finally, possible applications of strain-engineered 2D materials in flexible and wearable
optoelectronics and UV photodetectors will be highlighted, illustrating the potential of this
approach for the development of next-generation, lightweight, and energy-efficient devices.

Zoom —Link:
https://zoom.us/j/96375934537?pwd=RTIKTWhSdzRHU211YTY1bGFxTUtpZz09
Meeting-ID: 963 7593 4537

Kenncode: =r=4YQ
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Institute of Physics / Home / Seminars

Seminars

Wintersemester 2025/26

Mo, 2.
Februar 2026
11:15 Uhr

Mo, 26.
Janner 2026
11:15 Uhr

Mo, 19.
Jénner 2026
11:15 Uhr

Mo, 12.
Jénner 2025
11:15 Uhr

ik.unileoben.ac.

Seminar in person in the
seminar room D orvia Zoom

Seminar in person in the
Physics lecture hall orvia Zoom

Seminars

Prof. Dr. Stephanos Konstantinidis
Plasma - Surface Interaction Chemistry, University of Mons, Belgium
“Can we use magnetron sputtering to engineer 1D and 0D nanomaterials

on

Abstract

Dr. Max Ritter

Wood Materials Science group, Institute for Building Materials,

Dep. Of Civil, Environmental and Geomatic Engineering, ETH Zurich,
Switzerland

“Wood-Based Functional Materials for Mechanical Energy Harvesting and
Conductive Interfaces”

Abstract

1/30/26, 3:39 PM

Do, 18.
Dezember
2025

Mo, 15.
Dezember
2025
11:15 Uhr

Mo, 01.
Dezember
2025
11:15 Uhr

Mo, 24.
November
2025
11:15 Uhr

Fr, 21.
November
2025
14:00 Uhr

Mo, 17.
November
2025
15:00 Uhr

Mo, 10.
November
2025
11:15 Uhr

15 ik.unileoben.ac.

Montanuniversitéat Leoben

(Chair of Physics together with the
Department General, Analytical
and Physical Chemistry)

Aula of the Montanuniversitat
Leoben

Seminar in person in the
Physics lecture hall or via Zoom

Seminar in person in the
Physics lecture hall or via Zoom

Seminar in person in the
Physics lecture hall orvia Zoom

Seminar in person in the
Physics lecture hall orvia Zoom

Seminar in person in the
Physics lecture hall orvia Zoom

Seminar in person in the
Physics lecture hall or via Zoom

Seminars

COLLOQUIUM ON THE NOBEL PRIZES 2025 from Physics and Chemistry
3:00 p.m. — Lecture on the Nobel Prize in Physics

Prof. Wolfgang Lang
Faculty of Physics, University of Vienna, AUSTRIA
i ling: artificial atoms - big enough to get

one’s grubby fingers on”

The Nobel Prize in Physics 2025 was awarded jointly to John Clarke,
Michael H. Devoret and John M. Martins for the discovery of macroscopic
quantum mechanical tunnelling and energy quantisation in an electric
circuit.

4:15 p.m. - Coffee Break
4:45 p.m. - Lecture on the Nobel Prize in Chemistry

Prof. Paolo Falcaro

Institute of Physical and Theoretical Chemistry, Graz University of
Technology, AUSTRIA

, The art of tailoring space in solid crystals”

The Nobel Prize in Chemistry 2025 was awarded jointly to Susumu
Kitagawa, Richard Robson and Omar M. Yaghi for the development of
metal-organic frameworks.

Poster

Dr. Lukas Legenstein

Chair of Physics, Department Physics, Mechanics and Electrical
Engineering, Technical University of Leoben, Austria

“Modelling Heat Conduction in Crystalline Organic Semiconductors”
Abstract

Dr. Andrijana Solajié

Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia
“Tuning the Optical Response of 2D Materials through Strain
Engineering”

Abstract

Assoz. Prof. Dr. Stefan Kowarik

Department of Chemistry, Physical and Theoretical Chemistry, University
of Graz, Austria

“In situ X-Ray analysis of thin-film deposition: Bridging

microsecond experiments, analysis with(generative) Al, and FAIR Data”
Abstract

Defensio:
Muhammad Khan, M.Sc.

Chair of Physics, Department Physics, Mechanics and Electrical
Engineering, Technical University of Leoben, Austria

“Two-di i Phyll as an Air-stable Platform for Layered
Magnetic Materials”
Abstract

Prof. Georg S. Duesberg

Institute of Physics, Faculty of Electrical Power Systems and Information
Technology& SENS Research Center, University of the Bundeswehr
Munich, Neubiberg, Germany

“Not-so-perfect 2D materials in vertical heterostructures and scalable
devices”

Abstract

Dr. Rainer T. Lechner

Chair of Physics, Department Physics, Mechanics and Electrical
Engineering, Technical University of Leoben, Austria
“Investigations of Colloidal Nanocrystals using X-ray Scattering
Techniques with Lab and Synchrotron Sources”

Abstract
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PROTOCOL

of the Fourth Meeting of the Serbian-Austrian Joint Commission for Scientific and

Technological Cooperation implementing the Agreement between the Government of the
Republic of Serbia and the Government of the Republic of Austria on Scientific and
Technological Cooperation, concluded in Vienna, on 13 July 2010

Belgrade and Vienna, 17 June 2024



The 4 Meeting of the Serbian-Austrian Joint Commission for Scientific and Technological
Cooperation in accordance with Article 5 of the Agreement between the Government of the
Republic of Serbia and the Government of the Republic of Austria on Scientific and
Technological Cooperation of 13 July 2010 took place in Belgrade and Vienna, 17" of June
2024.

The Serbian delegation was headed by Ms. Vukasinovi¢, Ministry of Science, Technological
Development and Innovation of the Republic of Serbia.

The Austrian delegation was headed by Mr. Christian Gollubits, Federal Ministry of Education,
Science and Research of the Republic of Austria.

The set-up of the two delegations can be found in Annex 1.

The Joint Commission adopted the following agenda:

Exchange of information on science and research

Discussion and adoption of the Work Programme

Selection of projects for the period 2024-2026

Next meeting and call for project proposals for the period 2026-2027

g s @ N =

Adoption and Effectiveness of the Protocol

Ad 1 Exchange of information on science and research

Both sides supplied information on current developments of their national research policies.
The Joint Commission expressed its confidence that the implementation of the bilateral
programme will further contribute to the development of beneficial links between scientific
institutions and scientists of both countries and will enable them to use their scientific potential
more efficiently and fruitfully in regional as well as multilateral projects. Both sides reached an

understanding to encourage their researchers to jointly participate in EU projects.

Ad 2 Adoption of the Work Programme
The Joint Commission discussed and adopted the Work Programme for the years 2024 - 2026.

The Work Programme includes regulations about the forms and aspects of cooperation,
general administrative regulations, the administration of the exchange of scientists and experts
as well as financial regulations.

A copy of the Work Programme for the years 2024 - 2026 is attached as part of this Protocol

as Annex 2.




Ad 3 Selection of projects for the period 2024-2026

The Joint Committee agreed upon financing mobility costs of 27 cooperation projects lasting
from 1% of July 2024 to 30" of June 2026 listed in Annex 3.

The Serbian side supports each bilateral project up to an amount of EUR 4,000.-,

The Austrian side supports each bilateral project up to an amount of EUR 9,000.-.

Ad 4 Next meeting and call for project proposals for the period 2026-2028

The Joint Commission has reached an understanding that upcoming calls for proposals will be
published in principal on a biennial basis by the responsible institutions at least six months
prior to the meetings of the Joint Commission for Scientific and Technological Cooperation.

The Parties also agreed to send the list of eligible proposals received on their side within 20
working days from the closure of the call.

The call for project proposals will be open from 2 October 2026 to 30 November 2026.

Both parties have reached an understanding to hold the 5% Meeting of the Joint Commission
in Vienna in the first half of 2026. The exact date will be agreed upon through diplomatic
channels,

Ad 5 Adoption and Effectiveness of the Protocol

This Protocol will remain effective until 30 of June 2026. It will remain effective beyond this

date until a new Protocol becomes effective for a maximum period of another year.

Done in Belgrade and Vienna, on 17" of June 2024 in two English original copies.

Head of the Serbian delegation Head of the Austria}w delegation
- a s
Ms. Ivana Vukasinovié Mr. Christian Gollubits
.>/,
Ministry of Science, Technological Federal Ministry of Education, Science and
Development and Innovation of the Research of the Republic of Austria

Republic of Serbia /



Work Programme
for the Years 2024-2026

Adopted on the occasion of the 4" Meeting of the Joint Commission for Scientific and
Technological Cooperation, held on-line in Belgrade and Vienna on 17 June 2024,
implementing the Agreement between the Government of the Republic of Serbia and the
Government of the Republic of Austria on Scientific and Technological Cooperation, signed
in Vienna, on 13 July 2010.

Forms of Cooperation
Aspects of Cooperation
General Administrative Regulations

A LN =

Financial Regulations



1.2

1.3

2.1
2.2

2.3

3.1
3.1.1

Forms of Cooperation

According to Article 2 of the Agreement, joint cooperation projects in the field of
science and technology between Serbian and Austrian researchers will be supported
by funding the mobility of researchers.

The Joint Commission will select joint research projects for funding on the basis of
public calls for project proposals. The project duration will be two years.

The costs arising from joint cooperation projects should be balanced between the two
sides.

Aspects of Cooperation
The Joint Commission agreed to support cooperation projects in all research fields.

Project applications with the potential for follow-up applications in bilateral and
multilateral cooperation programs in Serbia, Austria and the EU will be favoured.

Project applications submitted by early-stage researchers as well as project
applications with involvement of PhD/doctoral students and/or female researchers will
be prioritized.

General Administrative Regulations

Responsible Institutions:

In Serbia:

The Ministry of Science, Technological Development and Innovation of the Republic
of Serbia - NITRA, on behalf of the Serbian side, shall be the coordinating body for
the implementation of the Work Programme.

Ministry of Science, Technological Development and Innovation
Nemanjina 22-26, 11000 Belgrade

Telephone: +381 11 3616 589

Fax: +381 11 3616 589

Email: shezana.omic@nitra.qov.rs

Internet: www.nitra.qov.rs

In Austria:

The mobility funding programme will be implemented by the OeAD - Austria's Agency
for Education and Internationalisation

Ebendorferstrasse 7, 1010 Vienna
Telephone:  +43 1 53408-472

Email: wiz@oead.at
Internet; http://iwww.oead.at/wiz

The OeAD GmbH is an institution commissioned by the Austrian Federal Ministry of
Education, Science and Research to implement this funding programme.

Federal Ministry of Education, Science and Research
Rosengasse 2-6, 1014 Vienna
Telephone:  +43 531207132



3.2
3.2.1

3.2.2

3.2.3

3.24

3.25

Email; christian.gollubits@bmbwf.qv.at
Internet: http://www.bmbwf.qv.at

Selection procedure of cooperation projects and administration

The upcoming calls for will be published on a biennial basis by the responsible
institutions (3.1) at least six months prior to the meetings of the Joint Commission.

Submitted project applications have to include:
¢ Topic

* Names and contact information of the cooperating Austrian and Serbian
institutions, Austrian and Serbian Principal Investigators and research team
members

* Project description (subject, objective and methodology)

*  Work plan

* Qualifications of the Principal Investigators and research team members
* Project budget

* Further cooperation perspective

Project applications have to be prepared jointly by the Austrian and Serbian Principal
Investigators and have to be submitted to both respective responsible institutions
(3.1) according to the criteria defined in the call text.

Only project applications received in time by both respective responsible institutions
(3.1) will be eligible for evaluation. The responsible institutions will exchange the lists
of eligible applications received within 20 working days after the closure of the call
and the results of national evaluations at least 10 working days before the selection
meeting.

Evaluation criteria for applications:

In Serbia:

Quality and scientific relevance

Importance and attainability of the proposed goals
Compatibility of the methodology and the plan of activities
Achievements and the applicability of the resuits
Perspective for further joint cooperation and

participation of the Serbian young researchers

In Austria:

* Scientific quality of the proposed research project incl.

o Feasibility of the joint research plan
o Adequacy of the scientific method
o Qualification of the scientist's/research teams involved

* Perspective for further joint cooperation activities
» Project applications will receive up to 10 points additionally,

o Either if submitted by early-stage researchers
o Orifinvolving doctoral students/early-stage researchers and/or female

researchers



3.2.6

3.2.7

3.2.8

3.29

The responsible institutions (3.1) will provide the Joint Commission with a joint short
list of evaluated project applications as a basis for the selection meeting.

The Joint Commission will take the final funding decision, either at a physical meeting
or via exchange of Emails.

A brief midterm report has to be submitted to and adopted by the respective
responsible institutions (3.1) after the first year of the project duration as a
precondition for further funding.

A final report about the results of their research activities has to be submitted no more
than 3 months after the expiration of the project duration by the Principal Investigators
to the respective responsible institutions (3.1).

3.2.10 The exploitation, possible patent registration and publication of project results are

3.3
3.3.1

332

3.3.3

4.2
4.2.1

422

4.3
4.3.1

432

4.3.3

4.4

subject to the respective national and international laws that are applicable to both
sides.

Administration of the Exchange of Researchers and Experts

The project partners have to agree on the date and duration of a stay at the host
institution at least three weeks prior to the intended date of visit.

The Serbian Principal Investigator will notify the Austrian researcher in question at the
responsible institution in Serbia (3.1.1).

The Austrian Principal Investigator will notify the Serbian researcher in question at the
responsible institution in Austria (3.1.2).

Financial Regulations

Each side will cover the travel expenses as well as the accommodation costs of its
researchers.

Grants In Serbia

Travel expenses (economy class) of the Serbian researchers will be reimbursed
based on submitted invoices. Reimbursement of travel expenses by private car will
be made on the basis of the Law on the Use of an Official Vehicle.

Accommodation expenses of the Serbian researchers and Young researchers: EUR
100.- per working day for up to 14 days or EUR 1,400. - per month for long-term stays
between 14 days and 3 months maximum.

Grants in Austria

Travel expenses (economy class) of the Austrian researchers will be reimbursed
based on submitted invoices.

Accommodation Expenses of the Austrian researchers: EUR 100.- per working day
for up to 14 days or EUR 1,400. - per month for long-term stays between 14 days and
3 months maximum. PhD/Doctoral students: EUR 100.- per working day for up to 12
days or EUR 1,250. - per month for long-term stays between 12 days and 3 months

maximum.

Project related material costs: max. EUR 3000.- as part of the granted maximum
budget based on submitted invoices. '

Health insurance:
The sending side will assure that outgoing personnel is sufficiently insured for heaith.




Annex 3 - List of Projects 2024-2026

Project Title SRB Project Leader {SRB Project Leader - |[SRB Organisation AT Project Leader - |AT Project Leader - |AT Organisation
First Name Surname First Name Surname

Human Rights and border policies - a Maja NASTIC University of Nis; Faculty of |Philip CZECH Paris Lodron Universitit Salzburg;
comparison of Serbia and Austria Law
Learning from mosses: the roles of tri Aneta SABOVLEJEVIC University of Belgrade; Ingeborg LANG Universitdt Wien;
saccharides for plant survival in extreme Faculty of Biology
climate conditions
Green micro-reinforced building Slobodan SupIC University of Novi Sad; Ildiko MERTA Technische Universitat Wien;
composites with agricultural by-products Faculty of technical

sciences;Institute for testing

= of materialg-
Exchanging Laboratory Practices in Air  |Jelena AJTIC University of Belgrade; Claudia LANDSTETTER AGES - Agentur fiir Gesundheit
Radioactivity Monitoring Faculty of Veterinary und Erndhrungssicherheit;
A . Medicine

Exploring spectroscopic fingerprints of ~ |Andrijana SOLAJIC Institute of Physics Belgrade; |Aleksandar MATKOVIC Montanuniversitat Leoben;
defects and dopants in two dimensional
magnetic insulators -
DEVELOPING A PREDICTIVE ANTIBODY  |Marijana STOJANOVIC University of Belgrade; Aleksandra INIC-KANADA Medizinische Universitat Wien;
TEST FOR EARLY DETECTION OF TUBAL Institute for Biological
FACTOR INFERTILITY AND TRACHOMA Research "Sinisa Stankovic",

National Institute of the

Republic of Serbia
What's in a verb? Mapping Serbian verbs Mirjana MIRIC Institute for Balkan Studies  |Marko SIMONOVIC Universitdt Graz;
borrowed into Romani SASA;
Impact of Defects on Electronic, Jelena PESIC University of Belgrade; Rajdeep ADHIKARI Johannes Kepler Universitit Linz;
Magnetic, and Topological Properties in Institute of Physics Belgrade
Semimetallic van der Waals Transition
Metal Dichalcogenides
Non-targeted speciation analysis in Ivan MILOVANOVIC University of Belgrade; Bassam LAJIN Universitat Graz;
Asparagus officinalis and Boletus edulis Innovation Centre of the
by HPLC-ICPMS/MS Faculty of Technology and

s Metallurey

Migrants in Need? The Sociocultural Marija BRUIIC University of Belgrade; Eva Tamara ASBOTH Johannes Kepler Universitit Linz;

Effects of Contemporary Crises on
Serbian Migrants in Austria and

Faculty of Philosophy

Osterreichische Akademie der
Wissenschaften; Paris Lodron
Universitat Salzburg;

Returnees in Serbia

//




Annex 3 - List of Projects 2024-2026

Towards reconstructing the Triassic- Uros STOJADINOVIC University of Belgrade; Hans-Jirgen GAWLICK Montanuniversitat Leoben;
Jurassic eastern continental margin of Faculty of Mining and
the Vardar Ocean: Triassic-Jurassic Geology
tectonostratigraphy of the Carpatho-
Balkanides/Serbo-Macedonides {Serbia)
in vitro and in vivo models development |Marija GAVROVIC- University of Belgrade; Michelle EPSTEIN Medizinische Universitit Wien;
for the prediction of sensitization to food JANKULOVIC Faculty of Chemistry
Anticoaguiation and inflammation Dragana UNIC-STOJANOVIC University of Belgrade; Sasa RAJSIC Medizinische Universitat
monitoring in patients after heart and Institute for Cardiovascular Innsbruck;
vascular interventions: Prospective Diseases Dedinje
Activated flux fusion for wire based Sebastian BALOS University of Novi Sad; Norbert ENZINGER Technische Universitit Graz;
plasma additive manufacturing (AS Faculty of Technical Sciences
Fusion)
Data Story about Dementia Andelka ZeCevié Serbian Academy of Sciences [Eima DERVIC Complexity Science Hub Vienna;
and Arts; Mathematical
Institute
CREATING VALUABLE (SEMI)PRODUCTS |Katarina SAVIKIN Institute for Medicinal Plants |Heidrun HALBWIRTH Technische Universitit Wien;
FROM BLACK RASPBERRY POMACE Research "Dr Josif Panéi¢"
_ —{IPLB): ;
Safety Climate and Performance Vesna SPASOJEVIC BRKIC  |University of Belgrade; Bernd Markus ZUNK Technische Universitat Graz;

Appraisal of Heavy Machinery Supply

Faculty of Mechanical
Chain Members in Austria and Serbia as a

Engineering
Resilience Enhancement Tool —
SAEECORNER _
Small Polaron: from Models to Real Darko TANASKOVIC Institute of Physics Belgrade; |Michele RETICCIOL Universitdt Wien;
Materials
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Tailoring electronic and optical
properties of hBN/InTe

and hBN/GaTe heterostructures
through biaxial strain engineering

A. Solaji¢*™ & J. Pesi¢*?

In this research study, we systematically investigate the electronic and optical properties of van der
Waals heterostructures (HSs) consisting of InTe (GaTe) and hBN monolayers, subjected to controlled
biaxial strain. Our analysis demonstrates that the application of strain induces noteworthy alterations
in the electronic band structure, enabling precise manipulation of the band gap and augmentation

of the absorption properties of these structures. Employing density functional theory, we conduct a
comprehensive examination of the influence of strain on the electronic and optical characteristics of
these HSs. Our investigation showcases the remarkable potential of strain engineering in rendering
these heterostructures into efficient and robust wide-range absorbers, particularly optimised for the
visible spectrum, underscoring their relevance in various photonic and optoelectronic applications,
paving the way for integration into advanced nanodevices.

Van der Waals (vdW) heterostructures (HSs), a class of materials composed of stacked two-dimensional mate-
rials held together by van der Waals forces, have attracted significant attention in recent years due to their
unique electronic and optical properties'~>. A noteworthy advantage inherent to vdW HSs is their remarkable
amenability to precise manipulation and customisation. The weak nature of vdW forces allows the layers to be
easily separated and manipulated, allowing the creation of an unlimited number of different structures with
precise control over the electronic, optical, and mechanical properties. This makes it possible to design and
fabricate materials with specific desired characteristics, offering countless new possibilities for their applica-
tions in modern nanodevices*. With their high-performance electronic and optical properties, novel HSs can be
used for transistors’, solar cells®”’, lithium ion batteries®’, light emitting devices'®!!, photodetectors'*"">, various
sensors'®'%, and many more. Recent research has further illuminated their promising potential as candidates
for quantum computing applications’.

Delving deeper into the mechanisms of manipulation for vdW HSs not only enhances their properties but
also unlocks a wider array of possibilities for applications in devices that fulfil the growing demands of today’s
market, such as sensors and switches. The modulation of electrical properties in such structures can be achieved
in many ways, with the most common approaches being doping, strain application, or the use of external electric
or magnetic field. The study of strain in 2D materials and vdW HSs represents a dynamically evolving research
frontier, granting us an additional level of precision in controlling material properties?*-%2.

Group III-VI monochalcogenide-based HSs have emerged as focal points of research attention, offering
substantial promise for a broad spectrum of cutting-edge device applications. They find utility as Schottky bar-
riers, high-performance 2D and flexible electronics, sensors, photodetectors, and more. Materials within the
class of two-dimensional ITI-VI monochalcogenides are known for their high electron mobility, broad absorp-
tion spectra, and favourable elastic properties. Notably, the single-layer InTe is predicted to exhibit exceptional
thermoelectric performance due to its remarkably low thermal conductance, boasting the highest merit figure,
ZT = 2.03 at 300 K, among the III-VI monochalcogenide family*. Recent study was discussing electronic
transport and thermoelectric properties of doped InTe, showing that p-type InTe doped with Bi, Ag, Mn, Sn
or Sb exhibits the enhanced thermoelectric performance, mainly induced by reduced thermal conductivity*.
Additionally, the InTe monolayer demonstrates a broad absorption spectrum, covering the ultraviolet to vis-
ible regions, with an absorption coefficient of up to 107> cm™. In most recent report, two-dimensional InTe

!Laboratory for 2D materials, Center for Solid State Physics and New Materials, Institute of Physics Belgrade,
University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia. 2Chair of Physics, Department Physics, Mechanics
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was synthesized in large-scale samples, as centimeter-scale 2D films on SiO/Si substrates?. InTe also exists
in tetragonal phase, and its electronic band structure has a highly anisotropic character®® , marking it of high
interest for electronic and thermoelectric applications. In that phase, structure has quasi-one-dimensional form,
where one-dimensional In!T chains are observed, and additionally, the presence of In!* induces a localized gap
state, responsible for the high intrinsic p-type doping of InTe?”. Similarly to InTe , the monolayer GaTe exhibits
comparable absorbing properties?, along with excellent UV light absorption. In the realm of single-layer mate-
rials, each member of this material family exhibits remarkable and distinctive properties. Nonetheless, single
layer ITI-VI monochalcogenides possess one noteworthy limitation in their pristine form. The majority of these
materials display sensitivity to oxidation upon exposure to ambient air®-*!, especially in their single layer form,
and need adequate material for passivisation and mechanical protection. Non-reactive with most chemicals,
stable in air and resistant to oxidation, hBN is already known as an effective coating material in the form of thin
films or monolayers®?-**, and has been demonstrated successful for protection against oxidation and even for
improving the electronic and optical properties of few-layered InSe and GaSe®”.

Motivated by these results, in our previous work, we designed and investigated two novel heterostructures,
hBN/InTe and hBN/GaTe, as detailed in*. These heterostructures displayed favourable electronic properties
and an excellent broad absorption spectrum, enhanced and protected by the hBN layer, making them promis-
ing candidates for applications in photodetectors or field-effect transistors. Given the experimentally favourable
binding energies and stacking versatility of both hBN/InTe and hBN/GaTe heterostructures, this study further
delves into the intriguing potential of fine-tuning their properties through the application of controlled strain.
In the following sections, we present a computational study of hBN/InTe and hBN/InTe under biaxial strain. The
application of uniform biaxial strain does not alter the symmetry of the structure; instead, it allows us to tune
the band structure and optical absorption.

Computational methods

Calculations were carried out using density functional theory (DFT), as implemented in the Quantum Espresso
(QE) software package®, based on plane waves and pseudopotentials. In all calculations, the Perdew-Burke-Ernz-
erhof (PBE) exchange correlation functional®® is used, along with norm-conserving pseudopotentials. The energy
cutoff of 80 Ry was set for both structures after the convergence tests.

The Monkhorst pack of 16 x 16 x 1 mesh for k-point sampling is used in geometric optimisation, total energy,
and phonon calculations. For calculations of p-DOS and optical properties, a refined 64 x 64 x 1 mesh is used.
The band structure is calculated on 440 k-points along I'-M-K-I" direction. To simulate the 2D structure, a vac-
uum of 20 A was added along the z-direction to avoid interactions between the layers. Geometry optimisation of
the positions of the atoms and the lattice parameters is performed using the BFGS algorithm, with criteria for the
maximum forces allowed between atoms of 106 Ry /A. To properly account for van der Waals force effects, the
Grimme-D2 correction®*’ was included to obtain more accurate lattice constants and forces. The optical proper-
ties were calculated using the epsilon.x code in QE software, based on the random phase approximation (RPA).

Results and discussion

As discussed in our previous work®®, the unit cells of InTe and GaTe monolayer are a = 4.371 Aanda = 4.048 A,
respectively. The unit cell of hBN is a = 2.515 A, and for both structures, constructing the heterostructure
consisting of a +/3 x /3 supercell of hBN rotated for 30c on top of 1 x 1 unit cell of InTe or GaTe provides an
excellent match. After complete optimisation of the lattice parameters and atom positions within the unit cell,
the obtained unit cell is hexagonal, with a lattice constant of a = 4.336 A for hBN/InTe and a = 4.309 A for hBN/
GaTe. Resulting unit cell of hBN/InTe has induced strain of 0.8% on InTe layer and 0.3% on hBN layer, showing
that HS constructed as described is almost an ideal match. The resulting unit cell of hBN/GaTe induces strain
of 6% on GaTe and 0.8% on hBN which is slightly less perfect than hBN/InTe HS, but still agreeable. The top
view of the structures is presented in Fig. 1. With all three types of stacking being energetically close to each
other, we consider H-top stacking (the In(Ga) atom above the centre of the hBN hexagon), which has slightly
lower total energy and binding energy compared to the B-top and N-top types. All constituting materials (hBN,
InTe, GaTe) exhibit outstanding mechanical properties, demonstrating the ability to withstand significant biaxial
strain strengths of more than 10%?****! . From an experimental standpoint, achieving a controllable and precise
strain beyond a few percent in complex structures like van der Waals (vdW) heterostructures is often challeng-
ing, if not impossible. Taking this into account, we chose to set the maximum absolute strain values at 5% even
though both systems theoretically possess the capacity for higher strain tolerance. The uniform biaxial strain
of — 5 to 5% is applied to both structures, with the step of 1%, and the geometry optimisation of the positions
of the atoms within the unit cell is performed for all strained structures. The binding energies Ej, are calculated
for all structures as follows:

Ey, = Eheterostr. — EIn(Ga)Te — EupN» (1)

where Epeterostr.» Eln(Ga)Te and Ejpn represent the total energy of hBN/In(Ga)Te heterostructure, InTe or GaTe
monolayer and hBN monolayer, respectively. Total and binding energies, E;,; and Ep, along with the distance
between the hBN and In(Ga)Te layers d and the width of the layer / are given in Table in the Supplementary
file. First, the binding energies are negative in all cases, suggesting that all strained structures are experimentally
feasible. It can be seen from and Fig. 2 that the total energy is lowest for HS without strain and increases expo-
nentially with both positive and negative strains, as expected, since the initial system without strain was fully
relaxed with respect to the lattice constants and atom positions within the unit cell. The distance between layers
and the bond lengths change with different values of applied strain. Although the bonds in the InTe (GaTe) layer
are slightly shortened when compressive strain is applied (mainly the In(Ga)-Te bonds), a significant difference
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Figure 1. Top view of heterostructures, with arrows showing the tensile biaxial strain. B and N atoms are
represented with a grey and green colour, In/Ga and Te atoms are coloured purple and yellow.
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Figure 2. Dependence of total energy E;,, binding energy Ej,. distance between the layers d and the thickness
of HSs h on applied strain. The blue lines and markers correspond to hBN/InTe, and green lines and markers
correspond to hBN/GaTe.

is present in the angle of the In(Ga)-Te bond with respect to the horizontal plane, so the In(Ga)Te layer width is
increased, and the inner Te atoms are positioned slightly closer to the hBN layer. In the case of tensile strain, the
In(Ga)Te bonds are stretched, causing the layer width to decrease and the distance between the inner Te atoms
and the hBN layer to increase. The complete data are given in Table 1 in the Supplementary file.

Before the introduction of strain into any structure, it is essential to conduct a thorough analysis of its
mechanical characteristics. We used the Thermo pw code*? to compute the elastic constants. The code calculates
the non-zero components of the stress tensor for a set of strains and obtains the elastic constants from the first
derivative of the stress with respect to the strain. In this way, we can gain a solid basis to understand the rela-
tionship between strain and the mechanical reaction of the structure. For 2D systems, nonzero elastic constants
follows the Hooke’s law under plane stress conditions:

o1 i 2 0 €1
o3| =10 ¢ 0 clea]. (2)
03 0 0 Ce6 €3

For a hexagonal lattice, C;; = Cyz and Cj2 = Cyy, Ces = (C11 — C22)/2, so there are only two independent
elastic constants. In that case, Young’s modulus, Poisson’s ratio, and shear modulus are obtained from the fol-
lowing relations:

C? Ca
Ey =Ci — =2, vy, = ==, Gy = Ces. 3
Y 11 Cii Xy Cn Xy 66 ( )
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For hexagonal 2D systems, layer modulus that represents the resistance of a sheet to stretching is calculated
by following**:

,2 Cu+ C12'

; @)

Calculated elastic constants and moduli are given in Table 1. Obtained elastic constants of single layer InTe
and GaTe are in range of other III-VI monochalcogenides*. Constants C;; = 45.36 N/m and Ci, = 11.76 N/m
for InTe are close to constants of single layer InSe, and C;; = 65.62 N/m and C;, = 15.30 N/m for GaTe close
to results for single layer GaSe. We calculated the elastic constants of hBN in order to validate our results, and
obtained values are in agreement with the literature*>*>. When the HSs are formed, all constants and moduli are
significantly increased. Elastic constants C;; and C;, for hBN/InTe are C;; = 338.3 N/m and Ci, = 72.08 N/m;
Ci1 = 340 N/m and Cy, = 75.48 for hBN/GaTe, and their values are roughly similar to the sum of individual
constants of each layer in the heterostructure. Young modulus is increased to 323 N/m in HSs, which are high
almost as in graphene (342-366 N/m for Young modulus and 206-212 N/m for layer modulus, according to the
literature*>*), indicating high resistance to unidirectional compression as well to stretching. The results suggest
that the presence of the hBN layer in our heterostructures not only shields the delicate monochalcogenide layers
from oxidation but also provides effective mechanical protection, at the same time rendering the system more
robust and resistant to deformations.

In our investigation, we computed the band structures of both heterostructures (HSs) under various com-
pressive and tensile strain conditions, building upon the foundation laid out in our previous study*®. The band
structures for HSs under — 4%, 0% and 4% strain are visually represented in Fig. 3. The band structures for all
values of strain, from — 5 to 5%, are represented in Figures S1 and S2 in supplementary file. In their pristine,
unstrained states, hBN/InTe and hBN/GaTe exhibit band gaps of E; = 1.53 eV and E; = 0.76 €V, respectively.
Notably, both HSs display an indirect band gap configuration, with the valence band maximum (VBM) posi-
tioned near the I' point and the conduction band minimum (CBM) precisely at the I point.

When the application of strain is introduced, significant alterations occur in both the band gap and the shape
of the bands within the heterostructures. In the case of the hBN/GaTe heterostructure subjected to compressive
strain, the band gap widens as the strain magnitude increases, reaching a maximum value of E, = 1.49 eV at
—5% strain. Importantly, the valence band retains its shape while shifting downward to lower energy levels. In
contrast, the conduction band exhibits distinct behaviour: the I'-valley expands, whereas the energy level of the
M-valley remains relatively stable. This results in both valleys having nearly identical energies at —4% strain.
Conversely, the introduction of tensile strain leads to a contrasting effect. The upper region of the valence band
near the I" point shifts upward, while the lower region of the conduction band at the I" point experiences a sub-
stantial descent. Consequently, at + 5% strain, the band gap narrows to only 0.24 eV.

The relationship between band gap and strain is systematically explored and plotted in Fig. 6. Remarkably,
across the entire range of applied strains, from —5 to + 5%, the dependence closely approximates a linear decrease.

Turning our attention to the hBN/InTe heterostructure, we observe similar trends in band gap modulation
under strain. However, a significant disparity arises in the conduction band behaviour, particularly under com-
pressive strain. Here, the valence band also shifts downward as compressive strain intensifies, eventually falling
below the group of bands situated around —0.5 eV at the I point. Initially, in the relaxed state, the conduction
band minimum (CBM) resides at the I" point, while the bottom of the M valley maintains nearly the same energy.
However, as compressive strain is applied, the I'-valley remains relatively stable in terms of energy, while the
M-valley experiences a downward shift. Consequently, the CBM transitions from the I to the M-point as strain
surpasses —1%. This intricate interplay between the valence and conduction bands results in a band gap expan-
sion, peaking at E, = 1.69 eV at —2% strain before gradually reducing to 1.39 eV at —5% strain.

In the case of tensile strain, the behaviour mirrors that of the hBN/GaTe heterostructure. The valence band
shifts upward, and the CBM descends with increasing tensile strain, leading to a reduced band gap, which ulti-
mately reaches a minimum of 0.70 eV at + 5% strain.

The shifts in the position of valleys within the conduction band in response to varying strain values are not
uncommon and have been observed in InTe and GaTe monolayers subjected to biaxial strain®**”4%, Furthermore,
our analysis of the density of states (DOS) reveals that the bands closest to the Fermi level predominantly arise
from the In(Ga) and Te states. DOS for HSs with — 4%, 0% and 4% strain are presented in Figs. 4 and 5. Complete

1 InTe |GaTe | hBN hBN/InTe | hBN/GaTe
Cii |4536 |65.62 |290.77 |338.30 340.00

Cn, |1176 | 1530 |63.93 |[72.08 75.48

Ces |16.52 |25.16 |113.42 |132.94 132.26

E, 4231 |62.05 |276.41 |322.94 323.24

vy [026 023 [0.22 0.21 0.22

Gy |1652 |2516 |113.42 |132.94 132.26
y2D | 2856 |40.46 |177.35 |205.19 207.74

Table 1. Elastic constants, Young modulus, Poisson ratio, shear modulus and layer modulus for HSs and
pristine InTe and GaTe monolayers. Units are given in N/m.
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Figure 3. Band structure of (a) hBN/InTe HS and (b) hBN/GaTe. The width of the lines is proportional to
the contribution of different atoms/states. The line width is proportional to the magnitude of projections of
wavefunctions over atomic orbitals. The contributions from different atomic orbitals are presented in different
colours, as shown in the legend.
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Figure 4. Projected density of states of hBN/InTe HS. Contributions from different atoms and states are
represented with colours as in legend.

data with DOS for all strain values are shown in Figure S3 in supplementary file. The uppermost bands below
the Fermi level primarily originate from the Te states, while the bands above comprise a combination of In(Ga)
and Te states. Consequently, it can be inferred that the changes in the conduction band shape predominantly
result from the influence of strain on the InTe(GaTe) layer itself, rather than being an inherent characteristic
of the formed heterostructure. These findings underscore the profound influence of strain engineering on the
electronic properties of these heterostructures, offering a promising avenue for precise control and modulation
of their behaviour for tailored optoelectronic applications.
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Figure 5. Projected density of states of hBN/GaTe HS. Contributions from different atoms and states are
represented with colours as in legend.
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Figure 6. Band gap of hBN/InTe (indicated as blue line and circles) and hBN/GaTe (indicated as green line and
squares) as a function of applied strain.

Significant variations in both the band gap and the shape of the bands can drastically alter dielectric function
and absorption. The complex dielectric function € (w) + €r(w) + i€r(w) is obtained from DFT calculations in
the RPA framework. The absorption coefficient «(w) is obtained directly from the dielectric function as follows:

a(w) = ﬁ%\/\/eﬁ(a)) + () — e(w). (5)

Calculation of optical properties were performed within RPA. Optical properties of group III monochalco-
genide members and similar structures as well of hBN were previously studied both with GW and RPA based
methods, and it is shown that RPA can provide reasonably good results of dielectric function and its qualitative
description®*-*3, In*}, heterostructure of InSe with silicene, germanene and antimonene, imaginary part of the
dielectric function calculated both with RPA over GGA and GW, and main difference observed is the shift of the
dielectric function for 0.5-1 eV due to larger calculated band gap. The absorption coefficients of both HSs under
different strain strengths are presented in Figs. 7 and 8, respectively. The band gap width variations induced
by strain strength exhibit a notable influence on the absorption properties of both HSs. Specifically, compres-
sive strain causes the absorption function to shift towards higher energies, while tensile strain results in a shift
towards lower energies, a behaviour consistently observed in both HSs. However, the most striking disparity in
absorption behaviour occurs in hBN/InTe, where the application of compressive strain induces the formation of a
pronounced peak at approximately 3 eV for z-polarisation. This striking alteration is attributed to the significant
reduction of the M-valley in hBN/InTe and is absent in hBN/GaTe under similar strain conditions. This study
highlights the intricate interplay between strain and the optical properties of these heterostructures. The observed
differences in absorption behaviour underscore the nuanced effects that strain engineering can exert, offering a
pathway towards fine-tuning the optical characteristics of these materials for tailored optoelectronic applications.
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Figure 7. Absorption function of hBN/InTe HS for (a) in-plane (o) and (b) out-of-plane (o) polarisations.

Each colour represents a different value of the induced strain, from red (— 5% of strain) to blue (+ 5% of strain).
The visible part of the spectrum is enlarged in the inset.
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Figure 8. Absorption function of hBN/GaTe HS for (a) in-plane (ay) and (b) out-of-plane (e,) polarisations.
Each colour represents a different value of the induced strain, from red (— 5% of strain) to blue (+ 5% of strain).
The visible part of the spectrum is enlarged in the inset.

Conclusions

In this study, we systematically investigated the impact of biaxial strain on recently designed HSs composed of
InTe (GaTe) and hBN monolayers using DFT. All the considered strained structures were found to be experi-
mentally feasible, characterised by negative binding energies. Our band structure analysis revealed that strain
offers a powerful tool for the precise manipulation of the band gap in these structures.

In the case of hBN/GaTe, we observed an almost linear relationship between band gap and strain, with band
gap values increasing under compressive strain and decreasing under tensile strain. Specifically, the largest band
gap of E; = 1.49 eV was achieved at — 5% strain, while it reduced to 0.24 eV at + 5% strain. In hBN/InTe, the
manipulation of strain led to a decrease in the M-valley’s energy, effectively positioning it below the I'-valley.
This resulted in a band gap that decreased under strain stronger than — 2%, with band gap energies falling within
the range of 0.70-1.69 eV.

Additionally, we examined the optical properties by calculating the dielectric functions and found that ten-
sile strain substantially enhanced absorption in the low-energy spectrum, particularly in the visible spectrum.
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On the contrary, compressive strain increased absorption at 3 eV, but shifted the absorption function towards
higher energies.

Our findings underscore the pivotal role of strain engineering in these HSs, offering precise control over their
electronic and optical properties. Furthermore, these tunable properties open up possibilities for their utilisation
in various sensor and switch applications.

Data availibility
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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Abstract

Our study delves into the nuanced effects of strain on hBN/InSe heterostructures, known
for their exceptional wide-spectrum absorption capabilities. Employing uniform biaxial
strain in the range of —6% to 6%, our investigation reveals a powerful method for manipu-
lating the band gap. Notably, intense tensile strain leads to the near-complete elimination
of the band gap—an outcome with profound implications. Comparison with hBN/InTe
and hBN/GaTe heterostructures underscores the unique behaviour of hBN/InSe, showing
a striking resemblance to hBN/GaTe but achieving lower band gap values under tensile
strain. These findings provide crucial insights for experimental work and serve as a guide
for more intricate theoretical explorations. With its outstanding electronic properties, tuna-
ble band gap, and remarkable absorption characteristics, hBN/InSe emerges as a key player
in the development of future novel devices.

Keywords VdW heterostructures - DFT - InSe - Electronic structure - Optical properties -
2D

1 Introduction

Two-dimensional (2D) materials and van der Waals (vdW) heterostructures (HSs) have
captured immense attention within the scientific community in recent years, owing to their
distinctive physical properties that distinguish them from their bulk counterparts (Novo-
selov et al. 2016; Geim and Grigorieva 2013; Liu et al. 2016). Their remarkable electronic,
optical, and mechanical attributes open up numerous possibilities for applications in mod-
ern devices. The exhaustive research in this field has underscored the special advantage of
2D materials and vdW heterostructures—they offer a plenty of options for customization
and precise manipulation of their properties, enabling their use in a wide array of appli-
cations including transistors, solar cells, lithium-ion batteries, photodetectors (Liang et al.
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2020; Huo et al. 2014; Furchi et al. 2018; Zhou et al. 2011; Withers et al. 2015; Bag and
Lee 2019). The current needs of nanoelectronics, optoelectronics and spintronics necessi-
tate use of materials and components with diverse characteristics, coupled with the impera-
tive of their minimization. In this context, 2D materials and vdW heterostructures emerge
as promising contributors to fulfilling these demands.

As for tuning their properties, various effective methods have emerged, including dop-
ing and controlled introduction of defects, application of external electric or magnetic
fields, and the utilization of strain. Notably, strain has proven exceptionally efficient for the
precise control of the electronic and optical properties of 2D materials, offering a means to
tailor these properties without fundamentally altering the material’s characteristics (Xiong
et al. 2020; Postorino et al. 2020). In the realm of van der Waals (vdW) materials and
heterostructures, in-plane strain is commonly employed to modulate the electronic band
structure. However, its utility extends beyond this, as it has been demonstrated to influ-
ence spin-orbit coupling (Zhuang et al. 2016), alter magnetic ordering (Siskins et al. 2020;
Wang et al. 2020; Webster and Yan 2018), and introduce various other novel effects (Miao
et al. 2021). This multidimensional impact of strain, giving rise to the evolving field of
straintronics, has sparked a new wave of research in the manipulation and optimization of
material properties for advanced applications.

Within the 2D materials landscape, group III monochalcogenides have emerged as a
focal point of extensive research, distinguished by their unique and promising properties.
Recent investigations highlight their high electron mobility, a critical parameter for elec-
tronic devices, surpassing 10° cm?V~!s™! (Chen et al. 2019). Notably, their band gap is eas-
ily tunable by adjusting the number of layers or applying strain Song et al. (2018); Li et al.
(2018); Ma et al. (2013). Moreover, these materials exhibit substantial optical absorption
across the UV, visible, and infrared regions (Wang et al. 2019; Lei et al. 2013; Hu et al.
2012), showcasing their potential in photonic applications. The nonlinear optical proper-
ties of group III monochalcogenides have been explored (Jie et al. 2015; Zhou et al. 2015),
adding another layer of versatility to their applications. A significant advantage lies in their
ease of exfoliation through mechanical or chemical methods (Yang et al. 2017; Aitzhanov
et al. 2022; Qi et al. 2021; Harvey et al. 2015; Yang et al. 2023). Notably, InSe, one of the
pioneering members, has been extensively studied, revealing a plethora of extraordinary
properties. For instance, InSe demonstrates excellent thermoelectric performance (Hung
et al. 2017) and high electron mobility (Bandurin et al. 2017; Sucharitakul et al. 2015;
Feng et al. 2014), underlining its significance in the realm of 2D materials and beyond.

The exploration of heterostructures based on group III monochalcogenides is a thriving
area of research. When combined with graphene, these heterostructures demonstrate excep-
tional tunable Schottky diode characteristics (Kim et al. 2016; Pham et al. 2019; Zhang
et al. 2020). Specifically, InSe/InTe heterostructures exhibit enhanced optical absorption
intensity compared to isolated monolayers (Shang et al. 2018). Another noteworthy appli-
cation is observed in Sb/InSe heterostructures, where practical utilization allows for dipole
control of Rashba spin splitting. The incorporation of hBN layers in these heterostructures
goes beyond enhancing the inherent properties of monochalcogenides. It provides robust
mechanical protection and passivation for the fragile monochalcogenides (Tang et al. 2021;
Liu et al. 2013; Li et al. 2014), which are susceptible to oxidation when exposed to air
(Guo et al. 2017, 2020). This engineering approach not only improves the performance
of the HSs but also ensures the stability and longevity of the delicate monochalcogenide
components.

Computational predictions suggest that encapsulating an InSe layer between two hBN
capping layers significantly boosts electron mobility compared to pristine InSe films (Kang
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et al. 2017). The high mobility and on/off ratio exhibited by InSe/hBN/graphite hetero-
structures, especially when integrated onto flexible substrates, make them compelling can-
didates for flexible electronics (Wu et al. 2020).

The theoretical exploration of InSe/hBN heterostructures extends beyond their elec-
trical properties to their optical characteristics. Studies indicate that the construction of
the heterostructure enhances absorption, concurrently reducing the band gap (Shen et al.
2022) - The band gap of bulk InSe lies in range from 1.3 to 1.4 eV (Giirbulak et al. 2014;
Politano et al. 2017; Sang et al. 2019), but in monolayer, the gap is increased to 2.37 eV
(Lei et al. 2014; Zhuang and Hennig 2013), resulting in limited applications for optoe-
lectronic devices, as it is too large to be usable for absorbing IR and visible part of the
spectrum. This dual enhancement in optical properties further underscores the multifaceted
advantages offered by InSe/hBN heterostructures, making them compelling candidates for
diverse applications.

Leveraging these insights, our work aims to comprehensively investigate the impact of
strain on InSe/hBN heterostructures. Furthermore, the theoretical findings on the optical
properties of InSe/hBN heterostructures, indicating enhanced absorption and a reduced
band gap, inspire our exploration into the nuanced effects of strain. Understanding how
strain influences the electronic and optical properties of InSe/hBN heterostructures is piv-
otal for optimizing their performance and unlocking their full potential for future techno-
logical applications.

2 Computational Methods

Density functional theory (DFT) were performed in the Quantum Espresso (QE) soft-
ware package (Giannozzi 2009), based on plane waves and pseudopotentials. The Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional (Perdew et al. 1996) is used along
with norm-conserving pseudopotentials. The energy cutoff of 90 Ry was set after the con-
vergence tests.

The Monkhorst pack of 16x16x1 mesh for k-point sampling is used in geometric opti-
misation and total energy calculations. For calculations of p-DOS and optical properties,
a refined 48x48x1 mesh is used. The band structure is calculated on 440 k-points along I"
-M-K-T" direction. A vacuum of 20 A is added along the z-direction to avoid interactions
between the layers and simulate 2D structure. Geometry optimisation of the positions of
the atoms and the lattice parameters is performed using the BFGS algorithm, with criteria
for the maximum forces allowed between atoms of 10-°Ry/A. To properly account for van
der Waals force effects, the Grimme-D2 correction (Grimme 2006; Barone et al. 2009) was
included to obtain more accurate lattice constants and forces. The optical properties were
calculated using the epsilon.x code in QE software, based on the random phase approxima-
tion (RPA).

3 Results

Similarly to hBN/InTe and hBN/GaTe HSs reported in our previous work (golajic’ and Pesic
2022; Solaji¢ and PeSi¢ 2023), hBN/InSe HS is modelled as supercell composed of 1x1 unit
cell of InSe, with \/5 X \/5 supercell of hBN rotated for 30° on top of InSe. Drawing paral-
lels with our previous studies, this approach ensures consistency in our methodology.
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For hBN, the unit cell’s lattice constant () is 2.51A, while the constructed /3 x /3
supercell has a lattice constant of 4.34A. Comparatively, the calculated lattice constant
for InSe is 4.03A, closely mirroring the values obtained for GaTe in our earlier research
(Solaji¢ and Pesi¢ 2022), where a = 4.05A.

Searching for an energetically most favourable configuration, the constructed hetero-
structure undergoes relaxation, adjusting both the lattice parameter and atomic positions
within the unit cell. The optimized lattice parameter for the hBN/InSe heterostructure con-
verges to a = 4.29A. Notably, this relaxation induces a 1% strain on the hBN layer and a
6% strain on InSe. This pattern aligns with observations in our studies of hBN/GaTe and
hBN/InTe, where the preference is for GaTe (InTe) to experience more significant strain
than the hBN layer. Such strain variation arise from the different elastic properties inherent
in the combined materials, providing valuable insights into the mechanical interplay within
these heterostructures. Namely, the elastic constants of hBN are roughly 3 times larger than
ones of InSe, as well the Young and layer modulus (Li and Li 2015; §olajié and Pesic¢
2022), similar as in GaTe, leading to different strain strengths induced in each layer.

The application of uniform tensile and compressive biaxial strain, with a maximum
amplitude of 6%, to the heterostructure induces significant transformations in its structural
parameters. In the unstrained, relaxed configuration, the distance between the hBN layer
and InSe, denoted as d, measures 3.29 A. Under compressive strain, d slightly decreases,
reaching 3.26 A for —6% strain, while under tensile strain, it increases, peaking at 3.30
A for 6%. The bond lengths also undergo alterations with strain. In the absence of strain,
the In-In bond length is 2.82 A, the In-Se bond is 2.73 10\, and the In-Se-In angle is 103°.
Under compressive strain, these bond lengths reduce: the In-In bond shortens to 2.79 A,
the In-Se bond contracts to 2.66 A, and the In-Se-In angle decreases to 98.7°. Conversely,
tensile strain leads to elongation of bonds and widening of angles. At 6% strain, the In-In
bond extends to 2.85 1&, the In-Se bond increases to 2.80 A, and the angle expands to 108°.
These variations in geometry and covalent bond distances are anticipated to exert a pro-
found influence on the heterostructure’s band structure and band gap, providing crucial
insights into the structural modifications induced by strain.

3.1 Electronicstructure

In the absence of applied strain, representing the relaxed structure, band gap of hBN/
InSe heterostructure is calculated to be E, = 0.56 eV , which is less than the band gaps
observed in both the hBN/InTe and hBN/GaTe heterostructures. To validate our results,
we also calculated the band gap of the InSe monolayer, obtaining E, = 1.49 eV, consist-
ent with previous results using the same methodology (Hu et al. 2017). It is important to
note that DFT calculations with standard functionals such as PBE often underestimate
the band gap in semiconductors. For a more accurate assessment of the band gap, hybrid
functionals (e.g. HSE06) are commonly employed. However, it has been observed that
in group III monochalcogenides and related structures, the difference in band structures
obtained using PBE and hybrid functionals primarily stems from variations in the width
of the band gap, which tends to be larger (and more accurate) with hybrids. Notably,
the valence bands remain largely unchanged within both methods, while the conduc-
tion bands are shifted upwards, largely preserving their shape. Taking into account the
qualitatively similar band structures obtained using both methods, we opted for the
PBE functional in this manuscript for our calculations. This decision was made due to
the significant computational demands associated with calculations employing hybrid
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functionals, especially in studies of systems under strain, where a large number of cal-
culations are necessitated. The estimated error introduced in band gaps in our research
is approximately in the range of 0.6-0.9 eV. Specifically, our calculations yield a band
gap of 1.49 eV in InSe monolayer and 0.56 eV in hBN/InSe heterostructure without
introduced strain; when hybrid functionals are used, band gaps of 2.37 ¢V and 1.16 eV
are obtained for monolayer InSe and hBN/InSe heterostructure, respectively. A similar
deviation in the band structure is expected in strained structures.

Figure 1 illustrates the relationship between band gap and strain for the hBN/InSe
heterostructure, alongside the previously studied hBN/InTe and hBN/GaTe hetero-
structures for comparative analysis. In contrast to the behaviour observed in hBN/InTe,
where the band gap enlarges up to 2% strain before declining, the band gap in hBN/InSe
mirrors the trend observed in hBN/GaTe. Notably, it exhibits an almost linear depend-
ence on applied strain. The widest band gap, E, = 1.37 eV, is achieved under —6%
strain. Conversely, tensile strain diminishes the band gap, reaching near-zero values at
6% strain. At this point, the energy level at the bottom of the valley in the I" point of the
valence band aligns closely with the energy level at the top of the conduction band val-
leys located between the I and M point, and between K and I' point, leaving only the
indirect gap between the valleys.

Analysing deeper the behaviour of bands proximate to the Fermi level and the com-
position of associated states reveals several key features, we present the band structure
for different strain values illustrated in Fig. 2. Band structure is calculated along the I
-M-K-I" direction, and given that heterostructure consisted only of single-layered hBN
and InSe is essentially two dimensional, hence the Brillouin zone is practically flat, and
negligible contribution exist in the out-of-plane directions. Primarily, the valence band
predominantly comprises states contributed by In and Se. Under compressive strain, the
valley in the I" point expands, while under tensile strain, it contracts, influencing the
entire band. The conduction band behaviour is more peculiar. For tensile strain, the top
of the conduction band rises, and the band closest to the Fermi level is predominantly
composed from In and Se states. Conversely, with compressive strain, where top of the
conduction band located between the I" and M/K points is decreasing, at -4% strain, top
of the conduction band relocates to the I' point, and is predominantly composed of N
states.

The projected density of states illustrated in Fig. 3 is showing more clear picture of
atoms/states composition near the Fermi level. Near the Fermi level we predominantly

1571 =— ¢ ) .
> 1.0 ~ N
& - -
oy ©— hBN/InSe A o -
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hBN/GaTe @ <
0.0 1 -
-4 -2 0 2 4
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Fig.1 Band gap as a function of strain for hBN/InSe (purple line with rhomboid markers), along with hBN/
InTe (green line and square markers) and hBN/GaTe (blue line, circle markers) for comparison
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Fig.2 Projected bandstructure of hBN/InSe HS for different values of applied strain, from —6% to +6%.
Contribution from different atoms/states are represented in different colours as in legend

observe Se p and In s states, for strain strengths in range of -4% to +6%. For compres-
sive strain of -4% and stronger, N p states are dominant below the Fermi level, and
above the Fermi level, group of In p states is moved closer to the bottom of valence
band.

3.2 Optical properties

Consistent with our previous research, the optical properties were calculated within the
random phase approximation (RPA). We were mostly interested to study how does the
strain influence the absorption of heterostructure, and RPA was previously displayed as
good performer for qualitative description of optical properties (Jalilian and Safari 2017;
Liao et al. 2020; Zdlyomi et al. 2014; Shang et al. 2018; Do et al. 2021; Sengupta et al.
2019). The complex dielectric function e(w) + ex(w) + ie;(w) is calculated first. From
there, we can get the absorption function as follows:

a(w) = \/5% \/\ / elze(a)) + elz(a)) - ¢/(w). (1)

Real and imaginary part of dielectric function are presented in Figs. 4 and 5.

In general, both the real and imaginary components of the dielectric function undergo
shifts to the right under negative strain and to the left under positive strain, accompanied
by alterations in peak amplitudes. However, notable deviations become evident. Under pos-
itive strain, specifically at +4% and beyond, the imaginary part of the dielectric function
diverges to infinity at 0 eV. Concurrently, at the same energy, the real part of the dielectric
function diverges towards —oo, indicative of a transition towards a metallic character. In
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the case of z polarization, additional peaks in the imaginary part of e(w) emerge above
+4% strain at approximately 0.5 eV, subsequently dropping to zero at 1.25 eV and 3.75 eV.
These distinct features in the dielectric response under strain provide valuable insights into
the evolving electronic structure and the potential transition towards metallic behaviour.
Building on prior investigations of hBN/InSe (Shen et al. 2022), which showcased
exceptional absorption across a broad spectrum comparable to hBN/InTe and hBN/GaTe,
our focus turns to manipulating these properties through strain-induced enhancements. Fig-
ure 6 presents the absorption profile of the hBN/InSe heterostructure, considering in-plane
(xy) and out-of-plane (z) polarizations. The observed behavior is in agreement with our
findings in previously studied heterostructures. Our results affirm the outstanding wide-
spectrum absorptive capabilities of hBN/InSe, consistent with the reported values in (Shen
et al. 2022), where absorption peaks reach up to 8 x 10° cm™!, as well with hBN/In(Ga)
Te HSs which showcase similar magnitude. In the xy polarization, compressive strain
enhances absorption in the part of UV spectrum (6 eV to 11 eV), while the peak at 15
eV slowly diminishes. Conversely, tensile strain shifts this peak towards the left without
losing its amplitude. Notably, tensile strains of +5% and above introduce a small peak in
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— %
—_— 5%
— 4%
— 3%
— 2%
T -1%
— 0%
— +1%
— 2%
— +3%
— +4%
—_— +5%
— +6%

Imlegy(w)]

Imle;(w)]

T T -
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Energy (eV)

Fig. 5 Imaginary part of complex dielectric function for (a) xy and (b) z polarization, for different values of
strain

the IR spectrum and enhance absorption in the visible range. In out-of-plane polarization,
tensile strain shifts the absorption function leftward, slightly improving absorption in the
visible spectrum, while compressive strains enhance the 2.5 eV to 4.5 eV region. However,
stronger tensile strains of 5% and 6% result in a drop to zero absorption at 1.5 eV and 3.8
eV, a feature which is not observed in previously studied HSs. Most of those effects are
ascribed to the change in the band gap as a function of strain, but also to different behav-
iour of specific band and the shape of their valleys, e.g. rising of N p states near the Fermi
level at strong compressive strain. These substantial changes in absorption as a function of
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Fig.6 Absorption function of hBN/InSe for xy and z polarization, for different values of strain. The inset
shows the enlarged part within the visible-light part of the spectrum

strain offer a promising avenue for tailoring the properties of hBN/InSe for specific appli-
cations, particularly in the development of sensors and detectors.

4 Conclusion

In conclusion, we systematically explored the impact of strain on hBN/InSe heterostruc-
tures—an already established exceptional wide-spectrum absorber. Recognized for its
promising electronic and mechanical properties, hBN/InSe emerges as a strong contender
for future electronic and optoelectronic devices. Applying uniform biaxial strain in the
range of —6% to 6%, our results unveil a highly effective method for manipulating the band
gap, showcasing a particularly noteworthy outcome: near-complete elimination of the band
gap under intense tensile strain. Comparing our findings with previous investigations on
strain effects in hBN/InTe and hBN/GaTe heterostructures, hBN/InSe exhibits a striking
resemblance to hBN/GaTe. However, the hBN/InSe system demonstrates a distinct trend
of reaching lower band gap values under tensile strain, concurrently enhancing absorption
in the low-energy spectrum. These outcomes bear considerable significance for guiding
subsequent experimental endeavours and serve as a roadmap for more intricate theoretical
explorations. With its established outstanding electronic and transport properties, coupled
with highly tunable band gap and remarkable absorption characteristics, hBN/InSe stands
poised to make a substantial impact on the advancement of future novel devices.
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Two-dimensional group III monochalcogenides have recently attracted quite attention for their
wide spectrum of optical and electric properties, being promising candidates for optoelectronic
and novel electrical applications. However, in their pristine form they are extremely sensitive
and vulnerable to oxygen in air and need good mechanical protection and passivization. In this
work we modeled and studied two newly designed van der Waals (vdW) heterostructures based
on layer of hexagonal boron nitride (hBN) and GaTe or InTe monolayer. Using density
functional theory, we investigate electronic and optical properties of those structures. Their
moderate band gap and excellent absorption coefficient makes them ideal candidate for broad
spectrum absorbers, covering all from part of IR to far UV spectrum, with particularly good
absorption of UV light. The hBN layer, which can be beneficial for protection of sensitive GaTe
and InTe, does not only preserve their optical properties but also enhances it by changing the
band gap width and enhancing absorption in low-energy part of spectrum. Calculated binding
energies prove that all three stacking types are possible to obtain experimentally, with H-top as
the preferable stacking position. Moreover, it is shown that type of stacking does not affect

any relevant properties and bandstructure does not reveal any significant change for each

stacking type.

Keywords: heterostructures, hBN, 2D materials, InTe, GaTe, light absorption, DFT

(Some figures may appear in colour only in the online journal)

1. Introduction

Enormous attention given to the exploration and researching
of two-dimensional materials in the past decade has started a
whole new era in materials science and countless possibilities
for novel devices emerged. After successful exfoliation and
experimental confirmation of graphene’s extraordinary prop-
erties, many van der Waals (vdW) layered materials were
regaining the attention, being extensively exploited in order
to find more possible 2D structures [1]—hexagonal boron
nitride [2, 3], silicene [4, 5], germanene [6, 7], transition
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metal dichalcogenides (TMD’s) [8—13], MXenes [14, 15]. As
a result, many possibilities emerged for more innovations and
research of more complex systems such are 2D vdW hetero-
structures. Those layered structures often have new rich phys-
ics and enhanced properties, particularly attractive for count-
less applications in nanoelectronic [16—18] and optoelectronic
devices such are Light-emitting diodes based on vdW hetero-
structures [19], solar cells [20, 21] and flexible broad-spectrum
photodetectors [22, 23].

In last few years, two-dimensional group IIla monochal-
cogenides have been extensively researched [24-27]. In their
bulk form, they are layered structures with weak vdW binding
forces, suitable for mechanical exfoliation down to a single
layer. With a wide spectrum of exceptional electronic and
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optical properties in their two dimensional form, they became
very desirable candidates for further research and applications.
One of the most outstanding materials in this 2D family,
InSe, exhibits very high electron mobility [28] and superb
optical properties. Previous work revealed it as very prom-
ising material for a highly stable field effect transistors [29].
Excellent absorption properties mark InSe favorable for use in
broad spectrum flexible photodetectors, covering wide range
from UV to the near IR region [30]. With the idea to fur-
ther enhance their properties to be more suitable for particular
devices, research of vdW heterostructures based on 2D group
IITa monochalcogenides brought notable attention. Various
combinations of group III monochalcogenides and graphene
emerged as an effective and tunable Schottky barrier [31-35]
with many possible ways to precisely control the electronic
properties—via electric field, external strain or controlling the
interlayer distance. Recent work on heterostructures based on
InSe/hBN revealed them as excellent absorbers of the visible
and UV part of spectrum.

Two members of group III monochalcogenides were more
recently explored and theoretically proposed as new 2D
structures—monolayers of InTe and GaTe. Both materials are
indirect band gap semiconductors with moderate band gaps of
1.29 and 1.75 eV, respectively. In addition to good electrical
and optical properties [36—40], those materials also excel in
elastic properties, being able to sustain considerable values
of both tensile and compressive strain [36, 40, 41], which is
already proven as very effective and convenient way to pre-
cisely tune electronic and optical properties of 2D materials
[42-44]. Suitable for various applications in novel electronic
and optoelectronic devices, research of heterostructures based
on those materials is very attractive, with huge expectations for
achieving new effects or enhancing desired properties of the
2D structures alone. However, pristine monochalcogenides,
especially in form of thin films or as a single layer, are very
sensitive and vulnerable to oxygen in air—many studies reveal
that single layers are oxidized almost instantly after exposure
to the air [45-48]. The issue of their challenging stability can
be overcome by passivization with adequate material which
would ensure the safe encapsulation of monochalcogenides as
well as good mechanical protection. One of materials particu-
larly good and widely used for this purpose is hexagonal boron
nitride (hBN). Experimental studies confirmed it as effective
for protection and passivization of few layers InSe and GaSe,
while their electronic and optical properties are preserved or
even enhanced [49] hence the similar effects can be expec-
ted for different members of the group III monochalcogenide
family.

In the next sections, we present newly designed heterostruc-
tures, hBN/GaTe and hBN/InTe, based on a single layer of
GaTe or InTe and a layer of hBN. Using the density functional
theory (DFT), we explore their electronic and optical proper-
ties and analyze the influence of hBN layer on GaTe and InTe.
Given the facts stated in previous paragraphs, our motivation
was to model stable, mechanically protected structures based
on those materials, which would excel in their electronic and
optical properties in broad spectrum. Based on their lattice

parameters, we expect to obtain structures with good lattice
matching, suitable for experimental realization.

2. Theoretical methods

Results are obtained using DFT implemented in Quantum
Espresso (QE) software package [50], based on plane waves
and pseudopotentials. Perdew—Burke—Ernzerhof (PBE) func-
tional [51] and PAW pseudopotentials [52] were used in all
calculations. After convergence tests, the energy cutoff for
the wavefunction and the charge density were set to 44 Ry
and 364 Ry for hBN/InTe heterostructure, and 60 Ry and
480 Ry for hBN/GaTe heterostructure. The Monkhorst—Pack
of 16 x 16 x 1 mesh for k-point sampling is used in geomet-
ric optimization, total energy and phonon calculations. For
calculations of p-DOS and optical properties, refined mesh
of 64 x 64 x 1 is used. The bandstructure is calculated on
440 k-points along I'-M-K-T" direction. In order to simu-
late 2D structure, a vacuum of 20 A was added along the z-
direction to avoid interactions between the layers. Geometry
optimization of both atom positions and lattice parameters is
performed using BFGS algorithm, with criteria for maximum
allowed forces between atoms of 10-° Ry A~!. As the GGA
functionals do not take into consideration long range forces as
the van der Waals force, Grimme-D2 correction was included
to obtain more accurate lattice constants and forces. Optical
properties were calculated using epsilon.x code in QE soft-
ware, based on the random phase approximation (RPA).

3. Results and discussion

Both GaTe (InTe) and hBN have hexagonal lattices with
D!, symmetry. Lattice constants obtained after the geomet-
ric optimizations of a = 4.371 A for InTe, a = 4.047 A for
GaTe and 2.515 A for hBN are in agreement with previous
reports [25, 37, 40, 53]. The unit cell of In(Ga)Te/hBN hetero-
structure is modeled as a supercell which contain one layer of
InTe(1 x 1) or GaTe(1 x 1) on top of layer of hBN(V/3 x v/3)
supercell, resulting in hexagonal unit cell with C% sym-
metry. The lattice constant of v/3 x /3 supercell of hBN
is a =4.347 A. In case of hBN/InTe heterostructure, lattice
constants of InTe and hBN supercell are excellent matches
with close values of 4.371 and 4.347 A. After geometric optim-
ization, obtained lattice constant of formed heterostructure is
a = 4.336 A. That results in almost ideal lattice matching with
induced strain of 0.8% on InTe layer and 0.3% on hBN layer,
making this heterostructure a great candidate for experimental
realization. With lattice constant of a = 4.047 A, monolayer of
GaTe is a less perfect match with a = 4.347 A of hBN super-
cell. However, the obtained lattice constant of formed hBN/G-
aTe heterostructure is a = 4.309 A which induces strains of
6.1% on GaTe layer and 0.8% on hBN, making them still pos-
sible for fabrication. Hence, both heterostructures are prom-
ising in terms of lattice matching and can be modeled with
proposed supercell. Phonon dispersion for both heterostruc-
tures is also calculated and presented in figure 1 in order to
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Figure 1. Phonon dispersion of (a) hBN/InTe and (b) hBN/GaTe.

Figure 2. Top view of three possible stacking types, (a) H-top, (b) N-top and (c) B-top.

confirm the structural stability. We do not observe imaginary
frequencies, except the small kinks near the Gamma point with
low negative values, which are often emerging in calculations
of phonons in 2D materials, being a numerical issue and not
the real instabilities.

Three possible stacking types are presented in figure 2, the
H-top (In/Ga atom being in the center of hBN hexagon), B-top

(In/Ga atom above the B atom of hBN) and N-top (In/Ga
atom above the N atom of hBN). We investigated all three
types of structure in order to determine the favorable stacking,
as well whether the properties are affected by type of stack-
ing, e.g. bandstructure. The optimal distance between the hBN
layer and InTe(GaTe) layers (d) for both heterostructures and
each of their stacking types are obtained previously during the



J. Phys.: Condens. Matter 34 (2022) 345301

A Solaji¢ and J Pesié

-1666.552 -1666.550
hBN/InTe H-top
1666.553 -1666.551
-1666.552
-1666.554 1666.553
& -1666.555 -1666.554
- 320 340 3.60  3.80 3.20
on
=
E -1400.859 -1400.858
-1400.860 hBN/GaTe H-top| 414 59
-1400.861 -1400.860
-1400.862 -1400.861
-1400.863 -1400.862
320 340 360  3.80 3.20

-1666.551
hBN/InTe N-top hBN/InTe B-top
-1666.552
-1666.553
-1666.554
3.40 3.60 3.80 3.20 3.40 3.60 3.80
-1400.859
hBN/GaTe N-top hBN/GaTe B-top
-1400.860
-1400.861
-1400.862
-1400.863
3.40 3.60 3.80 3.20 3.40 3.60 3.80

Distance between layers [A]

Figure 3. Total energy of the system as a function of the distance between hBN and InTe(GaTe) for different stacking types for hBN/InTe

and hBN/GaTe.

geometry optimization, with resulting distances of 3.43-3.52
A for different stacking positions of hBN/InTe and 3.45-3.52
A for hBN/GaTe. Total energy of the structure in function of
the interlayer distance is shown in figure 3.

In order to confirm the stability of the structures and prove
they can be experimentally obtained, we calculated their bind-
ing energies (Ej) by the following equation:

Ep = Eneterostr. — EIn(Ga)Te — Enpn, (D
where Epeerosir.» Em(ca)re and Eppy tepresent the total energy
of hBN/In(Ga)Te heterostructure, InTe or GaTe monolayer
and hBN monolayer, respectively. Binding energies, interlayer
distance and lattice parameters obtained for each configuration
of hBN/InTe and hBN/GaTe heterostructures are summarized
in table 1. Negative values of binding energies suggest that
both heterostructures are energetically feasible in all stacking
configurations. The favorable stacking type for both hBN/InTe
and hBN/GaTe heterostructures is H-top with the lowest value
of binding energy, but also the total energy of H-top configur-
ation for both heterostructures is ~8 and ~17 meV lower than
in N-top and B-top configurations, respectively. However, the
total and binding energies for H-top, N-top and B-top stack-
ing configurations differ just for 10 meV, making all systems
convenient for fabrication.

From our calculations, both InTe and GaTe monolayers
have an indirect band gap of £, = 1.38 ¢V and E, = 1.75 eV
respectively, while hBN has a large direct band gap of 4.63 eV.
These results are in agreement with previous theoretical res-
ults obtained using the PBE functional [24, 36, 37, 40]. As
the PBE functional underestimates the band gap in semicon-
ductors, hybrid functionals such as Heyd—Scuseria—Ernzerhof
(HSE) must be used in order to obtain accurate electronic prop-
erties. Reports on similar structures show that employing the
HSE functional does not change the bandstructure qualitat-
ively, the most significant difference comes from shifted bands
above the Fermi level and thus an enlargement of the band
gap. Large difference in band gap of InTe(GaTe) and hBN

Table 1. Lattice parameters, distance between hBN and In(Ga)Te
layers (d) and binding energy for all three possible stacking types of
hBN/InTe and hBN/GaTe.

hBN/InTe
H-top N-top B-top
a(A) 4.346 4.337 4.337
dA) 3.429 3.523 3.479
E, (meV) —269.64 —255.49 —259.63
hBN/GaTe
H-top N-top B-top
a(A) 4.309 4.309 4311
dA) 3.451 3.516 3.503
E; (meV) —255.62 —241.76 —246.61

as well their alignment of bands make both systems a type-
I heterojunctions. This can be also confirmed from the dens-
ity of states of pristine single layer hBN, InTe and GaTe and
projected density of states for both heterostructures, presen-
ted in figure 4. As in similar heterostructures [54], the band-
structure does not change with the stacking almost at all—
zones near the Fermi level are nearly identical, the band gap
does not change and only minor differences can be observed
e.g. slightly changed position of some zones below the Fermi
level and far above the Fermi level. Bandstructure plots for all
three stacking types are shown in figure 5. In further discus-
sion we will focus on the H-top stacking in both hBN/InTe and
hBN/GaTe heterostructures.

Atom-decomposed bandstructures of hBN/InTe and hBN/
GaTe are presented in figures 6 and 7, alongside their pristine
monolayer compounds, InTe and GaTe for easier comparison.
Fermi level is set to zero and shown in green line in all figures.
Both GaTe and InTe pristine monolayers are indirect band gap
semiconductors with valence band maxima close to the I" point
and conduction band minima (CBM) at the M point for GaTe
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Figure 4. Projected density of states for (a) single layer hBN, InTe and GaTe, (b) hBN/InTe heterostructure and (c) hBN/GaTe
heterostructure. The contribution from hBN is shown in red lines and red shaded area, while dark blue and turquoise lines and area represent

contribution from InTe and GaTe, respectively.

and I' and M points for InTe. After stacking into heterostruc-
ture, the band gap is slightly changed from original GaTe and
InTe structures. CBM are shifted to the I" point in both het-
erostructures. In the hBN/InTe band gap is slightly enlarged,
from 1.38 eV in pure InTe monolayer to 1.54 eV in the hetero-
structure. This change in band gap is barely visible and bands
near the Fermi level have the same shape as in pristine InTe.
Hence, upon forming the hBN/InTe heterostructure, there are
no important differences in the band structure. States around
the Fermi level are almost completely formed by InTe, while
the hBN contributions are observed below —2 eV and above
3 eV, similar as in pristine hBN.

More changes can be observed in the second structure—gap
of single layer GaTe is 1.59 eV, but after the heterostructure
is formed, band gap is reduced to just 0.79 eV. Upon form-
ing the heterostructure, in the vicinity of the I' point, there are
many mixed states around —1 eV, originated from Sp states
of Te atoms and 2p states of N atoms, as result of interaction
between the hBN and GaTe layers. In addition, valence band
is heavily lifted, separating previously grouped states around
the I point for more than 0.5 eV and significantly reducing the
band gap.

The reduction of band gap along with interfacial states
can be useful for applications in optoelectronics so we pro-
ceeded to analyze the optical properties of these hetero-
structures. We calculated the absorption coefficients, expect-
ing both structures to have good absorption properties. The

complex dielectric function e(w) 4 eg(w) + ie;(w) is obtained
from calculations in the RPA framework. From these res-
ults, we can obtain the absorption coefficient a(w) as the
following:

a(w) = \@% \/\/elze(w) + e (w) — er(w). (2)

Results are shown in figure 8 for hBN/InTe and figure 9
for hBN/GaTe heterostructures, both plotted alongside their
pristine monolayer compounds. Both structures have very
good absorption properties, being able to absorb visible, near
and far UV spectrum—the absorption of hBN/GaTe even
slightly extends to the IR spectrum. As the PBE functional
underestimates band gap, some shift in energy would be
noticed compared to HSE calculations. The results though
would not be significantly changed, only the reduction in cap-
abilities of absorbing the IR and red part of the visible light is
expected.

The highest peaks in absorption function are near 6 eV,
primarily originating from the InTe/GaTe, at 11 and at 14 eV as
a contribution from hBN layer, with peaks up to 8 x 103cm™".
As a result of smaller band gap in hBN/GaTe heterostructure,
slightly enhanced absorption is observed in very low energy
region of 1-2 eV. The difference is though, not significant,
which is not unexpected as the bandstructures of hBN/InTe
and hBN/GaTe do not differ much qualitatively, and band gap
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Figure 5. Bandstructure for different types of stacking for (a) hBN/InTe and (b) hBN/GaTe heterostructure.
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Figure 6. (a) Projected bandstructure of hBN/InTe heterostructure and (b) bandstructure of InTe monolayer. The size of circles on the left
graph indicate the magnitude of projections of wavefunctions over atomic orbitals—contribution from different atomic orbitals are

presented in different colors as shown in the legend.

in GaTe/hBN is primarily reduced due to one single shifted
band below the Fermi level. In addition, results obtained using
RPA calculations have contribution just from transitions in
ground state, any exciton effects cannot be observed. In energy
range from 3 to 15 eV, both heterostructures have exceptional
values of absorption of 2-8 x 10° cm~!, giving them a huge
potential for light absorbers in near and far UV spectrum.
This makes both heterostructures excellent candidates for

light absorption-relevant photoelectric applications, such are
modern photodetectors. Further, we calculated the reflectance
for our heterostructures. The real and imaginary part of dielec-
tric function are related with a complex index of refraction
n*(w) =n(w) + ik(w) by:

2 2

— K.

3

€ER=2NK, €, =n
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Figure 7. (a) Projected bandstructure of hBN/GaTe heterostructure and (b) bandstructure of GaTe monolayer. The size of circles on the left
graph indicate the magnitude of projections of wavefunctions over atomic orbitals—contribution from different atomic orbitals are

presented in different colors as shown in the legend.
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Figure 8. Absorption coefficient of (a) hBN, (b) InTe, (c) hBN/InTe
heterostructure for in-plane (cv.) and out-of-plane ()
polarizations.

The reflectance is now given by:

2, ,2
(n—1)7+x . @
(n+1)2+ k2

Figure 10 presents calculated reflectance of hBN/InTe and
hBN/GaTe heterostructures. Reflectance of both materials are
no larger than 30% for any energy, and are especially low
in the low-energy region with 10%, confirming that only a

hBN/GaTe

0 2 4 6 8
Energy (eV)

Figure 9. Absorption coefficient of (a) hBN, (b) GaTe,
(c) hBN/GaTe heterostructure for in-plane (a.y) and out-of-plane
(avz;) polarizations.

small amount of light is being reflected at any incidence angle.
As both heterostructures have qualitatively similar bandstruc-
tures, their reflectances are not much different. However, for z
polarization, the small peak at 2.5 eV is flattened in hBN/GaTe
dropping to nearly constant values of around 10% in region up
to 5 eV, while the peak at 6 eV is narrowed and higher than
in hBN/InTe. That can be ascribed as a result of differences
in shape and positions of certain bands and different values of
band gap.



J. Phys.: Condens. Matter 34 (2022) 345301

A Solaji¢ and J Pesié

@ g4 . .
hBN/InTe — R,
RLZ
20
hBN/GaTe — R,
- RZZ
& 02 J
0 ,
0 5 10 15 20

Energy [eV]

Figure 10. Reflectance of (a) hBN/InTe heterostructure and
(b) hBN/GaTe, for in-plane () and out-of-plane (c;)
polarizations.

4. Conclusions

We report the study of two new heterostructures based on
hexagonal boron nitride and InTe/GaTe, by employing first
principle calculations. We confirm the structural stability of
those systems and show that stacking type does not affect
any of the relevant properties and all types of stacking are
feasible for fabrication. We investigate their electronic and
optical properties, showing the benefit of forming heterostruc-
tures of InTe/GaTe with hBN layer. Formation of heterostruc-
ture slightly changes the band gap in comparison with pristine
monolayer InTe and GaTe, which also enhances absorption
in the low-energy region of the spectrum. Both heterostruc-
tures have good broad spectrum absorption, with exception-
ally good absorbing of the UV light. Hence, their electronic
and optical properties reveal them as excellent candidates
for field effect transistors based on vdW heterostructures, or
modern optoelectronic devices such are flexible broad spec-
trum photodetectors, solar cells . From the previous studies,
the hBN layer is also proven to be beneficial for mechan-
ical protection of sensitive and vulnerable single layers of
monochalcogenides like InTe and GaTe, while as we showed,
electronic and optical properties are not only preserved but
even enhanced. Of special interest is hBN/InTe heterostruc-
ture for its remarkably good lattice constant matching between
InTe and hBN layers which yields less than 1% of induced
strain between the layers. This places hBN/InTe beneficial
over similar studied heterostructures with comparable elec-
tronic and absorption properties (e.g. hBN/InSe) with sig-
nificant advantage for future fabrication and experiments as
well for their further mechanical manipulation. As both InTe
(GaTe) and hBN can withstand a moderate strain, electronic
and optical properties can be tuned by applying the strain
on the heterostructure or by including electric field, giv-
ing these materials a huge value for further research and
applications.
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Abstract

Two dimensional group IIla monochalcogenides are promising two-dimensional
semiconductors, known for their high carrier mobility and strong optical absorp-
tion in the visible and UV range. When integrated with hexagonal boron nitride
(hBN) in van der Waals heterostructures, these materials benefit from the atom-
ically flat and inert nature of hBN, which helps preserve their intrinsic electronic
quality and enhances overall device performance. In our previous studies, hBN-
based heterostructures with these monolayers exhibited favorable band alignment
and optoelectronic characteristics.

In this work, we investigate the role of strain in shaping the structural and
electronic behavior of hBN/GaS, hBN/GaSe, and hBN/InS heterostructures
using first-principles DFT calculations. Contrary to heterostructures previously
reported in the literature, these three systems develop a pronounced corrugated
geometry as a result of compressive strain and lattice mismatch. We analyze how
this strain-induced out-of-plane distortion modifies interlayer coupling, charge
redistribution, band structure, and optical absorption spectra.

Keywords: 2d materials, heterostructures, dft, strain engineering

1 Introduction

The rapid development of materials science in the past two decades has been strongly
driven by the discovery and exploration of two-dimensional (2D) materials. Owing



to their reduced dimensionality and unique electronic structure, 2D materials exhibit
physical properties that differ fundamentally from those of their bulk counterparts,
enabling a wide range of potential applications in nanoelectronics, optoelectronics, and
sensing technologies [1, 2]. The isolation of graphene in 2004 marked a turning point
in condensed matter physics, demonstrating the stability of atomically thin crystals
and stimulating extensive research into other layered materials.

Following graphene, numerous 2D systems have been identified and investigated,
including hexagonal boron nitride (hBN) [3, 4], silicene [5, 6], germanene [7, 8], transi-
tion metal dichalcogenides [9-11], MXenes [12, 13], and group-III monochalcogenides
[14-17]. Many of these materials exhibit tunable band gaps, strong light-matter inter-
action, and excellent mechanical flexibility, making them promising building blocks
for next-generation electronic and optoelectronic devices.

Among them, group-IIT monochalcogenides (MMXV! where M = Ga, In and X
= S, Se, Te) have attracted considerable attention due to their favorable electronic
and optical properties. These materials possess direct or quasi-direct band gaps, high
carrier mobilities, and strong optical absorption across a wide spectral range. For
example, few-layer InSe exhibits electron mobilities exceeding 1000 cm?/Vs at room
temperature [18], comparable to or even surpassing those of many transition metal
dichalcogenides and approaching values observed in strained silicon-based devices
[19]. In addition, ITI-VI monochalcogenides show excellent performance in photode-
tection applications, with efficient absorption extending from the ultraviolet to the
near-infrared region [20].

Despite these advantages, the practical application of ITI-VI monochalcogenides is
severely limited by their chemical instability. In particular, monolayer and few-layer
GaS, GaSe, and InS are prone to rapid oxidation when exposed to ambient conditions,
leading to degradation of their electronic and optical properties [21-24]. This issue can
be effectively mitigated by encapsulation using chemically inert materials. Hexagonal
boron nitride has proven to be especially suitable for this purpose, providing excellent
environmental protection while preserving the intrinsic properties of the encapsulated
layers [25, 26]. Moreover, hBN offers an atomically flat, mechanically robust, and
electrically insulating substrate, making it an ideal component for van der Waals
heterostructures (HSs).

Van der Waals (vdW) HSs formed by stacking different 2D materials enable pre-
cise control over electronic and optical properties without the constraints of lattice
matching typical for conventional HSs [1, 2, 27]. In HSs based on ITI-VI monochalco-
genides and hBN, the combination of strong optical absorption, mechanical flexibility,
and chemical stability makes these systems particularly attractive for optoelectronic
applications. In addition, their layered nature allows for the application of external
strain as an efficient tool for tuning electronic structure and optical response. Our pre-
vious works on hBN/GaTe, hBN/InTe and hBN/InSe HSs highlight their potential as
wide-spectrum absorbers, being able to absorb visible light as well the UV part of the
spectrum [28-30].

Sometimes, in lattice-mismatched HSs, strain relaxation does not occur solely
through in-plane deformation but may also involve out-of-plane structural relaxation.



In systems composed of GaS, GaSe, or InS combined with hBN, this can lead to the for-
mation of slight corrugation or buckling of the layers. Although subtle, such structural
distortions influence interlayer spacing, orbital hybridization, and band alignment,
thereby affecting the electronic and optical properties of the HS. These effects become
increasingly relevant under applied biaxial strain and must be considered for a realistic
description of strain-dependent behavior.

In this work, we present a systematic first-principles study of hBN/GaS, hBN/-
GaSe, and hBN/InS HSs under biaxial strain ranging from -6% to +6%. We investigate
their structural response, with particular attention to the emergence of out-of-plane
relaxation, and analyze how strain affects the electronic band structure and optical
properties. Special emphasis is placed on the evolution of the band gap, the character
of band-edge states, and the resulting absorption and reflectance spectra. By compar-
ing HSs based on different monochalcogenides, we elucidate how chemical composition
and lattice flexibility govern strain accommodation and determine the optoelectronic
response.

The results demonstrate that hBN/III-VI HSs represent a versatile platform
for strain-engineered optoelectronic applications. Their combination of strong opti-
cal absorption, mechanical robustness, and tunable electronic structure highlights
their potential for future devices such as photodetectors, flexible electronics, and
strain-sensitive optoelectronic components.

2 Computational Methods

First-principles calculations were performed within the framework of density functional
theory (DFT) using the Quantum ESPRESSO package [31, 32]. The exchange-
correlation effects were treated within the generalized gradient approximation (GGA),
employing the Perdew-Burke-Ernzerhof (PBE) functional [33], along with Norm-
conserving pseudopotentials. The energy cutoff of 86 Ry was set for hBN/GaSe HS
and 80 Ry for hBN/InS and hBN/GaS HSs.

To model the two-dimensional nature of the investigated systems and avoid
spurious interactions between periodic replicas, a vacuum spacing of 20 A was intro-
duced along the out-of-plane (z) direction. All HSs were fully relaxed prior to
electronic and optical calculations by optimizing both lattice parameters and internal
atomic positions using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. The

convergence criterion for the residual forces acting on atoms was set to 1076 RyAfl.

Brillouin zone integrations were carried out using a Monkhorst-Pack k-point mesh
of 16 x 16 x 1 for structural relaxation and total energy calculations. Denser k-point
grids, up to 64 x 64 x 1, were employed for calculations of the projected density
of states (PDOS) and optical properties. The electronic band structures were cal-
culated along high-symmetry paths in the hexagonal Brillouin zone, following the
I' =M — K —T trajectory.

Since standard GGA functionals do not accurately account for long-range disper-
sion interactions, van der Waals forces were included using the Grimme D2 correction
scheme [34, 35]. This approach ensures a more reliable description of interlayer
distances and binding characteristics in van der Waals HSs.



Biaxial strain was applied uniformly in the plane of the HSs by varying the in-plane
lattice constant according to
a — ap
=%, 0
where ap and a denote the equilibrium and strained lattice constants, respectively.
Both compressive and tensile strain were considered in the range from -6% to +6%,
while preserving the hexagonal symmetry of the lattice. For each strain value, the
atomic positions were fully relaxed with fixed in-plane lattice parameters.

Optical properties were calculated within the random phase approximation (RPA)
using the epsilon.x module of the Quantum ESPRESSO package. The frequency-
dependent complex dielectric function was obtained, from which absorption coefficients
and reflectance spectra were derived. For visualisation of crystal structures, VESTA

software was used [36].

3 Results and Discussion

The van der Waals HSs considered in this work, hBN/GaS, hBN/GaSe, and hBN/InS,
were modeled following the same approach as previously described for hBN/InTe,
hBN/GaTe, and hBN/InSe [28-30]. In those systems, the unit cell consisted of 10
atoms, combining a single unit cell of ITI-VI monochalcogenide layer and a /3 x
v/3 hBN supercell, enabling minimal lattice mismatch while preserving hexagonal
symmetry.

For the present systems, due to the specific lattice constants of GaS, GaSe, and
InS, the optimal unit cells are slightly larger. Specifically, the hBN/GaS HS requires
34 atoms per unit cell, while hBN/GaSe and hBN/InS contain 26 atoms, as shown in
Figure 1. These supercells provide a good compromise between minimizing induced
interlayer strain (below 3% for GaS and 1% for GaSe and InS) and computational
efficiency. As in previous studies, the layers were stacked without rotation whenever
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Fig. 1 The unit cell of (a) hBN/GaSe and hBN/InS, and (b) hBN/GaS HSs.



possible, except for the hBN/GaSe and hBN/InS systems, which require a small rota-
tional alignment of approximately 10.89° between the monochalcogenide supercell and
the hBN layer. This configuration preserves the overall hexagonal symmetry while
allowing for lattice mismatch relaxation.

3.1 Structural Properties and Strain Response

The structural properties of the hBN/GaS, hBN/GaSe, and hBN/InS HSs were
first analyzed in their fully relaxed configurations. The optimized lattice constants
obtained after full structural relaxation are a = 7.44 A for hBN/Ga$S, a = 6.61 A for
hBN/GaSe, and a = 6.59 A for hBN/InS.

In the relaxed, unstrained configurations, the formation of the HSs does not sig-
nificantly distort the individual layers. Only a slight reduction in the thickness of the
ITI-VI layers is observed, on the order of 0.1 A, accompanied by minor shortening of
Ga-Ga or In-In bonds.

Unlike systems where strain is accommodated predominantly through uniform
in-plane deformation, the present HSs exhibit a more complex relaxation mecha-
nism, particularly under compressive strain. Upon relaxation, out-of-plane corrugation
develops in the form of buckling of the hBN layer, a strain-relief mechanism com-
monly observed in lattice-mismatched van der Waals HSs. Besides the relative position
of B and N atoms to the monochalcogenide atoms, this behavior also originates
from the competition between in-plane elastic energy and relatively weak interlayer
van der Waals interactions, leading to partial strain release through vertical atomic
displacements and a non-planar geometry.

The degree of buckling depends on the chemical composition and intrinsic lattice
stiffness of the monochalcogenide layer, as well as on the magnitude and sign of the
applied biaxial strain. Consequently, GaS-, GaSe-, and InS-based HSs exhibit distinct
structural responses, reflected in differences in interlayer spacing and local atomic
environments.

Although weak, corrugation is already present in the relaxed HSs and is further
modulated by applied strain. Compressive strain enhances out-of-plane deformation,
while tensile strain tends to flatten the HSs.

In hBN/GaS, the largest out-of-plane displacements occur in hBN hexagons where
N atoms are positioned nearly above S atoms. In contrast, in hBN/GaSe and hBN/InS
the maximum heights correspond to B atoms located above the centers of GaSe/InS
hexagons, accompanied by three neighboring N atoms positioned close to S/Se atoms.
The corrugation patterns for all three HSs are illustrated in Figure 2.

Buckling becomes more pronounced under compressive strain, reaching a maximum
at -6%, where the height difference between the lowest and highest atoms in the
hBN layer approaches 1 A. At lower compressive strain (-2%), this effect is much
weaker, while in the unstrained HSs buckling is almost negligible. Nevertheless, even
in the relaxed configurations a perfectly flat hBN layer is not achieved, in contrast to
hBN/In(Ga)Te and hBN/InSe HSs.

In previously studied systems where all atoms of the M™XVI layers are located
exactly at the centers of hBN hexagons, no buckling was observed. The presence of



(a) hBN/Ga$S

Fig. 2 The buckling occuring in studied HSs, (a) hBN/GaS and (b) hBN/InSe or hBN/GaSe,
illustrated for structures under -6% strain.

corrugation in the present systems does not indicate structural instability, as all struc-
tures were successfully relaxed with residual forces below 1076 Ry/A. Such rippled
geometries are common in many 2D materials and vdW HSs [37-40]; however, for
intrinsically flat systems they may complicate experimental fabrication and increase
the likelihood of defect formation.

The calculated adsorption energies are negative for all structures, ranging from 17
to -28 meV, confirming their energetic stability over the entire strain range. Stronger
interlayer binding is found for hBN/InTe and hBN/GaTe, with adsorption energies
between -23 and -30 meV. Although dynamical stability is commonly assessed through
phonon dispersion calculations, such calculations are computationally demanding for
systems of this size and were therefore not performed in the present work.

3.2 Electronic Structure

The electronic properties of the hBN/GaS, hBN/GaSe, and hBN/InS HSs were
analyzed through their band structures and projected density of states. While the
electronic structure of isolated ITI-VI monochalcogenide monolayers is highly sensitive
to strain and thickness, the weak interlayer interaction with hBN largely preserves
their intrinsic features, introducing only moderate changes in band alignment and
dispersion.



In lattice-mismatched HSs, out-of-plane relaxation plays an important role.
Buckling modifies the local interlayer distance and orbital overlap, leading to strain-
dependent shifts of the band edges. These effects become particularly pronounced
under compressive strain, where structural deformation and electronic response are
strongly coupled.

The calculated band structures for -6%, 0%, and +6% strain are shown in Figure 3.
Band structure for remaining strain values, are provided in Supplementary material.

In the unstrained systems, the band gaps remain close to those of the isolated
monolayers: in hBN/GaS the gap decreases from 2.35 to 1.95 eV, in hBN/InSe it
slightly increases from 1.66 to 1.72 eV, while in hBN/GaSe it remains nearly unchanged
at 1.77 eV.

Under compressive strain, enhanced buckling leads to more pronounced band-
gap modifications. Increased out-of-plane deformation alters orbital hybridizationand
shifts the VBM and CBM. Tensile strain, in contrast, partially suppresses corrugation
and produces smoother band-gap variations.

For hBN/GaSe, the band structure resembles that of hBN/InTe and hBN/GaTe,
but with a larger band gap. A distinctive feature is the presence of N-derived states
already around -1 eV. The VBM originates mainly from Se p states and is located
between the I'-M and I'-K points, shifting to I under -4% and -6% strain. The CBM lies
at I', with the M valley approaching it at higher compression. The band gap increases
up to 2.11 eV at -6% strain and decreases to 0.65 ¢V under +6% tensile strain.

In hBN/GaS, the electronic structure differs more significantly due to the relative
position of hBN-derived states. While the B and N atom states in previous HSs were
far from the Fermi level, the VBM in hBN/GaS at the I' point is formed by N p states,
with S p states nearby. The CBM remains at the I' point, mainly composed of Ga
and S states. With compressive strain, the VBM in I" further separates from S states,
which approach a set of nearly degenerate S states at around -2 eV, so the VBM and
its vicinity are primarily of N atom origin. Compression also modifies the CBM shape
and the relative positions of bands above the Fermi level, so at -6% strain the CBM
shifts to the K point. The band gap increases with compressive strain, reaching 2.45
eV at -6%. Tensile strain shifts the VBM away from I' and lowers the CBM, reducing
the band gap to 0.66 eV at +6%.

A similar trend is observed for hBN/InS. The valence band in the InS layer exhibits
deep valleys at the M and K points relative to the I" point, while the VBM lies between
I' and M and between K and I'. In the HS, this band is shifted by N states forming the
VBM at the K point, while the shape of this band is fairly flat. The CBM remains at
the I point, with the M-point valley nearby. Under compressive strain, the N-derived
band further separates as the highest S p state decreases in energy with increasing
compression. This effect is evident from the projected density of states for various
strains: at -6% strain, the VBM consists of N p states at K and S p states at ', while
the CBM valley at M is nearly degenerate with I". The band gap reaches 2.01 eV at
-6% strain. Under tensile strain, the N-derived VBM remains nearly unchanged, while
the S p band flattens and rises energetically, equalizing the VBM energy between I'-M
and I'-K, and the CBM at I" lowers, yielding a band gap of 1.16 ¢V at +6% strain.



The projected density of states provides further insight into the origin of the states
near the Fermi level. In agreement with the band-structure analysis, the electronic
states near the Fermi level are dominated by contributions from the III-VI monochalco-
genide layers, while hBN contributes mainly at deeper valence and higher conduction
energies (Figure 4). For all systems, the valence band maximum is primarily composed
of chalcogen p orbitals, whereas the conduction band minimum originates mainly from
metal s and p states. The relative weight of these contributions varies with applied
strain, reflecting strain-induced redistribution of electronic states. Under compressive
strain, enhanced buckling leads to stronger hybridization and increased competition
between valleys located at the I', M, and K points, which is particularly pronounced
in hBN/GaS and hBN/InS.

In contrast, hBN/GaSe shows a more moderate redistribution of states near the
band edges. Overall, these results indicate that the strain-dependent evolution of the
electronic structure is determined by the combined effect of lattice mismatch, out-of-
plane relaxation, and the orbital character of the monochalcogenide layers.

3.3 Optical properties

Strain-induced modifications of the electronic structure directly affect the optical
response of the hBN/GaS, hBN/GaSe, and hBN/InS HSs. The optical properties
were analyzed through the frequency-dependent dielectric function, from which the
absorption coefficient and reflectance spectra were obtained.

In all three systems, optical absorption in the low-energy region is governed pri-
marily by electronic transitions within the ITI-VI monochalcogenide layers, while the
contribution of hBN is negligible due to its wide band gap. Consequently, the absorp-
tion edge closely follows the strain-dependent evolution of the band gap discussed in
the previous section. The calculated absorption spectra are shown in Figure 5.

For hBN/GaSe, the absorption coefficient exceeds 10° cm ™! over most of the spec-
trum, with pronounced peaks reaching up to 8 x 10> cm~!. The overall spectral shape
remains relatively stable under applied strain, with only moderate shifts in peak posi-
tions and intensities, reflecting the weaker structural deformation and lower sensitivity
to buckling compared to the other two HSs.

In hBN/GaS, compressive strain induces more pronounced changes in the absorp-
tion spectra. Enhanced buckling leads to increased absorption in the 6-15 eV range
for in-plane polarization, as well as the emergence of a distinct peak around 4 eV
for out-of-plane polarization, reaching 8 x 10° cm™! at -6% strain. At the same time,
absorption in the visible range is reduced due to the widening of the band gap. In con-
trast, tensile strain enhances visible-range absorption and increases intensity in the
11-15 eV region, accompanied by a smoother evolution of the spectra.

A similar behavior is observed for hBN/InS. Although notable strain-induced
changes occur in the electronic structure, the overall absorption profile remains compa-
rable to that of hBN/GasS, with slightly enhanced features around 4 eV. The absorption
coefficient reaches values of approximately 5 x 10> cm™! in the UV region and some-
what lower values in the visible range. Compressive strain shifts the absorption toward
higher photon energies and enhances selected peaks, whereas tensile strain enhances
absorption in the visible region with only minor spectral shifts.



The corresponding reflectance spectra are shown in Figure 6. For all three HSs, the
reflectance remains relatively low, typically between 0.1 and 0.3, indicating that no
more than 30% of incident light is reflected. In hBN/GaS and hBN/InS, the reflectance
remains below 0.2 over most of the spectrum, except for distinct features in the 4-6
eV (in-plane) and 13-16 eV (out-of-plane) ranges. These features shift systematically
with applied strain, with more pronounced changes observed under compressive strain
due to enhanced buckling.

Overall, the combined analysis of absorption and reflectance shows that the optical
response of hBN/GaS, hBN/GaSe, and hBN/InS HSs is primarily governed by strain-
induced modifications of the electronic structure. While changes in the band gap set
the overall energy scale of optical transitions, the resulting spectra remain robust
and highly tunable, underscoring the potential of these systems for strain-engineered
optoelectronic applications.

4 Conclusion

In this work, we performed a comprehensive first-principles investigation of the
structural, electronic, and optical properties of hBN/GaS, hBN/GaSe, and hBN/InS
van der Waals HSs under biaxial strain. The study was focused on understanding
how strain and structural relaxation influence their electronic structure and optical
response, with particular emphasis on their applicability in optoelectronic devices.

The results demonstrate that all three HSs exhibit strong and broadband optical
absorption, extending from the visible to the ultraviolet spectral region, with absorp-
tion coefficients reaching values on the order of 105-10° cm™!. Such high absorption
efficiency, combined with the atomically thin nature of the systems, makes these HSs
especially attractive for applications in photodetectors, phototransistors, and other
optoelectronic components requiring efficient light-matter interaction.

The electronic structure analysis shows that the band gap can be effectively tuned
by biaxial strain, enabling control over both its magnitude and character. Tensile strain
generally leads to smoother band-gap modulation and enhanced absorption in the visi-
ble range, while compressive strain induces stronger changes in the electronic structure.
These effects originate from the combined influence of strain and out-of-plane relax-
ation, which modifies orbital hybridization and redistributes electronic states near the
band edges.

Although buckling emerges as a natural strain-relief mechanism in these lattice-
mismatched HSs, it does not compromise their optical performance. On the contrary,
the optical response remains robust over the entire strain range, indicating that effi-
cient light absorption is preserved even in the presence of structural corrugation. This
is particularly important for realistic device conditions, where perfect planarity is
rarely achieved.

These HSs can be viewed as atomically thin optical metamaterials, where strain-
induced corrugation and interlayer coupling enable engineered anisotropy and tunable
dielectric response beyond that of the individual layers. Such controllable, sub-
wavelength modulation of electronic and optical properties positions these HSs as



promising building blocks for 2D metasurfaces, adaptive photonic components, and
strain-programmable optoelectronic metamaterials.

Overall, the present study demonstrates that hBN/GaS, hBN/GaSe, and hBN/InS
HSs combine strong and tunable optical absorption with good structural stability
under strain. The interplay between strain, electronic structure, and optical response
provides a powerful route for engineering their properties, positioning these systems
as promising candidates for strain-tunable and flexible optoelectronic applications.
The insights obtained here contribute to a deeper understanding of structure-property
relationships in van der Waals HSs and support their further development for next-
generation nanoscale optoelectronic devices.
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Fig. 4 Projected density of states (PDOS) of hBN/GaS, hBN/GaSe, and hBN/InS HSs calculated
for compressive (-6%), unstrained (0%), and tensile (+6%) configurations. The states near the Fermi
level are dominated by contributions from the III-VI monochalcogenide layers, while hBN states
appear mainly at deeper valence and higher conduction energies. Strain-induced redistribution of
orbital contributions reflects the influence of buckling and modified interlayer coupling, particularly
pronounced under compressive strain. PDOS for remaining strain values are presented in Supplemen-
tary material.
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-6% to +6%. The evolution of spectral features reflects strain-induced modifications of the electronic
structure and enhanced sensitivity to out-of-plane relaxation under compressive strain.
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ABSTRACT

The emergence of phonon frequency combs exemplifies a rare and intriguing phenomenon in quantum solids. Materials with
distinctive phonon band structures are especially promising for hosting such states, as their vibrational dispersion landscape
across the Brillouin zone can facilitate the formation of long-lived, collective lattice excitations. In the layered Van der Waals
compound InSiTes, polarization-resolved Raman spectroscopy reveals a pronounced anharmonicity in symmetry-predicted
modes and the formation of a self-organized frequency domain structure (coherent-like state), in the range of a localized high-
energy A, phonon mode near 500 em~!. This strong phonon-phonon coupling manifests itself as an anomalous temperature
dependence around 200 K, coinciding with the appearance of higher-order excitations within the phonon density of states gap.
These findings position InSiTe; as an unconventional platform where intrinsic highly structured phonon spectral correlations
and unusually strong anharmonic effects coexist, opening new avenues for exploring emergent vibrational phenomena in
low-dimensional materials.

Introduction

Femtosecond pump—probe spectroscopy has long been the primary tool for generating and studying coherent phonons. In
these experiments, an ultrashort laser pulse excites the lattice, initiating collective vibrational motion that can be tracked in
real time.'#*When a femtosecond laser pulse reshapes the electronic potential, the equilibrium atomic positions are displaced,
leaving the atoms to oscillate coherently around the new minimum. This displacive excitation mechanism inherently favors
fully symmetric modes. As a result, materials like bismuth and antimony consistently exhibit strong A, coherent phonons
in pump—probe experiments, while lower-symmetry modes appear only under special conditions.>~ In contrast, finding
equidistant closely separated phonon lines or a phonon comb without femtosecond excitation is unusual and reflects a nonlinear
lattice potential.

Layered Van der Waals (VdW) materials, with their quasi-low-dimensional character, provide an important platform for
studying emergent lattice, electronic, and magnetic phenomena.®® The class is broad, from transition metal trihalides (CrI3,
VI3),'%1 transition metal trichalcogenides (CrSiTes, CrGeTes),'>'® iron-based tellurides (Fe3GeTe;)'? to transition metal
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dichalcogenides (VSes, MnSe,).2%2! The acceleration in the discovery of such quasi-2D systems provides many opportunities
to study phonon correlations and nonlinear phenomena as an intrinsic property of the lattice and at the same time to consider
their potential for future applications.”>~>> During the course of this research, Chen et al. reported the spontaneous formation of
phonon frequency combs in CrSiTes and CrGeTes,”® emphasizing the growing interest in the vibrational properties of ternary
VdW trichalcogenides. These developments further emphasize the relevance of exploring related compounds such as InSiTes,
where nonlinearities of the lattice potential may entail unconventional vibrational dynamics.

The first report of InSiTe; single-crystal synthesis appeared more than three decades ago.?” Since then, its related compounds
such as CrSiTes, CrGeTes, InGeTes, and AlSiTes; have been extensively studied, both theoretically and experimentally, for their
magnetic, electronic, and vibrational properties.?®=>3 By contrast, only a few studies have addressed the fundamental properties
of InSiTe3.?8:2%3%35 Nevertheless, it has already been applied in broadband photodetectors with ultrafast response times>°
which makes a deeper understanding of its lattice dynamics particularly relevant. Low-temperature experiments have not been
performed on InSiTes, leaving certain aspects of the physical phenomena below room temperature unexplored.

In this work, we investigate the lattice dynamics of the VdW compound InSiTe; using temperature-dependent polarization-
resolved Raman scattering combined with density functional theory (DFT) calculations. Our study reveals a pronounced
anharmonicity and the formation of frequency-domain phonon comb associated with a localized high-energy A, mode near
500 cm™!. This state reflects a frequency-locked spectral response of the SiTes tetrahedra, linked to a flat and isolated phonon
branch. The temperature-dependent analysis further uncovers anomalous linewidth behavior around 200 K, together with large
values of A1, phonon coupling constants. Upon heating to this temperature, broad features emerge in the parallel scattering
configuration within the gap of the calculated phonon density of states (PDOS), consistent with overtone excitations. These
findings identify InSiTes as an important member of the of VAW family and underscore the role of anharmonic interactions in
VdW trichalhogenides.

Results

The Raman measurements were performed on freshly cleaved surfaces. As shown in Fig. 1 scanning electron microscopy
(SEM) reveals a flat surface of at least 0.5 x 0.5 mm?. The individual maps obtained with energy dispersive spectroscopy
(EDS) as displayed on the left hand side of Fig. 1 demonstrate the uniformity of the sample over several tens of microns and
corroborate the atomic ratio of In:Si:Te to be 1:1:3. No impurities, contaminations and vacancies could be detected.

For the phonon analysis, the symmetry positions of the atoms in the lattice are relevant. The factor group analysis for
the P31m space group (No. 162)%’ yields the symmetry allowed phonons in the center of the Brillouin zone (BZ). The
corresponding Raman tensors that govern selection rules are listed in Tab. 1. In our experiment, the plane of incidence is
the ab-plane, where |a| = |b| and £(a,b) = 120°. This plane is oriented perpendicular to the optical axis of the spectrometer,
so that the light propagates along the c-axis. The incident and scattered light polarizations, e; and e, respectively, lie in the
ab-plane, with e; || e corresponding to & = 0° and e; L e corresponding to 8 = 90°. In these two scattering configurations all
allowed Raman active modes (3A1g + 5E;) can be observed. The doubly degenerate E, modes are observable in both parallel
and crossed polarizations, whereas the fully symmetric A1, modes vanish in configurations with crossed polarization. In

Figure 1. SEM and EDS mapping of a freshly cleaved surface of an InSiTes single crystal. The right part of the figure shows
a flat surface over an extended area. The white rectangle indicates the area in which the EDS mapping was performed. The
green, red, and turquoise areas on the left demonstrate the homogeneous distributions of the elements.
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Table 1. Atoms, Wyckoff positions, related I” point phonons, and Raman tensors for the P31m space group.

Atoms (Wyckoff positions) Irreducible representations
In (2d) Ay +E,+E;
Si (2e) Ay +E +Ag+E;g
Te (6k) 2A7,+3E, +2A14+3E,

Raman tensors

a 0 0

Aig=10 a 0

0 0 »
c 0 O 0 —c —d
'Eg=10 —¢ d 2E,=|—- 0 0
0 4 0 —d 0 0

Table 2. Phonon symmetry, activity, experimental (80 K) and theoretical phonon frequencies (0 K) calculated using
experimental crystallographic data. All values are given in cm™!. Silent modes are indicated by an asterisk.

Space group: P31m (No. 162)

Even (g) Odd (w)
Symmetry Exp. Calc. Symmetry Calc.
(1 (1
Ay - 25.5 A5, 0
1
EY 58.5 57.7 E] 0
2 @
E} - 77.0 AL 67.1
EP) 107.8 100.0 EP 69.1
(1) (1)«
Al 1134 108.4 Al 89.9
2)* 3
AS) - 118.2 EY) 92.1
EY 124.9 123.8 EY 111.9
2) ()
A2 148.3 145.5 AP 154.1
EY) - 360.4 Al 239.4
A 498.0 486.4 EY 360.1

addition to the experiments, density-functional theory (DFT) calculations were performed. The resulting frequencies of the
optical phonons are in good agreement with the experimental values obtained at 80 K, as summarized in Tab. 2.
Representative Raman spectra of InSiTe; at 80 K and 300 K obtained for both parallel (6 = 0°) and crossed (8 = 90°)
polarization configurations are shown in Fig. 2 (a) and (b), respectively. All three A;, modes and three out of the five expected
E, modes appear as narrow lines. At 80 K the Raman spectrum in parallel scattering configuration [Fig. 2 (a)] reveals two

extra peaks in the energy range 450 to 500 cm ™! labeled as Ai,”) and Ag). Although weak in intensity, they are still distinctly

observable on the low-energy side of the Raman-active Ag) mode. These additional two peaks and the Aﬁ) phonon are

equidistant and persist up to high temperatures, although they cannot be resolved any further as separate lines [Fig. 2 (b) and
Fig. 6]. As seen in Fig. 2(b), at 300 K additional excitations are observed in the parallel scattering configuration, appearing
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Figure 2. Raman spectra of InSiTes3 in parallel (6 = 0°) and cross (8 = 90°) polarization configurations at (a) 80 K and (b)
300 K. The orange lines represent the phenomenological continua (see text). Inset of (a) InSiTes crystallographic unit cell with
vectors of incident and scattered light polarizations e; and ey, respectively. For symmetry reasons the orientation of the

polarizations with respect to the crystal axes a and b is irrelevant. Inset of (b) displacement pattern of Aﬁ,) mode. The arrow

lengths are proportional to the square root of the inter-atomic forces. For this mode only the Si atoms move.

slightly below 200 cm~! and 300 cm™!.

For the quantitative analysis, the phonon peaks were modeled using a Voigt line shape, defined as the convolution of
a Lorentzian and a Gaussian function. The Gaussian component, which accounts for the instrumental resolution of the
spectrometer, was fixed to a linewidth of I'g = 1 cm™". To this end, the continuum was modeled phenomenologically using a
Drude function together with a linear term: /. . (@) <ATl'®/(®*+I?)+ Bo (orange lines in Fig. 2) and was subtracted
from the raw data, where A, B, and I" are temperature dependent phenomenological parameters. The resulting continuum is
very weak and essentially constant within the phonon energy range. Fig. 3 displays the results of the phonon analysis in parallel
scattering configuration at 80 K.
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Figure 3. (a)-(c) Phonon excitations modeled with Voigt profiles in parallel (6 = 0°) polarization configuration where
phonons of both Aj, and E, symmetry are observed. The spectra are recorded at 80 K.

4/12



-5 4
113+ % % A(11g)
od & $ 3
’Jm‘iﬁgaﬁ ¢
< '\qfky T 2
§H1¢h& % } o
s T 18
S 1104@) | | e O
S a2 s
2148, ¢, 0 =
S § e 33
gmr ‘5 =
O 1461¢ ? 2
145 ¢ 9 1
®) s

100 150 200 250 300
Temperature (K)
Figure 4. Temperature dependences of the energies and Lorentzian linewidths of the Agl) and Agz) phonons. There are
discontinuities of both the energies and linewidths close to 200 K. The dashed lines represent fits to the data below 200 K. The
linewidths and energies are well described by anharmonic phonon decay (Eq. 1) and thermal expansion, respectively.

We first focus on the low-lying Aj, modes, labeled A(ll,) and A(lzg). The temperature dependencies of their energies and

linewidths are displayed in Fig. 4, with the vibration patterns shown in insets. For describing the linewidths, we use the Klemens
model of symmetric anharmonic decay,*®

nmzn@o+%fm>, (1)

e2kBT —1

where I',(0) and @y were obtained by extrapolating linewidths and energies to the zero temperature limit. The phonon-phonon
coupling parameter A, _pn parametrizes the interaction between the optical (here Raman-active) phonon and the acoustical

modes at +k and /i/2. The interaction may be mediated by electrons, spins or fluctuations.
2)
g
excellent crystal quality. Across the measured temperature range, the linewidths of A(IQ and Ag

exhibit linewidths in the range of I'; < 1 cm~! providing further evidence of the
2)
8
of four. Up to 200 K the linewidths are well described by the symmetric anharmonic decay as described by Klemens® and

At low temperatures Ag? and Ag

increase nearly by a factor

described in Eq. 1. The temperature dependence indicates strong phonon—phonon coupling beyond 1, A,n_ph (AE(?) =1.6

and Aph_ph (Aﬁ)) = 1.7.%° In both cases, the next data points at 220 K is offset by more than a wavenumber, well beyond

the statistical uncertainty. Up to room temperature the linewidths are essentially temperature independent. A similar (and
consistent) discontinuity is observed for the energies. The cause of these discontinuities is presently unresolved, with no phase
transition reported in this temperature range to the best of our knowledge.

Even so, the Raman spectra in the range between 80 cm~! and 350 cm~! exhibit an intensity anomaly in the same
temperature range as shown in Fig. 5. New features at 200 cm™! and 280 cm™~! emerge with increasing temperature. Between
80 and 200 K these broad structures gain intensity slowly and gradually, while they double in intensity between 200 and 220 K
and then remain constant up to 300 K. Upon inspecting the phonon dispersion and density of states (PDOS) (see inset of
Fig. 5) we conclude that these bands derive from the relatively flat bands in the range of 100 cm~! and the nearly dispersionless
band slightly below 150 cm~!, mainly deriving from Te vibrations, and may be identified as 2-phonon excitations in the gaps
of the phonon bands. Since these 2-phonon bands derive from phonons with energies on the scale of the thermal energy

(140 cm™! ~ 200 K), one may speculate that thermally excited quasiparticles mediate an enhanced coupling between the
2)

low-energy Te modes. Then, the A(ll,) and AE o

Raman modes which just probe this increased coupling get more damped, and
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Figure 5. Raman spectra in the range between 80 cm~! and 350 cm™! at temperatures as indicated. The overtone excitations
increase abruptly between 200 and 220 K in intensity. Inset: Calculated phonon dispersion along the high-symmetry directions
as indicated and PDOS. The shaded area marks the gap in the PDOS.

the linewidths increase while the energies decrease. Similar as for the Raman-active phonons, the coupling of all other modes
increases across the entire Brillouin zone and boosts the two-phonon DOS. This electron-mediated coupling scenario would be
consistent with the absence of any signature in the structure.

The three equidistant lines in the range of the AS,) mode predicted by DFT are fitted with Voigt profiles and shown in

Fig. 3. In Fig. 6 they are presented on an expanded energy scale for more temperatures, both along with Voigt profiles and the
3)

frequency combs model to be described below. DFT calculations suggest that the A}’ mode is an Einstein phonon with only Si
atoms involved far above all other lines (see inset of Fig. 5). However, instead of an isolated line we observe three equidistant

lines in the energy range of the Ag g) mode. All three A( ) peaks move to lower energy with increasing temperature. While the
distances between the modes are essentially ternperature independent, the widths increase substantially. Above 200 K the lines
cannot be resolved as separate lines in the spectra but only via the fitting procedure (see Fig. 6). When the resulting linewidths
and energies are plotted as a function of temperature, no anomalies can be observed, as shown in Fig. 7.

The temperature dependences of all modes are well described by the Klemens model [Fig. 7(b)—(d)]. The linewidths
increase by almost a factor of three over the investigated temperature range. The resulting phonon—phonon coupling parameters,

Aph—ph ( ) = 2.8, Aph—ph ( AB )) = 2.5, and Aph_ph ( (3”)) = 2.8, are exceptionally large but consistent with the values

found recently for phonon combs in CrSiTe3.?® The absolute magnitude of Aph—ph is not universal and may, in addition to the
specific decay channels of the Klemens model, depend on the lattice potential, particularly at high temperature, or even on other
decay channels.>**? As a matter of fact, the lines become very narrow already at 80 K, the lowest temperature accessible in our
experiment, indicating strongly reduced damping. Simultaneously, the lines in the comb become discernible and gain intensity.

On the basis of the increasing intensity and the equidistance of these lines, we employ a coherent-state formalism as a
spectral description of the observed frequency-domain features to our spectra as proposed by Chen and coworkers.”® Coherent
states proposed first by Schrodinger*? are widely used as a mathematical framework in superconductivity and laser physics
to describe the superposition of a large number of oscillators. In the present context, this approach provides an effective
description of the frequency components observed in the Raman spectra but does not imply the existence of a time-dependent
coherent phonon expectation value in thermal equilibrium. Rather, it implies the simultaneous excitation of several oscillators**
having a very long lifetime. This coherent state is described by an infinite superposition of oscillators,

| 050 |4n+2

e [6(0' —w+A+An)+8(0 — w+A—An)), (2)

|(x)ol? = (27)% *2'“0‘22
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Figure 6. Raman spectra in the range of the Afg) mode at temperatures as indicated. The solid lines represent a Voigt profile fit

to the data. All lines become wider with increasing temperature and shift simultaneously to lower energies while maintaining
3)

I mode.

the distance. Inset: Localized vibrations of Te in the SiTes tetrahedra associated to the A

where |oy| represents an effective parameter controlling the relative weight of the frequency components in the coherent-
state-based spectral description. A is proportional to the degree of anharmonicity A2 in the Hamiltonian (See Supplementary
Material). Eq. 2 provides the intensity of the frequency components and describes the distribution of the discrete frequencies
@ =®—A—Anand ® = ®— A+ An. To apply this model to describe our data, we replaced the Dirac delta with a Lorentzian
having a finite linewidth (convoluted with a Gaussian for the resolution). The extracted energies and linewidths obtained from
both the empirical fit and the applied model were nearly identical to within the error margins. A detailed comparison between
the two approaches is presented in Fig. 8.

Discussion

Coherent optical phonons are typically induced by ultrashort pump pulses. They oscillate in phase and produce distinct
signatures in optical and Raman spectra.*> However, equilibrium Raman spectroscopy probes frequency-domain phonon
correlations. If the lattice potential has sufficiently strong anharmonic contributions and the phonons are long-lived, coherent-like
spectral responses may arise in the absence of ultrafast excitation.

In the case of InSiTes, the only phonon expected in the energy range around 500 cm~! is a motion of the Si atoms with
a negligible involvement of the SiTes tetrahedra (Inset of Fig. 6). DFT predicts an isolated high-energy Einstein phonon as
shown in the Inset of Fig. 5. However, instead of a single isolated line a series of equidistant peaks is observed in the Raman
spectra (Fig. 6), reflecting the underlying nonlinear lattice dynamics. Phonon frequency combs have recently been reported in
CrSiTes and CrGeTes.?° The comb-like structure was associated with the nonlinear response of a high-energy optical phonon
that is spectrally well separated from other phonon states. In InSiTes, the Ag? mode is separated by a sufficiently large gap in
PDOS. Because of this spectral isolation, the mode remains long-lived, as the available decay channels are strongly limited. As
a consequence equidistant spectral components emerge.

An alternative explanation for persistent equidistant peak structure may be thermal "hot-band" progression arising from
anharmonic vibrational ladders. For an anharmonic potential in second order perturbation theory we get relatively closely
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(Eq. ).
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Figure 8. Comparison of coherent-state—based spectral model and individual line model. At 80 K the statistical quality of the
frequency comb is only marginally below that of the combination of the three individual lines. (see also Fig. 6 and
Supplementary).

spaced energies at distances A®. The intensity of the n-th satellite is expected to scale as I, /Iy < exp(— (i@ — nhiAw) /kgT),
where @ = 498.0 cm™! corresponds to the energy of the Ag? phonon (7 = 0) at 80 K, and Aw = 4.2 cm™!. As shown in

Supplementary Fig. S1, the experimentally observed temperature dependences of the sattellites at 493.8 cm™! (n = 1) and
489.6 cm ™! (n = 2) deviate strongly from this expectation. This discrepancy allows us to exclude a thermal hot-band origin of
the observed phonon frequency comb.

In addition, mechanisms based on the thickness or layer dependent quantization can be excluded in the present case.
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All Raman measurements reported here were performed on bulk single crystals, where the macroscopic sample dimensions
prevent the formation of discrete low-energy standing acoustic modes associated with finite-size confinement. In such confined
geometries, the characteristic mode spacing is expected to scale with sample thickness or number of layers. No such dependence
is observed here.

The satellite peaks observed in InSiTes are not related to phonon beating either. Phonon beating requires the coexistence of
multiple distinct phonon modes with closely spaced frequencies, as demonstrated, for example, for the A1, modes in CdzAs;
induced by helix vacancies.*® In contrast, for InSiTes one expects a single isolated Af) optical phonon branch (Fig. 6) with no
nearby modes that could give rise to beating. The observed satellites therefore originate from the nonlinear lattice potential
leading to additional eigenstates in second order perturbation theory®® rather than independent phonon excitations.

In Cr,Ge,Teg comb-like structures in the phonon spectra were observed recently and interpreted in terms isotope shifts.*’
In InSiTes, the isotope satellites were to be expected at 9 cm™! and 17 cm™! below the main line at 500 cm™~"! as opposed to 4.2
and 8.4 cm™! here, and their intensities and linewidths exhibit a systematic temperature evolution different from that expected
for isotopes.

Finally, we wish to address the dilemma of the strong phonon-phonon coupling of the 500 cm~! modes derived via the
Klemens model (Eq. 1), suggesting a rapid decay, and the long lifetime required for phase coherence. As already pointed
out above symmetric decay is not the only mechanism for line broadening. In an anharmonic potential the lines may get
broader also by a stronger shift of a the resonance frequencies at elevated temperatures and a superposition of lines at different
energies. At low temperatures there are barely any channels for the isolated Einstein mode (and possible satellites) to decay
into low-energy phonons as obvious from the DFT phonon dispersion (Inset of Fig. 5). The separation from the continuum of
other vibrational states by a sufficiently large gap in the PDOS quenches all decay channels for symmetric decay. We conclude
that the distortion of the harmonic potential required for the formation of the observed frequency comb does not originate from
the anharmonic decay of the Einstein-like mode.

The temperature dependences of the fully symmetric low-energy peaks, Ag? and A(l?’ change discontinuously in the vicinity
of 200 K (Fig. 4). Specifically the line widths do not follow the expected anharmonic variation any longer, indicating a change
in phonon—phonon coupling. Along with these discontinuities at 200 K, two-phonon excitations (see Fig. 5) become more
pronounced. In the Raman spectra, structures beyond the allowed lines may originate either from defect-induced scattering, in
which case the spectral features follow a projected PDOS, or from interactions in the material.>> A comparison of the spectra
with the calculated PDOS, in addition to the SEM analysis allow us to rule out the defect scenario. The fact that the two-phonon
excitations appear exclusively in the Aj, channel is consistent with the selection rules for two-phonon scattering, where the
direct product of two phonon symmetries always contains the totally symmetric representation.> The unusually strong coupling
of the Aj, modes in InSiTes further enhances multi-phonon scattering in this channel, making the overtone features particularly
pronounced. As the thermal phonon population and electron occupation increase, these higher-order processes become more
probable and the overtones emerge clearly within the PDOS gap. By comparing their positions with the calculated phonon
dispersion, the two-phonon features can be linked to low-energy PDOS maxima at roughly half the energies of 2-ph! and 2-ph?
(95 and ~ 145 cm™!, respectively), indicating contributions from acoustic or low-lying optical branches (Inset of Fig. 5).

These observations reveal that the lattice dynamics of InSiTes are dominated by strong phonon—phonon interactions and
give rise to pronounced anomalies near 200 K. Although a microscopic model for these features is still lacking, we propose
that the thermal population of phononic and electronic states in this narrow-gap semiconductor drives these interactions. The
appearance of overtone excitations within a PDOS gap supports this interpretation. The formation of a frequency comb,
generated by coherent-like phonons and persisting across the full temperature range studied, suggests that the well-isolated
Einstein phonon in InSiTe3 plays a central role in stabilizing highly structured vibrational spectrum. Together with recent
reports of coherent-like phonon states in CrSiTes and CrGeTes,?® our findings position Van der Waals trichalcogenides as
promising platforms for discovering frequency combs in phonon spectra.

Methods

Experimental methods

Single crystals of InSiTe; were synthesized by melting stoichiometric mixture of In (5N, Alfa Aesar) chunk, Si (5N, Alfa
Aesar) lump, and Te (5N, Alfa Aesar) shot. The starting materials were vacuum-sealed in a quartz tube, heated to 1100°C over
20 hours, held at 1100°C for 12 hours and then cooled to 700°C at rate of 1°C/h.

Scanning electron microscopy was performed using FEI HeliosNanolab 650 scanning electron microscope (SEM) equipped
with an Oxford Instruments energy dispersive spectroscopy (EDS) system with an X-max SSD detector operating at 20 k'V.
Measurements were performed on as-cleaved samples deposited on a graphite tape. To determine the presence of different
elements, an area about the size of 100 x 100 um was selected on the deposited material where the EDS analysis was
performed.
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Inelastic scattering measurements of InSiTes were conducted using Tri Vista 557 Raman spectrometer in the subtractive
backscattering configuration, with the combination of gratings 1800/1800/2400 grooves/mm. As an excitation source Ar"/Kr™
ion laser with 514 nm line was used. In this scattering configuration plane of incidence is ab plane (|a| = |b|, £(a,b) =120°)
with incident/scattered light propagation direction along crystallographic c-axis. The samples were cleaved right before being
placed in a high vacuum (10~ mbar), which was achieved with a KONTI CryoVac continuous Helium Flow cryostat with 0.5
mm thick window. Laser beam focusing was accomplished using microscope objective with x50 magnification to a spot size of
approximately 8 um. All Raman spectra were corrected for the Bose factor.

Theoretical methods

First-principles calculations based on density functional theory (DFT) were carried out using the Quantum ESPRESSO
package.*® The Perdew—Burke—Ernzerhof revised for solids (PBEsol) exchange-correlation functional* within the generalized
gradient approximation (GGA) was employed to better describe lattice parameters in crystalline solids. The cutoff for
wavefunctions and the charge density were set to 50 Ry and 400 Ry, respectively. The k-points were sampled using the
Monkhorst-Pack scheme, on a 12x12x12 I' - centered grid. For accurate treatment of interlayer interactions, the Van der Waals
interactions is included using the Grimme-D2 correction. Phonon frequencies were calculated with the linear response method,
as implemented in Phonon package of the Quantum Espresso. The initial atomic structure of InSiTe; was obtained from an
experimental CIF file and used as the starting point for first-principles calculations. According to experimental crystallographic
data, InSiTes3 exhibits trigonal symmetry and belongs to the P31m (No. 162) space group. All calculations correspond to the
harmonic approximation at zero temperature and do not include anharmonic or finite-temperature effects.

Data availability

Data are available upon reasonable request from the corresponding author.
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The vibrational properties of ferrimagnetic Mn3Si,Teg single crystals are investigated using Raman spec-
troscopy and density functional theory calculations. Eighteen Raman-active modes are identified, 14 of which
are assigned according to the trigonal symmetry. Four additional peaks, obeying the A;, selection rules, are
attributed to the overtones. The unconventional temperature evolution of the A?g mode self-energy suggests
a competition between different short-range magnetic correlations that significantly impact the spin-phonon
interaction in Mn3Si, Teg. The research provides comprehensive insight into the lattice properties, studies their
temperature dependence, and shows arguments for the existence of competing short-range magnetic phases in

Ml’l3Si2T€6 .

DOI: 10.1103/PhysRevB.107.054309

I. INTRODUCTION

Layered magnetic van der Waals materials have lately
received widespread attention due to their potential appli-
cation in spintronics, magnetoelectronics, data storage, and
biomedicine [1-7]. Recent experimental confirmation of a
long-range magnetism persisting down to a monolayer in
Crl; [8] further affirmed these materials as a platform for
magneto-optoelectronic devices [9], and as candidates for
studying low-dimensional magnetism [10].

Mn;Si,Teg single crystals were first synthesized in
1985 [11]. However, few studies were carried out on this
compound since. It was only recently that the attention has
shifted to them, mainly through comparisons with quasi-two-
dimensional materials, specifically CrSiTes. The vast majority
of recent studies were focused on explaining the magnetism
in Mn3Si Teg and determining its crystal structure. It was
revealed that Mn3Si,Teg crystallizes in a trigonal structure
described by the P31¢ (No. 163) space group [11,12]. Ac-
cording to various magnetization studies, Mn3Si,Teg is an
insulating ferrimagnetic with Curie temperature 7. between
74 and 78 K [12-15]. First-principles calculations suggested
a competition between the ferrimagnetic ground state and
three additional magnetic configurations, originating from
the antiferromagnetic exchange for the three nearest Mn-Mn
pairs [15]. Additionally, both magnetization and diffuse neu-
tron scattering experiments point at the existence of strong
spin correlations well above T, which may be associated with
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short-range order or to the preserved correlated excitations in
the paramagnetic region [12,15].

Here, we present an experimental and theoretical Raman
scattering study of Mn3Si,Teg single crystals, with the focus
on phonon properties in the temperature range from 80 to
320 K. Out of 18 observed modes, 14 (5A;, + 9E,) are iden-
tified and assigned in agreement with the P31c¢ space group.
Phonon energies are in a good agreement with the theoretical
predictions. Two most prominent Raman modes, A‘l‘g and A? e
are used to study the temperature evolution of phonon prop-
erties, and reveal three subsequent phase transitions at 7 =
142.5 K, T, = 190 K, and T3 = 285 K. Furthermore, the A?g
mode exhibits strong asymmetry, most likely originating from
enhanced spin-phonon coupling. Interestingly, the A3 , phonon
line is symmetric in the temperature range 7;—75, while be-
coming more asymmetric above 73, potentially indicating that
the strength of spin-phonon interaction changes with temper-
ature. We speculate that the observed phenomenon, shown
in the A3 . phonon, originates from the shift in dominance
between competing magnetic states, that are found to be very
close in energy [15].

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The Mn3Si,Teg single-crystal samples used in this study
are prepared according to the procedure described in Ref. [12].
The Raman spectra have been obtained with a Tri Vista
557 spectrometer (Teledyne Princeton Instruments, Trenton,
NJ, USA) with a 1800/1800/2400 grooves/mm diffraction
grating combination in a backscattering configuration. The
514-nm line of a Coherent Art/Kr' ion laser (Coherent,
Santa Clara, CA, USA) is utilized as the excitation source.
The direction of the incident (scattered) light coincides with

©2023 American Physical Society
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TABLE I. Wyckoff positions of atoms and their contributions to
the I'-point phonons together with the corresponding Raman tensors
for the P31c space group of Mn;Si, Teg.

Space group: P31c

Atoms Irreducible representations
Mn (2¢) Ay + Ay +E, +E,
Mn (4f) Ajg+A + Ay + A, +2E, + 2E,
Si (4e) A+ A+ Ay + Ay +2E, 4+ 2E,
Te (12i) 3A1, + 3A5, + 345, + 34y,
+6E, + 6E,
Raman tensors
a
Alg = a
b
c —c —d
'E, = — d 2E, = | —c
d d

the crystallographic ¢ axis. Laser-beam focusing is achieved
through a microscope objective with 50 x magnification. The
temperature-dependent Raman scattering measurements have
been performed under high vacuum (10~® mbar), with the
sample being placed inside of a KONTI CryoVac continuous
helium flow cryostat (CryoVac GmbH & Co. KG, Trois-
dorf, Germany) with a 0.5-mm-thick window. The samples
are cleaved in air before being placed into the cryostat. The
obtained Raman spectra are corrected by a Bose factor. The
spectrometer resolution is comparable to a Gaussian width of
lem™'.

The calculations are based on the density functional theory
(DFT) formalism as implemented in the Vienna ab initio
simulation package (VASP) [16—19], with the plane-wave basis
truncated at a kinetic energy of 520 eV, using the Perdew-
Burke-Ernzehof (PBE) exchange-correlation functional [20]
and projector augmented-wave (PAW) method [19,21]. The
Monkhorst and Pack scheme of k-point sampling is employed
to integrate over the first Brillouin zone with 12 x 12 x 10
at the I'-centered grid. The convergence criteria for energy
and force have been set to 107 eV and 0.001 eV 10\’1, re-
spectively. The DFT-D2 method of Grimme is employed for
van der Waals (vdW) corrections [22]. The vibrational modes
are calculated using density functional perturbation theory
implemented in VASP and PHONOPY [23]. Previous DFT results
found the energy of the ferrimagnetic state to be well above an
eV per Mn below that of the nonmagnetic state [15], thus this
configuration is considered in this study.

III. RESULTS AND DISCUSSION
A. Polarization measurements

Mn;Si,Teg crystallizes in a trigonal P31c crystal struc-
ture [11,12]. The Wyckoff positions of the atoms and their
contributions to the I"-point phonons, together with the corre-
sponding Raman tensors, are listed in Table I. In total, there
are 16 Raman-active modes (54, + 11E,) and 17 infrared-
active modes (64,, + 11E,). According to the Raman tensors
presented in Table I, in our scattering configuration and with

00900 ,
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FIG. 1. Raman spectra of Mn;Si,Tes single crystal measured
in two scattering geometries at 7 = 100 K (blue solid line) and
T =300 K (red solid lines) with incident light being directed along
[100]. Peaks observed in both geometries are identified as E, modes,
whereas peaks observed only for the parallel polarization configura-
tion are assigned as A;, modes. Gray line: TeO, spectrum at 300 K,
scaled for clarity. The crystal structure of Mn3Si, Tes viewed laterally
along the c axis is presented in the inset.

Raman scattering events within the crystallographic ab plane,
E, symmetry modes can be observed in the Raman spectra
measured in both parallel and crossed polarization configu-
rations, whereas A, modes arise only for those in parallel
polarization configuration.

As depicted in Fig. 1, nine phonon lines are observed in
a parallel polarization configuration only, and identified as
Ay, symmetry modes. According to the symmetry analysis
only five Aj, symmetry modes are expected, resulting in four
excess modes at 53.3, 57.9, 95.3, and 366.7 cm~!. These
modes may arise from infrared/silent phonons activated by
disorder and from the relaxation of the symmetry selection
rules [24-27]. However, it is more likely they are overtones.
Overtones, which are always observable in A symmetries,
but can also be observed in other symmetries, can become
observable in Raman spectra due to disorder and/or enhanced
coupling of the phonons to other excitations such as in the
case of spin-phonon coupling [28].

Aside from the discussed A, symmetry modes, our spectra
host nine modes which obey the E, selection rules. Therefore,
nine out of the expected 11 E, modes have been singled
out and identified. The absence of two E, modes might be
attributed to their low intensity and/or the finite resolution of
the spectrometer.

Calculated and experimental phonon energies are collected
in Table II, and are found to be in good agreement with each
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TABLE II. Phonon symmetries and phonon frequencies of
Mn;Si,Teg phonons. The experimental values are determined at
100 K. All calculations have been performed at zero 0 K. The

experimental uncertainty is 0.3 cm~!.

Space group P31c

o Symm. Expt. (cm™!) Calc. (cm™)
1 E] 53.1
2 P1 53.3

3 P2 579

4 E? 58.7 58.5
5 Eg3 62.6 61.8
6 A}g 64.2 62.3
7 E; 80.4 82.7
8 P3 95.3

9 E; 95.9 90.3
10 A%g 107.3 104.3
11 Eg6 114.0 106.5
12 A3, 135.4 134.2
13 E; 136.6 136.1
14 E; 149.8 143.4
15 A‘l‘g 151.8 147.3
16 E: 152.6 146.6
17 EJ0 3527
18 P4 366.7

19 E;l 368.7 354.5
20 A?g 486.7 475.8

other, with the discrepancy being below 8% for all observed
modes.

Our data significantly differ from those presented in
Ref. [14] where two Raman-active modes were reported, one
at 118.4 cm™! and the other at 136.9 cm ™!, assigned as E, and
Ay, respectively. The E, and A, modes in our spectra closest
(in terms of energy) to those reported in Ref. [14] are the peaks
at ~114.3 and 135.4 cm~! (Table II). Although the discrep-
ancy in phonon energy is not significant, the observed phonon
linewidths strongly deviate from those presented in Ref. [14].
A possible explanation for the discrepancy is the presence of
TeO, in samples presented in Ref. [14], as the peaks reported
there match rather well with the Raman response of TeO,
(Fig. 1). In order to avoid potential contamination in our study,
measurements have been repeated on multiple crystals, and no
oxide traces have been identified in the spectra.

B. Temperature dependence

Some of the modes represented in Fig. 1 exhibit an
asymmetric line shape. Although the appearance of a mode
asymmetry can be attributed to the presence of defects [29],
this would have a significant impact also on the linewidths
of other modes in the spectrum, which is not the case here.
The asymmetry may arise from coupling between the phonon
and other elementary excitations [30-32]. The line shape
originating from such a coupling is given by the Fano
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- elle Voigt
B T=160K
3 5
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l-'. \xm
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. adj. R? = 0.96994 ||adj. R? = 0.98820 .
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FIG. 2. Raman response as a function of the Raman shift. Quan-
titative analysis of the A3 , mode at temperatures as indicated. (a) and
(b) The blue solid lines represent the line shape obtained as a con-
volution of Fano profiles and Gaussian, whereas the green solid
lines represent Voigt profiles. (¢) Comparison between asymmetric
(deep blue) and symmetric (light blue) line shapes obtained as a
Fano-Gaussian convolution and a Voight profile. Experimental data
are represented by open squares.

profile [33-36]

(g+e)

1+e2’
where €(w) = 2(w — wy)/T". Here, wy is the phonon fre-
quency in the absence of interaction, I" is the full width at half
maximum (FWHM), [, is the amplitude, and ¢ is the Fano
parameter. The Fano parameter and FWHM depend on the
interaction strength between the phonon and the elementary
excitation, and therefore can be used as its indicator. To in-
clude the finite spectral resolution of the experimental setup,
the Fano profile is convoluted with a Gaussian function as
demonstrated in Ref. [28].

The high-intensity peak at 486.7 cm ™', identified as the A},
symmetry mode, does not overlap with any other mode. The
quantitative analysis of this peak is performed using both the
symmetric Voigt profile and the Fano-Gaussian convolution
mentioned above. The comparison between the two models
and the experimental data at 80 and 300 K are presented in
Figs. 2(a) and 2(b), respectively. The asymmetric line shapes
provide a satisfactory description of the measured phonon
line shape, suggesting the presence of an additional scattering
mechanism in Mn3Si, Teg.

The spectral region of the A}, Raman-active mode in the
temperature range of interest is presented in Fig. 3(a). The

I(a)) = 1()
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FIG. 3. (a) The spectral region of the A?g Raman-active mode
of Mn;Si,Te¢ at indicated temperatures measured in the parallel
polarization configuration. Green solid lines represent line shapes
obtained as a convolution of the Fano line shape and Gaussian, calcu-
lated to fit the experimental data. (b) Temperature dependence of ac
susceptibility real part m'(T) and its temperature derivative plotted
as a function of temperature with H || ab. Temperature dependence
of (c) the energy of the A‘l‘g and A?g as well as (d) the linewidth, and
(e) the Fano parameter |g| of the A? p mode.

blue solid lines represent fits to the experimental data ob-
tained using the Fano-Gaussian line shape. The temperature
dependence of the phonon energy, linewidth, and the Fano
parameter |g| of the A? . mode are depicted in Figs. 3(c)-3(e),
respectively. By increasing the temperature above 80 K, the
A?g mode broadens and softens up to 7} = 142.5 K, where
it abruptly narrows and shifts to higher energies followed by
further softening and narrowing up to 7* = 160 K. Additional
heating leads to a broadening and hardening before the drop
in phonon energy at ~7, = 190 K. In the region 7, the mode
softens and broadens with an additional jump in phonon en-
ergy at T3 = 285 K. A similar trend is also observed for the
A‘l‘g mode, as evidenced in Fig. 3(b).

This intriguing temperature dependence is also manifested
in the asymmetry, i.e., the Fano parameter |g| [Fig. 3(d)] of the
A? . peak. At the lowest experimental temperature, 80 K, the

A3, mode exhibits strong asymmetry with a Fano parameter
lgl = 9.9. Upon heating the sample to ~7; a Fano parameter

remains nearly constant before the significant increase in the
temperature range between 77 and 7* resulting in a symmetric
line shape [|g| = 38, Fig. 3(c)]. A further temperature increase
leads to a strong decrease of |g| up to 7>, where the asymmetry
is restored (|g| = 9.9), remaining almost constant up to 73. At
higher temperatures, the line shape becomes more asymmet-
ric, reaching |g| ~ 8 at the highest experimentally accessible
temperature 7 = 320 K.

While the ferrimagnetic order in Mn3Si, Teg is established
only at 7, = 78 K [12,14], the asymmetry of the mode can
be observed at all experimental temperatures. Based on the
research done on Mnj3Si,Teg and related materials, the most
probable scenario is the one in which the observed asymmetry
can be traced to an enhanced spin-phonon interaction related
to short-range correlations, that can survive up to tempera-
tures well above T, [24,37-39]. We may speculate, according
to the results presented in Ref. [15], that these short-range
correlations are likely in terms of the antiferromagnetic ex-
change interaction between the three nearest Mn-Mn pairs (as
depicted in Fig. 1) in the paramagnetic background. However,
this alone cannot explain sudden changes in the properties
of the A?g phonon mode. Rather, the existence of compet-
ing short-range magnetic phases may be responsible for the
observed behavior of the phonon modes. The first phonon
mode anomaly at 73 = 285 K corresponds to the anomaly in
m' (T )gp [Fig. 3(b)] and can be seen as the outlet of additional
short-range order in the paramagnetic domains [40] and pos-
sibly change of their nature of previously established ones.
The onset in temperature with the magnetization anomaly near
330 K [14,41] is likely the consequence of local disorder. At
T», Mn3Si;Teg becomes locally magnetically frustrated, re-
sulting in the change in magnetostriction and a rapid decrease
of the spin-phonon interaction that is manifested in the strong
evolution of the phonon self-energy (Fig. 3). At this tem-
perature both the magnetoresistance and nonlinearity of Hall
resistance become observable [41]. In this scenario, by further
lowering the temperature, at 77 a new short-range magnetic
order and the strong spin-phonon interaction are established.
The new magnetic order is most likely antiferromagnetic [15].
In order to fully understand the complex evolution of the
short-range magnetic correlation in Mn3Si, Teg that is mani-
fested through the anomalous temperature development of the
A3 . mode, further investigations are required.

IV. CONCLUSION

The lattice dynamic in single-crystalline Mn3Si, Teg using
Raman spectroscopy in analyzed. Five A, modes and nine
E, modes are observed and assigned according to the P31c
symmetry group. Four additional peaks to the ones assigned
to the P31c symmetry group, obeying A, selection rules, are
attributed to overtones. There is a pronounced asymmetry of
the A3 , phonon mode at 100 and 300 K. The unconventional

temperature evolution of the A3 . Raman mode reveals three
successive, possibly magnetic, phase transitions that may sig-
nificantly impact the strength of the spin-phonon interaction
in Mn3Si;Teg. These are likely caused by the competition
between the various magnetic states, close in energy. This
paper provides comprehensive insight into the lattice prop-
erties, their temperature dependence, and shows arguments
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for the existence of competing short-range magnetic phases
in Mn3 SizTes.
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A Raman scattering study covering the entire substitution range of the FeSe;_,S, solid solution is presented.
Data were taken as a function of sulfur concentration x for 0 < x < 1, of temperature and of scattering symmetry.
All types of excitations including phonons, spins, and charges are analyzed in detail. It is observed that the energy
and width of the iron-related B;, phonon mode vary continuously across the entire range of sulfur substitution.
The A, chalcogenide mode disappears above x = 0.23 and reappears at a much higher energy for x = 0.69. Ina
similar way the spectral features appearing at finite doping in A, Symmetry vary discontinuously. The magnetic
excitation centered at approximately 500 cm™! disappears above x = 0.23 where the A;, lattice excitations
exhibit a discontinuous change in energy. The low-energy mode associated with fluctuations displays maximal
intensity at the nematostructural transition and thus tracks the phase boundary.

DOI: 10.1103/PhysRevB.106.094510

I. INTRODUCTION

Iron-based compounds are widely believed to host uncon-
ventional superconductivity, thus being similar to cuprates or
heavy fermion systems. All are characterized by competing
phases including magnetism, crystal symmetry breaking or
nematicity, and fluctuations of charge and spin prior to super-
conductivity [1-3]. While long-range magnetic ordering was
found in the majority of the compounds, it is absent in the
binary compound FeSe. Yet a nematic and structural phase
transition occurs simultaneously at 90 K [4-6]. Below T, =
9 K superconductivity is observed [7]. Upon applied pressure
T. increases to approximately 37 K [8]. By substituting sulfur
for selenium, the transition temperature to the nematic phase
is suppressed to zero for x ~ 0.2 [9], suggesting the existence
of a quantum critical point (QCP), and a depression of T
to approximately 2 K. For x > 0.2, T; increases again and
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reaches 5 K at x = 1 [10]. Surprisingly enough, FeS displays
a metallic variation of the resistivity and a high residual resis-
tivity ratio RRR of approximately 30, and neither structural
nor nematic phase transitions occur [11]. Thus, FeSe;_,S,
uniquely offers access to instabilities and critical points and
the disappearance thereof while superconductivity survives.

FeSe and FeS are isostructural, thus providing us with the
opportunity to probe the evolution of competing order by
isoelectronic substitution. We wish to address the question as
to which extent the properties and, specifically, superconduc-
tivity are interrelated with the other instabilities and how the
electronic properties affect the phonons. We employ inelastic
light scattering to probe evolution with composition of lattice
spin and charge excitations in FeSe_,S, [12]. We identify the
Ajg and By, modes, a two-phonon scattering process as well as
additional modes that can be traced to either defect-induced or
second-order scattering. The obtained experimental results are
in good agreement with numerical calculations. Phonons self-
energy temperature dependence supports the results reported
in Refs. [13,14] where emerging short-range magnetic order
at approximately 20 K was reported.

II. EXPERIMENT

Single crystals of FeSe;_, S, were synthesized as described
elsewhere [15]. Before the experiment the samples were
cleaved in air.

Inelastic light scattering on phonons was performed us-
ing a Tri Vista 557 Raman spectrometer with the first

Published by the American Physical Society
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FIG. 1. Crystal structure and selection rules for FeSe(S). Solid
and dashed lines represent the 1-Fe and the crystallographic 2-Fe
unit cell, respectively. The crystallographic axes are a and b. In FeSe
and FeS only one A, and one B, phonon is expected as indicated
by Af: and Bf;', respectively. The symmetries projected with the
polarizations indicated symbolically with respect to the 1-Fe cell are
relevant for electronic and spin excitations. The symmetries of the

phonons are in brackets.

two monochromators coupled subtractively and the grating
combination 1800/1800/2400 grooves/mm. For excitation
a Coherent Verdi G solid state laser was used emitting at
532 nm. The samples were mounted in a KONTI CryoVac
continuous helium flow cryostat having a 0.5-mm-thick win-
dow. The vacuum was pumped to the range of 10~ mbar
using a turbo molecular pump. The laser was focused to a spot
size of approximately 8 ;#m using a microscope objective lens
with x50 magnification. The power absorbed by the sample
was P, = 0.75 mW. In backscattering configuration as used
here, the incident and scattered photons propagate parallel to
the crystallographic ¢ axis. All Raman spectra were divided
by the Bose factor.

Fluctuations and two magnon excitations were probed
with a calibrated scanning spectrometer. The samples were
attached to the cold finger of a He-flow cryostat having a
vacuum of better than 10~% mbar. A diode-pumped solid state
laser emitting at 575 nm (Coherent GENESIS) was used as an
excitation source. The laser beam was focused on the sample
at an angle of incidence of 66° to a spot of 2ry ~ 50 um.
Polarization and power of the incoming light were adjusted
in a way that the light inside the sample had the proper
polarization state and a power of P, = 4 mW independent of
polarization. The ratio P, /r¢ is similar for the p setup and thus
the local heating for both experiments can be estimated to be
in the range 3-5 K. All four symmetries of the Dyy, group, A,
Az, Big, and Bg, can be accessed using appropriate in-plane
polarizations of the incident and scattered light.

The selection rules are dictated by the crystal structure.
Here, only polarizations in the ab plane are relevant, as shown
in Fig. 1, with solid and dashed lines representing 1-Fe and
2-Fe unit cells, respectively. For the tetragonal system there
are six principal scattering geometries and each probes two
symmetry channels. We align our laboratory system with the

Ry" (,T) (arb. units)
Ry" ‘( ,T)< (arb.4units)

Aj\.APT*'PTI ? T—»
a5 B
(@ J "o | |

150 200 250 300 350
Raman Shift Q (cm™)

FIG. 2. Phonon spectra of FeSe,_,S, measured at 100 K. We
show xx and xy spectra where x and y are rotated by 45° with respect
to the 2-Fe unit cell, as indicated in the inset, and projectA’f;' and Bf;’,
respectively. (a) A’I’Z spectra. Only for pure FeSe (x = 0), a single
line is observed at the A;, energy of 165 cm™' expected from lattice
dynamics. Above x = 0.23 the Se(S) vibration becomes unobserv-
able and reappears only for x > 0.69 at a much higher energy of
approximately 290 cm™! similar to that in pure FeS. The spectrum
at x = 0.48 was measured on the scanning spectrometer and is there-
fore shaded. There may be an indication of the Aﬁ' phonon at about
290 cm™~'. The peaks other than Raman-active phonons are labeled
P1-P5 with increasing energy. Those with asterisks correspond to
maxima in the phonon density of states (Fig. 6). Solid lines represent
the best fits to the data using Voigt profiles. (b) B‘;’:,’ spectra. Energy
and linewidth vary continuously with sulfur content.

1-Fe unit cell. As a consequence, the B, phonon (Bf:) is

observable in the xy configuration which corresponds to the
By symmetry channel in the 2-Fe cell (Fig. 1). We decided
to use this orientation since our main focus here is electronic
and spin excitations for which the 1-Fe unit cell is more
appropriate. A’f;' is the fully symmetric in-phase Se(S) mode

with elongations along the ¢ axis; BY h corresponds to the
out-of-phase vibration of the Fe atoms parallel to the ¢ axis.

III. RESULTS AND DISCUSSION

A. Lattice excitations

First, the focus is placed on lattice excitations observable
in the xx and xy scattering configuration projecting Afg and

Bf: in the spectral range characteristic for phonons. Figure 2
shows the evolution of the spectra with doping x, where
x indicates the sulfur concentration. Additional spectra for
x = 0.48 and, for convenience, x = 1 are shown in Fig. 7.
In order to minimize the thermal broadening of the modes
while staying above the nematic phase transition, the spectra
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FIG. 3. Energies and linewidths of the Raman-active modes and
T. in FeSe;_,S, as a function of sulfur content x at 100 K. (a) Peak
widths (FWHM) and (b) energies as obtained from the fits (left axis).
The T. values of the corresponding solid solution are taken from
Ref. [16].

were recorded at 100 K. In pure stoichiometric compounds
only one A’l’h and one th phonon mode is expected (see
Fig. 1). This is indeed the case for FeSe [Fig. 2(a), bottom]
as described by Gnezdilov et al. [17] and corroborated here.
In contrast, in pure FeS (x = 1) additional modes exist in the
xx spectrum which were assigned to two-phonon scattering
(265 cm™!) and a projection of the phonon density of states
(PDOS) (~300 cm~!) [18] as reproduced in Fig. 7(b). The xy
spectra show only the B} " mode for all doping levels displayed
here [see also Fig. 7(a)]. It hardens monotonously and exhibits
a weak maximum of the linewidth at x = 0.69 and x = 0.93
highlighting the effect of disorder as summarized in Figs. 3(a)
and 3(b).

The xx spectra display a much more complex doping
dependence. Upon substituting only a small amount of sul-
fur (x = 0.05) for selenium an additional structure appears
at about 200 cm~! [Fig. 2(a)]. Closer inspection of the
FeSe.0550.05 spectra reveals that this feature consists of two
peaks denoted as P1’ and P1”. With increasing x, these
structures gain intensity and harden slightly, whereas the A,
phonon softens, gradually loses intensity, and becomes unde-
tectable at concentrations above x = (0.23. It reappears as a
clear peak only for x > 0.69 at a much higher energy char-
acteristic for FeS [18] and possibly as a remnant structure in

the spectrum for x = 0.48 [Fig. 7(a)]. As in FeS the Alfg peak
overlaps with a weaker structure which is compatible with
the PDOS (P4). At x = 0.69 P4 is approximately as strong
as the A phonon. Here [and at x = 0.48, Fig. 7(a)] there is
also a broad feature at 340 cm™~! (P5). For x = 0.93 similar to
x = 1 there is another structure at 250 cm™~' (P3) which gains

intensity toward x = 0.69 where it has a weak companion at

235 cm™! (P2) being present down to x = 0.23. As expected,
the increase of crystalline disorder due to substitution leads
to a broadening of all observed modes to some maximum
value before the trend reverses for compositions close to
pure FeS. The widths and energies of the stronger modes
are summarized in Fig. 3. As opposed to the Bfg phonon in
xy configuration, all modes in xx polarization including the
Raman-active phonon depend quasidiscontinuously on substi-
tution.

This dichotomy of the substitution dependence of the
phonon part in xx and xy configuration is the most remarkable
effect of this study. Whereas the continuous evolution of the
Fe B, line by and large tracks the degree of disorder and lat-
tice contraction, the Se/S A, mode varies counterintuitively.
Naively one would expect a continuous (not necessarily triv-
ial) increase in the phonon frequency and maximal broadening
for doping levels around x = 0.5 similar to what is observed
in isotopically substituted semiconductors [19]. However, the
line disappears after a continuous loss of intensity at approx-
imately x = 0.23 and 172 cm~! and reappears (presumably)
at x = 0.48 slightly below 300 cm™~'. At low doping the Aj,
energy decreases by 4% although S is lighter than Se by a
factor of 2.13 and the lattice contracts. Above x = 0.48 the
energy of the A, phonon varies as expected [see Fig. 3(b)].

The structures appearing in addition to the allowed
phonons are rather difficult to interpret in detail. There are es-
sentially two possibilities for intensity to appear in addition to
the phonons: defect-induced scattering projecting the PDOS
on the site of the defect or overtone (combination) scatter-
ing [20]. In FeS one of the peaks (P3) is in the gap between the
acoustic and the optical branches and was therefore assigned
to an overtone, whereas P4 may originate from the PDOS [18].
The two features depend in the same fashion on doping as the
A, phonon, and the assignment may be maintained. This is
plausible on the basis of the PDOS (Fig. 6) although the PDOS
of a solid solution cannot be calculated straightforwardly. If
we argue that the extra lines vary as discontinuously as the
phonon, P1" and P1” would have both an overtone and a PDOS
component. Interestingly, P1” and P1” have the expected dop-
ing dependence [see Fig. 3(b)].

The anomalous doping dependence of the A;, phonon
may indicate an enhanced electron-phonon coupling which
manifests itself also in the linewidth (on top of the inho-
mogeneous broadening) [Fig. 3(a)]. The slightly enhanced
electron-phonon coupling may boost 7; a little bit until the
structure becomes unstable and 7. decreases rapidly for x >
0.16. There is, in fact, a kink in the ¢/a ratio at x = 0.23 which
may be related to the structural instability [15]. In a recent
preprint the collapse of 7; is almost precipitous and coincides
with the end of the nematic phase [21], and one may speculate
about the position of the quantum critical point and its impact.
Yet, further work is necessary to finally clarify the issue.

B. Spin excitations and fluctuations

Second, we focus on the electronic By symmetry channel
projected in the x'y’ (1-Fe) configuration. Figure 4 shows
the doping dependence of the high-energy Raman spectra at
approximately 4 K. The A, contribution can be neglected
in these materials [22]. A broad excitation centered at about
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FIG. 4. Doping dependence of the high-energy spectra of
FeSe;_,S, in xy (2-Fe) configuration at 4 K, except for x = 0.33,
x =0.39, and x = 0.48 which were obtained at 100 K. For the
electronic unit cell (full line in Fig. 1) relevant here the B, and A,,
symmetries are projected where A,, is negligibly weak. The doping
levels are indicated. The inset compares the high-energy spectra of
pure FeSe [22] and FeS. The maximum in the range 500 cm™!
is compatible with two-magnon scattering [23], whereas the broad
shoulder around 2000 cm™~! appearing in three out of ten (including
all doping levels) spectra was identified as luminescence by using
various laser lines for excitation. The peaks in the range 700-1550
cm~! observed only for the doping levels x = 0.33, x = 0.39, and
x = 0.48 may originate from either overtones of the phonon density
of states [20,24] or from magnetic excitations in the paramagnetic
state above the magnetic phase which was observed recently below
20-40 K [25,26]. Since the measuring temperature is well above the
magnetic transition the former is more likely.

500 cm~! dominates the spectrum at x = 0 which was inter-
preted in terms of two-magnon scattering [22]. Since the ratio
of the nearest to the next-nearest-neighbor exchange coupling
J1 and J2 is close to 0.5 [27] the system is a nearly frustrated
antiferromagnet. Consequently the two-magnon Raman peak
is pushed to energies well below 3J1 [23]. No comparable
feature is observed in FeS (see inset in Fig. 4).

Upon doping, the two-magnon peak remains relatively ro-
bust up to x = 0.23 and is absent for higher doping levels.
This goes in line with the fact that for x = 0, the Fermi
velocity in the d, band, v{"’, is significantly smaller than

(x2) (yz)
Vg F

or v~ and increases by only 10% for x < 0.20. For x >

0.20 vl(fy) increases significantly towards FeS [28]. Generally,
v;"y ) in FeSe is smaller than vl(:xy ) in Ba(Fe,_,Co,),As, for in-
stance [29], in agreement with theoretical predictions [30-32].
Thus FeSe is close to the localization limit, and the two-
magnonlike response may result from the rather slow carriers
on the dy, band. In contrast, the more itinerant carriers in
the pnictides condense into a stripelike spin density wave
(SDW) which becomes manifest in a gap and a coherence
peak [22,33].

In the energy region Q2 < 200 cm™ extra intensity is
observed for low temperatures. In FeSe it becomes clearly
visible below 200 K and fills the spectral gap below the
magnon at 500 cm~!. Below approximately 100 K an isolated
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FIG. 5. Phase diagram of FeSe;_,S, with Ty, max tracing Ts in
the region where the two-magnon feature was observed in the Raman
scattering experiment. 7; taken from Ref. [15]. The full circle repre-
sents the lowest accessible temperature. Inset: Low-energy Raman
spectrum showing the temperature dependence of the fluctuation
contribution at x = 0.23. Spectra for all doping levels 0 < x < 0.23
are shown in Fig. 8.

peak may be observed for x = 0 which continuously softens
above the structural transformation at 7; = 90 K, fades away
below T, and almost vanishes at 21 K [22,34]. The line shape
and the temperature dependence above T can be described
quantitatively in terms of critical fluctuations in a similar
fashion as in Ba(Fe,_,Co,),As, [22,33,35]. For increasing
doping, this extra intensity starts to develop at lower temper-
atures. However, remarkably enough the temperature where
this peak’s intensity is maximal, Thyct.max, @lWays coincides
with the respective transition temperature 7;(x). At x = 0.23
the fluctuation response gains intensity down to the lowest
accessible temperatures as presented in the inset of Fig. 5.
Thus, the phase transition line of the nematic phase can also be
tracked by the Raman response. For x = 0.33 (the next avail-
able doping level) the fluctuation response cannot be observed
any further. Concomitantly, the two-magnon excitation at 500
cm~! becomes unobservable. The most likely explanation of
this coincidence is that the two phenomena have the same
origin and result from spin excitations. However, there is no
consensus on that view in the literature, and Zhang et al. [36]
and Chibani et al. [34] interpret the same experimental obser-
vation in terms of quadrupolar charge fluctuations. Yet, one
certainly has to answer the question as to why the fluctuations
are not found in the simulations [23].

Most probably, the length scale the simulations can deal
with limits the applicability of the exact diagonalization
method. Since it was intended to study the temperature de-
pendence the cluster had to be sufficiently small (4 x 4) to
keep the time for the simulations finite [23]. For the two-
magnon excitations, the 4 x 4 cluster is sufficient because
only nearest-neighbor spins are important. However, close to
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the transition the correlation length of fluctuations diverges
making them inaccessible for the small clusters tractable
numerically. Actually, well above the transition there is a
shoulder on the low-energy side of the two-magnon peak
which may be associated with the fluctuations but the shoul-
der is lost close to T;. Thus, although there are experimental
arguments in favor of spin fluctuations at low energy there is
no theoretical support for this conjecture.

The last question we wish to address concerns the origin
of possible local or quasilocal spin order in FeSe;_,S, for
x < 0.3. It was observed a while ago that the width of the
various bands derived from the orbitals close to the Fermi
surface varies by approximately a factor of 3 or more. There
are itinerant yz and xz bands crossing the Fermi surface at
Er and a weakly dispersing xy band just below Er [29] on
which the nearly localized spins may reside [30,32]. It is an
important question to which extent the fluctuations at low
energy are related to these spins. As a matter of fact, Bal22
displays itinerant SDW magnetism as manifested by a gap
and a coherence peak along with fluctuations [22,33], whereas
FeSe exhibits signatures of local spins and also fluctuations at
low energies as shown here. In FeSe;_,S, both phenomena
disappear together above x > 0.23.

IV. CONCLUSION

Raman results covering the entire substitution range 0 <
x < 1 in FeSe;_,S, were presented. The main goal was the
study of the physics around the QCP where the nematic in-
stability approached zero transition temperature in the range
0.16 < x < 0.23. We find a striking signature of this transi-
tion in both the phonon and the electronic spectra. Whereas
the Bj, phonon varies continuously with S substitution, the
Ay, phonon and all structures in the xx spectra show a dis-
continuity above x = 0.23. Similarly, the electronic spectra
dominated by spin excitations change abruptly here. Both
the two-magnon excitations and the low-energy fluctuations
disappear. We argue that they are interrelated. Since we could
not observe gap excitation for x > 0, statements about the
evolution of the superconducting pairing are currently not
possible. Another issue is the exact position of the quantum
critical transition and its sharpness.
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APPENDIX A: PHONON DISPERSION AND DENSITY
OF STATES

We have performed density functional theory (DFT) cal-
culations as implemented in the ABINIT package [38]. We
have used the Perdew-Burke-Ernzerhof functional tailored
for solids [39] and optimized norm-conserving pseudopo-
tentials [40,41], where Fe 3s23p°3d%4s2, S 3s23p*, and Se
3d'%45%4p* are treated as valence electrons. The energy cutoff
for the plane-wave basis was set to 50 Ha. The lattice pa-
rameters and atomic positions used in the calculations were
directly obtained from our x-ray diffraction measurements
(performed at 300 K). Following previous first-principles
studies on phonons in, for example, FeS [18], the crystal
structures were not further relaxed, to achieve optimal charac-
terization of the phonon frequencies. Here, both FeS and FeSe
adopt the simple tetragonal space group P4/nmm (No. 129),
where Fe occupies Wyckoff position 2a and S/Se position 2c.
The latter comprises an additional degree of freedom, namely,
the height of the chalcogen atoms S and Se with respect to the
Fe plane, denoted as z. An overview of the lattice parameters
that were used in the calculations is provided in Table I.

Subsequently, the phonon dispersions were obtained from
density functional perturbation theory (DFPT) calculations,
also within ABINIT. Here, we have used a 15 x 15 x 9 k-point
grid for the electron wave vectors and a5 x 5 x 3 g-point grid
for the phonon wave vectors. For the electronic occupation
we employed Fermi-Dirac smearing with broadening factor
o = 0.01 Ha.

The results of these calculations are shown in Fig. 6. FeS is
found to have phonon frequencies stretching up to 344 cm™!
[Fig. 6(a)], which is significantly higher than the maximum
phonon value of 273 cm~! obtained for FeSe [Fig. 6(b)],
owing to the higher atomic mass of Se compared to S. The
atom-resolved phonon densities of states (DOS) of both com-
pounds reveal a mixture of iron and chalcogen contribution
throughout the entire phonon spectrum [Figs. 6(c) and 6(d)].
Interestingly, there is a change of dominant phonon character,
with the lower modes dominated by Fe in FeS, while the lower
modes have predominant Se character in FeSe. This reversal
can be understood from the fact that the atomic number of
Fe (Z = 26) lies in between those of S (Z = 16) and Se
(Z = 34). These differences in atomic masses lead moreover

TABLE 1. Lattice parameters, obtained from x-ray diffraction
measurements, used in the DFT and DFPT calculations.

Compound a(A) ¢ (A) z (units of ¢)
FeS 3.6795 5.0321 0.2578
FeSe 3.7707 5.5202 0.2671
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FIG. 6. Calculated phonon band structures of (a) FeS and (b) FeSe. Phonon DOS of (c) FeS and (d) FeSe, including partial contributions
from Fe and S/Se. The Brillouin zone of both structures depicted in black is shown in the inset of (d), with the irreducible Brillouin zone,
along which the band structures are plotted, in red [37]. The energies of the extra peaks in Fig. 7 are also indicated here by asterisks.

to a small energy gap between Fe- and S-dominated modes in
FeS (between 238 and 265 cm™'), which is entirely absent in
FeSe.

APPENDIX B: FeSe 5,S0.4s AND FeS

For convenience we show here additional doping levels
in Fig. 7. The spectrum for x = 1 in panel (b) was already
published elsewhere [18]. Note that for x'x" both A’l’g and B’fg
are projected and that the labels for the symmetry-forbidden
peaks P3 and P4 are different from those in the earlier pa-
per [18]. x = 0.48 [Fig. 7(a)] is in the middle between FeSe
and FeS, and one can therefore expect the strongest contri-
bution from defect-induced scattering. This interpretation is
supported by the presence of structures in both configurations.
All peaks resolved at x = 0.69 in xx configuration are also
observed here. In addition there are two lines marked by
asterisks which appear only at x = 0.48. Since they appear
also for x'x” we interpret them in terms of contributions from
the PDOS as shown in Fig. 6 where the respective energies
correspond to a high DOS of either FeSe or FeS. Structure P5
may be related to the high-energy part of FeS.

APPENDIX C: FLUCTUATION RESPONSE

The Raman response from fluctuations was studied by
various authors [22,36,42]. While the experiments agree by
and large, the interpretation is still controversial. Here we
show that the fluctuations appear along with the two-magnon
excitations at approximately 500 cm ™! from a frustrated spin
system [22,23]. Above x = 0.23 we could neither observe
fluctuations nor two-magnon excitations (see Fig. 4). We
cannot entirely exclude that the fluctuations are masked by in-

sufficient stray-light rejection in the more disordered samples
but consider it unlikely.

(a) *

Ryx"(Q, T) (arb. units)

stg—’“ﬁ

250 300 35
Raman Shift Q (cm™)

200

FIG. 7. FeSe,_,S, for x =0.48, x = 0.94, and x = 1. (a) A’l’g
(xx) and B’l’s (xy) spectra for FeSe( 5,S¢ 45 In addition to the phonons
and the structures observed at the other doping levels there are two
relatively sharp lines (marked by asterisks) which we associate with
the PDOS. They may also arise from a nearly ordered superstructure

close to 50% doping.
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FIG. 8. Fluctuation response of FeSe;_,S, for 0 < x < 0.23. The

spectra with the maximal intensity in the fluctuations are highlighted.

The respective temperatures are (a) 91 K, (b) 80 K, (c) 65 K, (d) 25 K, (e) 10 K, and (f) 6 K, where 6 K was the lowest accessible temperature.
The temperatures are compiled in Fig. 5 and track the transition to the nematic phase.

If excitations are very close to zero energy one en-
counters two difficulties: (1) The experimentally accessible
quantity is the differential cross section, d*c/(dQdw) o
S(g =0, w). The dynamical structure factor or Van Hove
function S(¢ =0, w) is related to the imaginary part of
the Raman response function Imy(q¢ = 0, ) through the
fluctuation-dissipation theorem as S(g =0, ) =7~ {1 +
n(w, T)YImy (¢ = 0, w) [43]. The Bose factor 1 + n(w, T') in-
creases rapidly towards w = O for iw < kg7 and conceals all
spectral features below kgT'. Since the fluctuation-dissipation
theorem is derived on purely statistical arguments the re-
sponse function contains exactly the same information as the
structure factor but makes features at low energy visible. Thus
it is sensible to show Imy (¢ = 0, w) rather than S(g = 0, w).
(2) If the surface is not atomically flat there is stray light from
insufficient rejection of the laser. The problem is aggravated

when atoms of the residual gas accumulate on the surface
at low temperature. In panels (a), (b), and (d) of Fig. 8 this
effect can be observed. Fortunately, it can be distinguished
from the desired response which always goes through zero
linearly for causality reasons. (a) In FeSe only the spectra at
10 K show a slight increase which, however, is separated from
the fluctuation peak at finite energy. (b) The increase at 10 K
is partially resulting from stray light but the maximal intensity
is already observed at 80 K. (c) There is little contribution
from stray light. (d) Here the stray light becomes strong below
20 K. In (e) and (f) the stray light is negligible.

Remarkably, the overall intensity of all spectra is ap-
proximately the same, whereas the maximal intensity in the
fluctuation peak is observed at different temperatures as in-
dicated in Fig. 8. These temperatures compare well with the
boundary of the nematic phase as shown in Fig. 5.
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Abstract

The rich chemistries and unique morphologies of titanium carbide MXenes, made them
strong candidates for many applications like sensors and electronic device materials. Dur-
ing the synthesis procedure, chemical etching, oxidation occurs and residual materials, like
titanium-dioxide nanocrystals and nanosheets are often present in resulting material. As
titanium-carbide MXenes are suggested to be used as additive in organic polymer matri-
ces for production of nanocomposites, it is essential to consider the presence of the oxides
and other residuals together with MXene flakes in synthesis results, and consequently in
produced nanocomposite. In this study we present structural and optical characterization
of such polymer nanocomposite titanium carbide/PMMA (Polymethyl methacrylate) con-
sisting of Ti;C,, TiC, MXenes and TiC, and TiO, residues of synthesis in PMMA matrix,
as a multicomponent nanocomposite. Using XRD, infra-red and Raman spectroscopy, fol-
lowed by comparative study on the vibrational properties using density functional theory
calculations, we characterize this nanocomposite. Further, the SEM measurements are per-
formed, demonstrating the produced titanium-carbide-based flakes in nanocomposite are
well defined and separated to nanosized grains, allowing us to use Maxwell-Garnet model
to analyse infrared spectrum. This enables us to determine the presence of the optical mod-
ification of polymer matrices corresponding to a volume fraction of 0.25.

Keywords Titanium-carbide nanoparticles - PMMA composite - Multicomponent
nanocompostite
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1 Introduction

Nanocomposites are the combination of two or more different materials where a minimum
of one of the components has dimension less than 100 nm Twardowski (2007). The pol-
ymer nanocomposites are made of organic polymer matrix (in this research, polymethyl
methacrylate—PMMA) and inorganic components (titanium carbide nanoparticles). The
properties of the obtained nanocomposites depend on the individual properties of each
component, morphology and the interface characteristics. In an attempt to improve the
properties of conventional polymer materials and extend the fields of their applications,
functionalization has emerged as important method in improvement of their not satisfac-
tory electronic, thermal and mechanical properties Tamborra et al. (2004); Hussain et al.
(2006). In addition to typical advantages of polymers (such are light-weight, low cost, and
good processability), the improvement of electrical properties (e.g., electrical conductiv-
ity) with the addition of a small amount of conductive fillers into polymer matrices have
promoted polymer nanocomposites into versatile multifunctional materials. Many applica-
tions like household electronics, memory and microwave devices are potentially available
with addition of metal oxide nanoparticles to polymer. This enables the modification of the
polymer’s physical properties as well as the implementation of new features in the poly-
mer matrix creating new type of materials known as the polymer nanocomposites. PMMA
as a thermoplastic polymer, has many extraordinary properties, like great transparency
and ultraviolet resistance, high abrasion resistance, hardness and stiffness and making it
widely used in many applications ranging from everyday items to high tech devices. Fur-
ther, PMMA is nondegradable and biocompatible which makes it an excellent candidate in
medical applications like tissue engineering with typical applications such as fracture fixa-
tion, intraocular lenses and dentures Peppas and Langer (1994).

Multicomponent nanocomposites based of layered and 2D materials have drawn signifi-
cant attention in past decade with promises of various applications. Reduction of dimen-
sionality of the system to the truly atomic-scale 2D is related to the occurrence of all new
amazing properties in low-dimensional material, since the reduction of available phase
space and decreased screening lead to enhancement of quantum effects and increased cor-
relations. Low-dimensional materials have been studied intensively both for their funda-
mental properties and insight in basic principles of matter but as well for their colossal
potential for applications. A discovery of true two-dimensional material graphene Novo-
selov et al. (2004) and its remarkable properties like and experimental observation of Klein
tunnelling, quantum Hall effect and superconductivity Novoselov et al. (2004); Katsnelson
et al. (2006); Zhang et al. (2005); Durajski et al. (2019); Pesic et al. (2014); Margine et al.
(2016); Durajski et al. (2020) paved the way for investigation of a new family of materials
in low-dimensional physics. The new field of two-dimensional materials research has arose
and investigated not only graphene but many more crystal structures where, just like in gra-
phene, cells are connected in at least one direction by the van der Waals’ forces Novoselov
et al. (2016).

Transition metal carbides are important group of materials for applications since they
possess some desired characteristics such as thermal stability, wear and corrosion resist-
ance, electronic, magnetic as well as catalytic properties. Titanium-carbide powders are
generally used for manufacturing cutting tools, used in treatment of metals and as abrasive-
resistant materials. In 2011 Naguib et al. (2011), the group of early transition metal car-
bides and/or carbo-nitrides labeled as MXenes. MXenes are produced by the etching out
of the A layers from MAX phases Naguib et al. (2011, 2012, 2013). Name MAX phase
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comes from its chemical composition: M, ,;AX,, where M is an early transition metal, A
is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is carbon and/or nitrogen,
andn=1, 2, or 3.

During the synthesis of titanium-carbide MXenes by chemical etching, oxidation can
occur which results in presence of TiO, consisted of nanosheets and numerous TiO,
nanocrystals Naguib et al. (2014). There are several studies Zhu et al. (2016); Gao et al.
(2015) whose researched is focused in possible applications of TiO,-MXene structures.
It is demonstrated the joint effects of Ti;C, and TiO, endowed TiO,-Ti;C, nanocompos-
ites with excellent properties and improved functionalities Zhu et al. (2016). In this work
we investigate the structural and optical properties of polymer nanocomposites prepared
by the incorporation of titanium-carbide nanoparticles consisting of Ti;C,, TiC, TiC and
TiO, into the matrices of polymer PMMA. The sample of nanocomposite material was
prepared, the PMMA matrix with titanium-carbide particles, PMMA/TiC. As for similar
materials Shan et al. (2021, 2020, 2021); Tan et al. (2021); Jafari et al. (2020); Tan et al.
(2021) proper understanding of composition of materials used in composite is crucial and
XRD analysis for the titanium-carbide flakes. The structural and morphology studies of
the nanocomposites were carried out by SEM and Raman spectroscopy. Infrared spectros-
copy is a very powerful technique in analysis of various nanoparticle and nanocomposite
materials prepared in various techiques Dastan (2015); Dastan and Chaure (2014); Dastan
et al. (2014); Dastan and Chaure (2017). To further understand properties of our inhomog-
enious nanocomposite we used infrared spectroscopy with Maxwell-Garnet model. To fur-
ther support optical characterization, calculations based on density functional theory were
performed.

2 Samples preparation and structural characterization
2.1 Titan-carbide/PMMA composite synthesis

In this work, titanium-carbide/PMMA nanocomposite sample was made from mixture of
MXene based titanium-carbide nanoflakes in PMMA matrix. Production of layered titan-
carbide flakes is based on MXene synthesis by selective etching of Al atomic layers from
Ti;AIC, MAX phase, we used the so-called *mild’ method with lithium fluoride (LiF)
and hydrochloric acid (HCI) Tu et al. (2018). This method was described in Naguib et al.
(2011). Procedure of composite preparation is described in Fig. 1.

Commercially available PMMA Acryrex CM205 (Chi Mei Corp. Korea, (Mw = 90400
g/mol, n = 1.49, A = 633 nm) pellets were used as a matrix for sample preparation. Ti;AlC,
MAX phase was processed and kindly donated from Layered Solids Group, Drexel Uni-
versity. Titanium-carbide flakes were obtained by sonification in the water and drying the
supernatant in a Petri dish in the oven for 30 minutes on 90-C.

Composite was prepared with 10 wt% PMMA solution in acetone (Carlo Erbe Reagents,
Spain) and added dried titanium-carbide flakes. After stirring the solution was poured in
Petri dish Cao et al. (2017) and dried in oven 24h on 40 °C. Content of titanium-carbide
flakes in the sample was 1.7 wt%.

The morphology of the produced composite has been investigated by FESEM using
high resolution electron microscope MIRA3 TESCAN. Samples display separated nano-
sized grains. Fig. 2a presents FESEM image of MXene flakes delaminated in water show-
ing morphology of obtained flakes, b FESEM image of the PMMA/titanium-carbide
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Fig. 1 Schematic describing the .
synthesis process of MXenes ‘ mild f“e_th°d
from MAX phases and prepara- “ exfoliation
tion of composite Ti,AIC, MAX phase

{. Sonication

Wnium-carbide nanoparticles
Composite
preparation
TiC/PMMA

~ nanocomposite

Fig.2 FESEM photos of a Flakes delaminated in water; b PMMA composite prepared with titanium-car-
bide flakes

nanocomposite. Characteristic layered structure of MXenes is visible on FESEM image
and confirming success of delamination and exfoliation procedures. Obtained flakes dem-
onstrate multilayered structure with few pm in diameter. In Fig. 2b typical accordion like
structure can be indicated in nanosize grain-like structures, clustered in PMMA matrix.

2.2 XRD

X-ray diffraction powder (XRD) technique was used to determine structural characteristics
of titanium-carbide based flakes to be used in composites. Philips PW 1050 diffractom-
eter equipped with a PW 1730 generator was used. The same conditions were used for all
samples, 40 kVX20 mA, using Ni filtered Co Kea radiation of 0.1778897 nm at room tem-
perature. Measurements were carried out in the 26 range of 20-80° with a scanning step
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Fig.3 XRD pattern for titanium- X
carbide flakes, starting material o X - anatase
for PMMA/TiC composite o - rutile
p - TiC
T- TﬁCz
= + - TiC,
'z
=
8
=
=

Fig.4 Schematic representation
of Titanum-carbide structures
present at composite a Ti;C,, b
TiC and ¢ TiC,

of 0.05° and 10 s scanning time per step. In Fig. 3 is presented XRD pattern for titanium-
carbide flakes, starting material for composite. The different phases of titanium carbide can
be noticed from diffractogram—Ti;C,, TiC and TiC, together with TiO,. TiO, is widely
present as anatase and rutile. All peaks obtained correspond to the structures of Ti;C,,
TiC, TiC,, anatase and rutile and it is confirmed that they belong to space groups P6,/mmc
(194), Fm3m (225) Fm2m (42), 14,/amd (141), P4,/mnm (136), respectively. The unit cells
of MXene structures Ti;C,, TiC and TiC, are presented in Fig. 4. These structures were
further used in DFT analysis of optical spectroscopy results in Sect. 3.3.

3 Results and discussion
3.1 Raman spectroscopy

The micro-Raman spectra were taken in the backscattering configuration and analyzed
by the TriVista 557 system equipped with a nitrogen cooled charge-coupled-device
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detector. As an excitation source, we used the 532 nm line of Ti:Sapphire laser. Excita-
tion energy is in the off-resonance regime for all the considered materials. The Raman
spectra of the PMMA, PMMA/TiC, and titanium-carbide flakes, measured in the spec-
tral range of 100-1100 cm™' at room temperature, are presented in Fig. 5.

The Raman spectrum of PMMA is presented in Fig. 5a. Intense modes at 235, 300,
362, 400, 484, 560, 603, 660, 733, 815, 839, 864, 911, 967, 985, 1063 and 1091 cm™!
were detected. The obtained results are in a good agreement with the values given in the
literature Willis et al. (1969); Thomas et al. (2008); Cur&ié et al. (2020).

(a) 815 PMMA

Titanium-carbide flakes

Raman Intensity [arbitr. units]

(©) PMMA / TiC

786
204

0 100 200 300 400 500 600 700 800 900 1000 1100
Raman shift [cm-1]

Fig.5 Raman spectra with photo of the sample of a PMMA, b Titanium-carbide flakes, ¢ PMMA/TiC com-

posite. Only titanium-carbide related peaks are marked in this spectrum. Unassigned peaks correspond to
PMMA from a spectrum
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In Fig. 5b spectrum of titanium-carbide flakes after etching procedure is presented.
Several characteristic peaks can be distinguished on 153 cm™, 204 cm™!, 396 cm™!, 514
cm™' and 627 cm™'. Peaks at 153 cm™' and 627 cm™' correspond to doubly degenerated
E,, modes of Ti;C,. The frequency associated with E,, modes is calculated to be at 161
cm™! for the bare Ti;C,. Since their main contribution is from in-plane vibrations of Ti and
C atoms, it can be influenced by the vibrations of the terminal atoms (as a residue of syn-
thesis procedure) weaken the in-plane motion of the Ti and C atoms, hence there is shift to
lower frequency. The terminal groups play significant roles for the vibrational modes: the
terminal atoms weakening the motions in which the surface Ti atoms are involved while
strengthening the out-of-plane vibration of the C atoms; the corresponding vibrational fre-
quencies dramatically change with the various terminal atoms Zhao et al. (2016). This is
consistent with XRD results suggesting significant amount of TiO, as a residue of synthe-
sis procedure as described in introduction. This can be also visible in Raman spectrum of
titanium-carbide flakes on 204 cm~! and 514 cm™!. The doubly degenerated modes at 621
cm™' correspond to the in-plane vibration of the C atoms Hu et al. (2015). In Fig. 5c spec-
trum of PMMA/TIC is presented, only titanium-carbide related peaks at 204 and 786 cm™!
are marked in this spectrum. Unassigned peaks correspond to PMMA peaks marked on a)
panel.

As XRD analysis demonstrated, obtained flakes contain both MXene flakes and tita-
nium-dioxide as the residue of synthesis procedure. To further understand and assign this
spectra we performed theoretical analysis of all materials identified in XRD pattern using
density functional theory calculations. Calculations provided us a guide for identification
of peaks and all results are summarized in Table 1.

3.2 Far-infrared spectroscopy

Far-infrared reflection spectra were measured at room temperature in the spectral range
from 40 to 600 cm™!, carried out with a BOMEM DA 8 spectrometer. The experimental
data are represented at Fig. 6a and by circles at Fig. 6b—d. As expected, the reflection spec-
tra of nanocomposites are by intensity placed between the starting composites. In order
to analyse far-infrared spectra we have used the classical oscillator model with free car-
rier contribution, as a base for Maxwell-Garnet effective medium approximation Abstreiter
(1984); Carter and Bate (1971). The low-frequency dielectric properties of single crystals
are described by classical oscillators corresponding to the TO modes, to which the Drude
part is superimposed to take into account the free carrier contribution:
i ecoSk 6006012,
2

e(w) =€, + - —>
’ © A @? =iy @@+ ilp)

(D
=1 PTor ~

where e, is the bound charge contribution and it is assumed to be a constant, a)%k is the
transverse optical-phonon frequency, (uf, the plasma frequency, y;y, is damping, I'p is the
plasmon mode damping coefficient, and S, is the oscillator strength.

In general, the optical properties of an inhomogeneous material are described by the
complex dielectric function that depends on 3D distribution of constituents. The investi-
gated mixture consists of two materials with two different dielectric components. One is
treated as a host, and the other as the inclusions. The characterization of the inhomogene-
ous material by the two dielectric functions is not useful, since one need to know the exact

geometrical arrangement of the constituents of the material. However, if the wavelength of
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(a)

0.5

PMMA / TiC

0.2

PMMA / TiC(f=0.1)

(b)

& MM
> PMMA
g 0.0 T T T 0.0 . . T
-_8 0 200 400 600 0 200 400 600
(0]
% 0.2 0.8
o :
(©) Dy, (@
0.204 0.64
PMMA/TiC  (£=0.25) Titanium-carbide flakes (f=1)
0.154 . 0.44 g,
0.10- T T T 0.2 T T T
200 400 600 200 400 600

Wave number [cm ']

Fig.6 Infrared analysis: a Infrared spectra of Titanium-carbide flakes (green) and composites PMMA/
TiC (blue) and pure PMMA (black), b, ¢, and d circles represent experimental data and solid lines are fit
obtained by Maxwell-Garnet model as described in Sect. 3.2

Table 1 Raman and infrared
spectrum analysis and modes
assignation for synthesized
titanium-carbide flakes and
PMMA/TiC composite

Titanium-car- PMMA/TiC Description
bide flakes
Raman IR Raman IR
®, 62.4 66 E,, Ti;C,
, 85.8 81 B, TiO, rutile
o 119 127  A,,, Ti;C, and B, TiC,
[oN 153 E,. Ti;C,
@5 204 200 204 195  E, TiO, anatase
[0 396 A,, TiC,; E, TiO, anatase
W 514 A, TiO, anatase
wg 620 615 E,, Ti;C,
on 627 E,, Ti;C,
@0 786 A, TiO, rutile
@p 80 150
f 1 0.25

Infrared modes fit is obtained by Maxwell-Garnet model. Modes
assignation is performed using values obtained in DFT calculations

the electromagnetic radiation is much larger than the size of inclusions, classical theories
of inhomogeneous material presume that the material can be treated as a homogeneous
substance with an effective dielectric function. In the literature, many mixing models can
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be found for the effective permittivity of such mixture. Some are present in ref Sihvola
(1999). Optical properties of such materials depend upon the properties of constituents, as
well as their volume fraction. Since our samples are well defined and separated nanosized
grains (as demonstrated on FESEM images, Fig. 2), we used Maxwell-Garnet model for
present case. For the spherical inclusions case, the prediction of the effective permittivity
of mixture, Eoffs according to the Maxwell-Garnet mixing rule is Garnett (1904):

€ — €
€ +2¢ — f(e; — €) @

€ =€ + 3fe

Here, spheres of permittivity €, (Titanium-carbide) are located randomly in homogeneous
environment ¢; (PMMA) and occupy a volume fraction f.

Solid lines in Fig. 6 are calculated spectra obtained by a fitting procedure based on the
previously presented model. The agreement of the theoretical model obtained in this man-
ner with the experimental results is excellent.

To demonstrate the model, together with the infrared spectrum of PMMA, Fig. 6b is
given the theoretical spectrum of PMMA/TiC nanocomposites for f = 0.1. The properties
of TiC structures are clearly visible. A larger share of TiC structures leads to the spectrum
in Fig 6¢, which was obtained for f = 0.25. In Fig. 6d, for f=1 of course there is no effect
from PMMA.

3.3 Discussion

In Table 1 are summarized results from spectroscopic measurements of obtained nanocom-
posites. As stated above, for infrared measurements the agreement of the theoretical model
with obtained spectra is excellent and best fit parameters are presented in this table.

To further support our results we performed DFT based calculations and calculated
vibrational frequencies in I' point for all materials present after titanium-carbide flakes
exfoliation, which we determined are present using XRD, Fig. 3. Obtained values are
compared to experimental Raman and infrared spectrum and modes have been assigned.
Results are summarized in Table 1. We presented only modes that can be assigned to peaks
from the spectra. In infrared spectra we can notice good agrement with theoretical calcula-
tions, specially for low-energy E, and A,, mode of Ti;C, which is present the composite
spectrum (Fig. 6b, c) as in starting titanium-carbide material (Fig. 6d). As shown in XRD
we notice peaks originating from TiO, and TiC, in mid-energy region. High-energy mode
E, on 620 cm™! is present in spectrum of PMMA/TiC. In Table 2 are summarized calcu-
lated optical modes for Ti;C, with symmetry 194 group used in analysis.

DFT calculations were performed using the Quantum Espresso software package Gian-
nozzi (2009), based on the plane waves and pseudopotentials. The PBE (Perdew, Burke and
Ernzehof) Perdew et al. (1996) exchange-correlation functional was employed and PAW
(Projector augmented waves) pseudopotentials were used. Energy cutoff for wavefunctions
and charge density were set to 52 Ry and 575 Ry to ensure the convergence. The Brillouin
zone was sampled using the Monkhorst-Pack scheme, with 8x8x8 k-points mesh for TiC,,
8x8x4 for Ti;C,, 12x12x12 for TiC, and 8x8x8 for TiO, (Rutile and Anatase structures).
Phonon frequencies are calculated within the DPFT (Density Functional Perturbation The-
ory) implemented in Quantum Espresso Baroni et al. (2001). In order to obtain the lattice
parameters more accurately, van der Waals forces were treated using the Grimme-D2 cor-
rection Grimme (2006)
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Table 2 Vibrational modes for

Ti;C, with symmetry group 194, TisC, (P6/mme)

calculated from the measured cm~! Symmetry Raman or

data IR active
65.0 E, I
135.2 Aoy I
160.6 Eg R
161.4 Eg R
229.9 Aq e R
269.3 Aq e R
271.1 Ey I
271.7 Ey 1
3714 Aoy 1
382.4 Aoy I
549.1 Aoy I
554.4 Ayy I
611.2 Eg R
620.4 Eq R
624.1 Ey I
626.4 Ey I
653.2 Aq g R
658.3 Aq g R

Optical spectroscopy results supported with the DFT numerical calculation confirm that
produced composites PMMA/TiC show optical modification comparing to pure PMMA.
Our X-ray diffraction investigation of synthesized nanomaterials identified presence of Ti,
C, and TiC, MXenes and residual TiO, and TiC from the synthesis procedure, which can
be also supported from the optical spectroscopy results.

4 Conclusion

In this paper, we present results of optical and structural investigation of composite based
on titanium-carbide nanoflakes (Ti;C,, TiC, TiC and TiO,)in PMMA matrix. X-ray dif-
fraction (XRD) investigation of synthesized nanomaterials identified presence of Ti;C, and
TiC, MXenes and residual TiO, and TiC from the synthesis procedure. The optical proper-
ties were studied by Raman and infrared spectroscopy at room temperature. The analysis of
the Raman spectra was made by the fitting procedure. For analysis of infrared spectra we
used Maxwell-Garnet model. In order to identify and assign vibrational modes, vibrational
frequencies of all identified materials were calculated using density functional theory,
and compared with experimental results. We confirmed optical modification in composite
structure compared to pure PMMA. Further analysis that goes beyond the scope of this
publication studies mechanical properties of composite materials, confirming improve-
ments compared to pure PMMA. The obtained composite showed enhanced hardness, elas-
tic modulus and tensile strength compared with pure PMMA Pesic et al. (2019).
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We present a polarization-resolved, high-resolution Raman scattering study of the three consecutive charge
density wave (CDW) regimes in 17-TaS, single crystals, supported by ab initio calculations. Our analysis of
the spectra within the low-temperature commensurate (C-CDW) regime shows P3 symmetry of the system,
thus excluding the previously proposed triclinic stacking of the “star-of-David” structure, and promoting
trigonal or hexagonal stacking instead. The spectra of the high-temperature incommensurate (IC-CDW) phase
directly project the phonon density of states due to the breaking of the translational invariance, supplemented
by sizable electron-phonon coupling. Between 200 and 352 K, our Raman spectra show contributions from
both the IC-CDW and the C-CDW phases, indicating their coexistence in the so-called nearly commensurate
(NC-CDW) phase. The temperature dependence of the symmetry-resolved Raman conductivity indicates the
stepwise reduction of the density of states in the CDW phases, followed by a Mott transition within the C-CDW
phase. We determine the size of the Mott gap to be Qg4,, ~ 170-190 meV, and track its temperature dependence.

DOI: 10.1103/PhysRevB.103.245133

I. INTRODUCTION

Quasi-two-dimensional transition metal dichalcogenides
(TMDs), such as the various structures of TaSe, and TaS,,
have been in the focus of various scientific investigations over
the last 30 years, mostly due to the plethora of charge density
wave (CDW) phases [1,2]. Among all TMD compounds 17 -
TaS; stands out because of its unique and rich electronic phase
diagram [3-6]. It experiences phase transitions at relatively
high temperatures, making it easily accessible for investi-
gation and, mainly for the hysteresis effects, attractive for
potential applications such as data storage [7], information
processing [8], or voltage-controlled oscillators [9].

The cascade of phase transitions as a function of temper-
ature includes the transition from the normal metallic to the
incommensurate CDW (IC-CDW) phase, the nearly commen-
surate CDW (NC-CDW) phase, and the commensurate CDW
(C-CDW) phase occurring at around Tjc = 554 K, Inc =
355 K, and in the temperature range from 7c, = 180 K to
Tcy = 230 K, respectively. Recent studies indicate the possi-
bility of yet another phase transition in 17°-TaS; at Ty = 80K,
named the hidden CDW state [10—12]. This discovery led to a
new boost in attention for 17°-TaS,.

Upon lowering the temperature to Tic = 554 K, the normal
metallic state structure, described by the space group P3ml
(D4)) [13], transforms into the IC-CDW state. As will be
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demonstrated here, the IC-CDW domains shrink upon further
temperature reduction until they gradually disappear, giving
place to the C-CDW ordered state. This region in the phase
diagram between 554 and roughly 200 K is characterized by
the coexistence of the IC-CDW and C-CDW phases and is
often referred to as NC-CDW. At the transition temperature
T, IC-CDW domains completely vanish [14] and a new lat-
tice symmetry is established. There is a general consensus
about the formation of “star-of-David” clusters with in-plane
V13a x A/13a lattice reconstruction, whereby 12 Ta atoms
are grouped around the 13th Ta atom [15,16]. In the absence of
any external strain fields, this can be achieved in two equiva-
lent ways (by either clockwise or counterclockwise rotations)
thus yielding domains [17]. Despite extensive investigations,
both experimental and theoretical, it remains an open ques-
tion whether the stacking of star-of-David clusters is triclinic,
trigonal, hexagonal, or a combination thereof [15,16,18-20].
The C-CDW phase is believed to be an insulator [3,21-23]
with a gap of around 100 meV [13]. Very recent theoretical
studies based on density-functional theory (DFT) find an ad-
ditional ordering pattern along the crystallographic c axis. The
related gap has a width of approximately 0.5 eV along k, and
becomes gapped at the Fermi energy Er in the C-CDW phase
[24,25].

Nearly all of the previously reported results for opti-
cal phonons in 17-TaS, are based on Raman spectroscopy
on the C-CDW phase and on temperature-dependent mea-
surements in a narrow range around the NC-CDW to
C-CDW phase transition [13,15,18-20]. In this paper we
present temperature-dependent polarization-resolved Raman

©2021 American Physical Society
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measurements in the temperature range from 4 to 370 K
covering all three CDW regimes of 17-TaS,. Our analysis
of the C-CDW phase confirms the symmetry to be P3, while
the NC-CDW phase is confirmed as a mixed regime of com-
mensurate and incommensurate domains. The Raman spectra
of the IC-CDW phase mainly project the phonon density of
states due to the breaking of translation invariance and sizable
electron-phonon coupling. The growth of the CDW gap upon
cooling, followed by the opening of the Mott gap, is traced via
the initial slope of the symmetry-resolved spectra. The size of
170-190 meV and the temperature dependence of the Mott
gap are directly determined from high-energy Raman data.

II. EXPERIMENTAL AND NUMERICAL METHODS

The preparation of the studied 17-TaS, single crystals
is described elsewhere [26-29]. Calibrated customized Ra-
man scattering equipment was used to obtain the spectra.
Temperature-dependent measurements were performed with
the sample attached to the cold finger of a He-flow cryostat.
The sample was cooled down to the lowest temperature and
then heated. In either case the rates were less than £1 K/min.
All measurements were performed in a high vacuum of ap-
proximately 5 x 107> Pa.

The 575-nm laser line of a diode-pumped Coherent GEN-
ESIS MX-SLM solid state laser was used as an excitation
source. Additional measurements with the 458- and 514-nm
laser lines were performed with a Coherent Innova 304C
argon ion laser. The absorbed power was set at 4 mW. All
spectra shown are corrected for the sensitivity of the instru-
ment and the Bose factor, yielding the imaginary part of
the Raman susceptibility Ry”, where R is an experimental
constant. An angle of incidence of ®; = 66.0 & 0.4° and
atomically flat cleaved surfaces enable us to measure at ener-
gies as low as 5 cm~! without a detectable contribution from
the laser line since the directly reflected light does not reach
the spectrometer. The corresponding laser spot has an area of
roughly 50 x 100 um? which prevents us from observing the
possible emergence of the domains [17,30]. The inelastically
scattered light is collected along the surface normal (crystal-
lographic ¢ axis) with an objective lens having a numerical
aperture of 0.25. In the experiments presented here, the linear
polarizations of the incident and scattered light are denoted as
¢; and e, respectively. For e; horizontal to the plane of inci-
dence there is no projection on the crystallographic ¢ axis. For
the low numerical aperture of the collection optics e; is always
perpendicular to the ¢ axis. Low-energy data up to 550 cm™!
were acquired in steps of AQ = 1cm~! with a resolution
of ¢ &~ 3 cm~!. The symmetric phonon lines were modeled
using Voigt profiles where the width of the Gaussian part is
given by o. For spectra up to higher energies the step width
and resolution were set at AQ = 50 cm~! and o &~ 20 cm !,
respectively. The Raman tensors for the Ds; point group are
given in Table I. Accordingly, parallel linear polarizations
project both Aj, and E, symmetries, while crossed linear
polarizations only project E,. The pure A;, response then can
be extracted by subtraction.

We have performed DFT calculations as implemented in
the ABINIT package [31]. We have used the Perdew-Burke-
Ernzerhof (PBE) functional, an energy cutoff of 50 Ha for the

TABLE I. Raman tensors for trigonal systems (point group Ds34).
00 c 0 0 0 —c —d
A, = a 0 0 —c d zEg =l-c 0 O
0 b 0 d 0 —-d 0 0

plane-wave basis, and we have included spin-orbit coupling
by means of fully relativistic Goedecker pseudopotentials
[32,33], where Ta-5d%6s> and S-3s%3p” states are treated as
valence electrons. The crystal structure was relaxed so that
forces on each atom were below 10 ueV/A and the total
stress on the unit cell below 1 bar, yielding lattice parame-
ters a = 3.44 A and ¢ = 6.83 A. Subsequently, the phonons
and the electron-phonon coupling (EPC) were obtained from
density-functional perturbation theory (DFPT) calculations,
also within ABINIT [34]. Here, we have used an 18 x 18 x 12
k-point grid for the electron wave vectors and a 6 x 6 x 4
g-point grid for the phonon wave vectors. For the electronic
occupation we employed Fermi-Dirac smearing with broaden-
ing factor opp = 0.01 Ha, which is sufficiently high to avoid
unstable phonon modes related to the CDW phases.

S O Q

III. RESULTS AND DISCUSSION

A. Lattice dynamics of the charge-density wave regimes

Temperature-dependent symmetry-resolved Raman spec-
tra of 17-TaS, are presented in Fig. 1. It is obvious that their
evolution with temperature is divided into three distinct ranges
(IC-CDW, NC-CDW, and C-CDW) as indicated. The lattice
dynamics for each of these ranges will be treated separately in
the first part of the section. In the second part we address the
electron dynamics.

1. C-CDW phase

At the lowest temperatures 17-TaS, exists in the com-
mensurate C-CDW phase. Here, the atoms form so-called
star-of-David clusters. Different studies report either triclinic
stacking of these clusters leading to P1 unit cell symme-
try [16], or trigonal or hexagonal stacking and P3 unit cell
symmetry [15,18-20]. A factor group analysis predicts 57
A, Raman-active modes with an identical polarization de-
pendence for P1 unit cell symmetry, and alternatively 19
Ag+19 E, Raman-active modes for P3 unit cell symmetry [13]
Our polarized Raman scattering measurements at 7 = 4 K,
measured in two scattering channels, together with the cor-
responding cumulative fits are shown in Fig. 2. As it can be
seen, we have observed modes of two different symmetries in
the related scattering channels. This result indicates trigonal or
hexagonal stacking of the star-of-David clusters. The symmet-
ric phonon lines can be described by Voigt profiles, the best fit
of which is shown as blue (for parallel light polarizations) and
red (crossed polarizations) lines. After fitting Voigt profiles
to the Raman spectra, 38 phonon modes were singled out.
Following the selection rules for A, and E, symmetry modes,
19 were assigned as A, and 19 as E, symmetry, meaning all
expected modes could be identified. The contribution from
each mode to the cumulative fit is presented in Fig. 2 as green
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FIG. 1. Symmetry-resolved Raman spectra of 17-TaS, at tem-
peratures as indicated. Both C-CDW (blue lines) and IC-CDW (red
lines) domains yield significant contributions to the Raman spectra
of the NC-CDW phase (green lines).

TABLE II. Aj, and E, Raman mode energies experimentally
obtained at 7 = 4 K.

n, wa, (em™") wg, (cm™")
1 62.6 56.5
2 73.3 63.3
3 83.4 75.3
4 1149 82.0
5 121.9 90.5
6 129.5 101.1
7 228.7 134.8
8 244.1 244.0
9 271.9 248.9
10 284.2 257.5
11 298.6 266.6
12 307.2 278.3
13 308.2 285.0
14 313.0 292.9
15 321.2 300.5
16 3242 332.7
17 332.0 369.2
18 367.2 392.6
19 388.4 397.7
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FIG. 2. Raman spectra at T = 4 K, i.e., in the C-CDW phase,
for parallel and crossed light polarizations. Red and blue solid lines
represent fits of the experimental data using Voigt profiles. Spectra
are offset for clarity. The short vertical lines depict central frequen-
cies obtained from the data analysis. The exact energy values are
presented in Table I1.

lines, whereas the complete list of the corresponding phonon
energies can be found in Table II.

2. IC-CDW phase

At the highest experimentally accessible temperatures 17 -
TaS, adopts the IC-CDW phase. Data collected by Raman
scattering at T = 370 K, containing all symmetries, are shown
as a blue solid line in Fig. 3. As 17-TaS; is metallic in this
phase [25] we expect the phonon lines to be superimposed on
a continuum of electron-hole excitations which we approxi-
mate using a Drude spectrum shown as a dashed line [35,36].

Since the IC-CDW phase arises from the normal metallic
phase, described by space group P3ml [13,37], it is inter-
esting to compare our Raman results on the IC-CDW phase
to an ab initio calculation of the phonon dispersion in the
normal phase, shown as an inset in Fig. 3. Four different
optical modes were obtained at I': E, at 189 cm™! (double
degenerate), E, at 247 cm~! (double degenerate), Ay, at 342
cm™!, and Ay, at 346 cm™!. A factor group analysis shows
that two of these are Raman active, namely Eg and A, [13].

We observe that the calculated phonon eigenvalues of the
simple metallic phase at I do not closely match the observed
peaks in the experimental spectra of the IC-CDW phase.
Rather, these correspond better to the calculated phonon
density of states (PDOS), depicted in Fig. 3. There are es-
sentially three different ways to project the PDOS in a Raman
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FIG. 3. Raman response for parallel light polarizations in the IC-
CDW phase at 370 K (blue line). The dashed line depicts the possible
electronic continuum. The contributions of the Ta (dark brown) and
S atoms (light brown) to the calculated PDOS (gray area) are shown
below. The inset shows the calculated phonon dispersion of 17'-TaS,
in the simple metallic phase, with the electron-phonon coupling (1)
of the optical branches indicated through the color scale.

experiment and to overcome the g ~ 0 selection given by the
small momentum of visible light: (i) scattering on impurities
[38], (ii) enhanced electron-phonon coupling [39], and (iii)
breaking of the translational symmetry in the IC-CDW phase.
(i) We rule out chemical impurity scattering, expected to exist
at all temperatures, as the low-temperature spectra (Fig. 2)
show no signs thereof. (ii) The additional scattering channel
may come from the electron-phonon coupling (EPC). The
calculated EPC, A, in the optical modes (inset of Fig. 3) is
limited, yet not negligible, reaching maxima of ~0.2 in the
lower optical branches around the Brillouin zone (BZ) points
I' and A. The calculated atom-resolved PDOS shows the
acoustic modes to be predominantly due to Ta and the optical
modes due to S, as a result of their difference in atomic mass.
The acoustic modes display several dips that are signatures of
the latent CDW phases, for which the EPC cannot be reliably
determined. Significant EPC in the optical modes of 17'-TaS,
is furthermore supported by experimental results linking a
sharp increase in the resistivity above the IC-CDW transition
temperature to the EPC [37]. It also corroborates calculated
[14] and experimentally obtained [13] values of the CDW
gap, which correspond to intermediate to strong EPC [37].
(iii) Although EPC certainly contributes we believe that the
majority of the additional scattering channels can be traced
back to the incommensurate breaking of the translational in-

variance upon entering IC-CDW. Thus the “weighted” PDOS
is projected into the Raman spectrum [see Figs. 1(a) and 1(b)].
These “weighting” factors depend on the specific symmetries
along the phonon branches as well as the “new periodicity”
and go well beyond the scope of this paper.

3. NC-CDW phase

The nearly commensurate phase is seen as a mixed phase
consisting of regions of commensurate and incommensurate
CDWs [40,41]. This coexistence of high- and low-temperature
phases is observable in our temperature-dependent data as
shown in Fig. 1. The spectra for the IC-CDW (red curves) and
C-CDW phase (blue curves) are distinctly different, as also
visible in the data shown above (Figs. 2 and 3). The spectra of
the NC-CDW phase (235 K < T < 352 K) comprise contri-
butions from both phases. As 352 K is the highest temperature
at which the contributions from the C-CDW phase can be
observed in the spectra, we suggest that the phase transition
temperature from IC-CDW to NC-CDW phase is somewhere
in between 352 and 360 K. This conclusion is in good agree-
ment with experimental results regarding this transition [4-6].

B. Gap evolution

The opening of a typically momentum-dependent gap in
the electronic excitation spectrum is a fundamental prop-
erty of CDW systems which has also been observed in
1T-TaS, [13,37,42]. Here, in addition to the CDW, a Mott
transition at the onset of the C-CDW phase leads to an
additional gap opening in the bands close to the I point
[21,43]. Symmetry-resolved Raman spectroscopy can provide
additional information here using the momentum resolution
provided by the selection rules. To this end, we look at the
initial slopes of the electronic part of the spectra.

As shown in Figs. 4(a)-4(c), different symmetries project
individual parts of the BZ [36,44]. The vertices given by the
hexagonal symmetry of 17-TaS, are derived in Appendix C.
The A, vertex mainly highlights the area around the I" point
while the E, vertices predominantly project the BZ bound-
aries. The opening of a gap at the Fermi level reduces Np,
leading to an increase of the resistivity in the case of 17-TaS,.
This reduction of Ng manifests itself also in the Raman spectra
which, to zeroth order, are proportional to Ng [35,44]. As
a result, the initial slope changes as shown Figs. 4(d) and
4(e), which zoom in on the low-energy region of the spec-
tra from Fig. 1. The initial slope of the Raman response is
Rlimg_,¢ % o Nr1p, where R incorporates only experimen-
tal factors [44]. The electronic relaxation I'§ o (Npto)~ ! is
proportional to the dc resistivity p(T) [45]. If a gap opens up
there is vanishing intensity at 7 = 0 below the gap edge for an
isotropic gap. At finite temperature there are thermally excited
quasiparticles which scatter. Thus, there is a linear increase at
low energies [35]. The black lines in Figs. 4(d)—4(g) represent
the initial slopes and their temperature dependences. The lines
comprise carrier relaxation and gap effects, and we focus only
on the relative changes.

Starting in the IC-CDW phase at T = 370 K [Fig. 4(d)]
the initial slope is higher for the E, spectrum than for Ay,
symmetry. While the CDW gap started to open already at

245133-4



PROBING CHARGE DENSITY WAVE PHASES AND THE ...

PHYSICAL REVIEW B 103, 245133 (2021)

n/arp n/ar n/ar

-n/ar -n/ar -m/ar

oL@ () j
*-;20; T=370K
[ IC-CD

Eior T .
[%2] L !
(2] r N
‘goi 1T-Tas‘27‘u:}uu
PaL) 1)
=20 TT=ax
o I 1 C-CDW
—10r F— Ay
& I T __E

0’ s otV N B BRI 3

0 20 40 60 80 0 20 40 60 80 100
- Raman Shift Q (cm™)
gy— 1600 ‘
"E 3 ﬂzoo% v 7
22l - e i
52 2 800 - .
§ % rot A1g 7
5 Baool . g .
- 0 L P R R O L | L | L |
Q? 0 1000 2000 3000 0 100 200 300

Raman Shift Q (cm™) Temperature T (K)

FIG. 4. Evolution of the gaps. (a)—(c) Squared Raman vertices
and Fermi surface of 17-TaS, for the indicated symmetries in the
normal phase above Tic. The derivation of Raman vertices is pre-
sented in Appendix C. (d)-(g) Low-energy Raman spectra for A,
symmetry (blue) and E, symmetries (red) at temperatures as indi-
cated. The spectra shown are zooms on the data shown in Fig. 1. The
black lines highlight the initial slope of the spectra. (h) High-energy
spectra at 4 K. Vertical dashed lines and colored bars indicate the
approximate size and error bars of the Mott gap for the correspond-
ingly colored spectrum. (i) Temperature dependence of the Mott gap
A (= A, Ep).

554 K around the M points [43], which are highlighted by the
E, vertex, the Fermi surface projected by the E, vertex contin-
ues to exist. Thus, we may interpret the different slopes as a
manifestation of a momentum-dependent gap in the IC-CDW
phase and assume overall intensity effects to be symmetry
independent for all temperatures. At 7 = 352 K [Fig. 4(e)]
the slope for E, symmetry is substantially reduced to below
the Ay, slope due to a strong increase of the CDW gap in the
commensurate regions [43] which emerge upon entering the
NC-CDW phase. Further cooling also decreases the slope for
the Az spectrum, as the Mott gap around the I' point starts
to open within the continuously growing C-CDW domains
[40,41]. Below T = 270 K the initial slopes are identical for
both symmetries and decrease with temperature. Apparently,
the Mott gap opens up on the entire Fermi surface in direct
correspondence with the increase of the resistivity by ap-
proximately an order of magnitude [3]. Finally, at the lowest
temperature close to 4 K the initial slopes drop to almost zero
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FIG. 5. Raman spectra up to high energies for (a) parallel and
(b) crossed polarizations of the incident and scattered light at tem-
peratures as given in the legend.

[Fig. 4(g)], indicating vanishing conductivity or fully gapped
bands in the entire BZ.

Concomitantly, and actually more intuitive for the opening
of a gap, we observe the loss of intensity in the Raman spectra
below a threshold at an energy 2g,,. Below 30 cm~! the in-
tensity is smaller than 0.2 counts(mW )~ [Fig. 4(g)] and still
smaller than 0.3 counts(mW s)~! up to 1500 cm™! [Fig. 4(h)].
For a superconductor or a CDW system the threshold is given
by 2A, where A is the single-particle gap, and a pileup of in-
tensity for higher energies, 2 > 2A [44]. A pileup of intensity
cannot be observed here. Rather, the overall intensity is further
reduced with decreasing temperature as shown in Figs. 5 and
6 in Appendixes A and B. In particular, the reduction occurs
in distinct steps between the phases and continuous inside the
phases with the strongest effect in the C-CDW phase below
approximately 210 K (Fig. 5). In a system as clean as 17-TaS,
the missing pileup in the C-CDW phase is surprising and
argues for an alternative interpretation.

In a Mott system, the gap persists to be observable but
the pileup is not a coherence phenomenon and has not been
observed yet. In fact, the physics is quite different, and the
conduction band is split symmetrically about the Fermi en-
ergy Ep into a lower and a upper Hubbard band. Thus in
the case of Mott-Hubbard physics the experimental signa-
tures are more such as those expected for an insulator or
semiconductor having a small gap, where at T = 0 there
is a range without intensity and an interband onset with a
band-dependent shape. At finite temperature there are ther-
mal excitations inside the gap. For 17-TaS, at the lowest
accessible temperature, both symmetries exhibit a flat, nearly
vanishing electronic continuum below a slightly symmetry-
dependent threshold (superposed by the phonon lines at low
energies). Above the threshold a weakly structured increase is
observed. We interpret this onset as the distance of the lower
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FIG. 6. Luminescence contribution to the Raman data. (a), (b) In-
tensity as a function of the absolute frequency for (a) 7 = 330 K and
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shown as a function of frequency (Raman) shift. The luminescence
peak appears at different Raman shifts depending on the wavelength
of the laser light. At 7 =4 K the spectra are identical up to 1600
cm™! for all laser light wavelengths.

Hubbard band from the Fermi energy Ep or half of the dis-
tance between the lower and the upper Hubbard band, shown
as vertical dashed lines at 1350-1550 cm~! = 170-190 meV
[Fig. 4(h)]. The energy is in good agreement with gap obtained
from the in-plane angle-resolved photoemission spectroscopy
(ARPES) [43], scanning tunneling spectroscopy [46], and
infrared spectroscopy [13] which may be compared directly
with our Raman results measured with in-plane polarizations.
Upon increasing the temperature the size of the gap shrinks
uniformly in both symmetries [Fig. 4(i)] and may point to
an onset above the C-CDW phase transition, consistent with
the result indicated by the initial slope. However, we cannot
track the development of the gap into the NC-CDW phase as
an increasing contribution of luminescence (see Appendix B)
overlaps with the Raman data.

Recently, it was proposed on the basis of DFT calcula-
tions that 17-TaS, orders also along the ¢ axis perpendicular
to the planes in the C-CDW state [24,25]. This quasi-one-
dimensional (1D) coupling is unexpectedly strong and the
resulting metallic band is predicted to have a width of ap-
proximately 0.5 eV. For specific relative ordering of the star
of David patterns along the c axis this band develops a gap of
0.15 eV at Eg [25], which is intriguingly close to the various
experimental observations. However, since our light polariza-
tions are strictly in plane, we have to conclude that the gap

observed here (and presumably in the other experiments) is
an in-plane gap. Our experiment cannot detect an out-of-plane
gap. Thus, neither a quasimetallic dispersion along the ¢ axis
nor a gap in this band along k, may be excluded in the C-CDW
phase. However, there is compelling evidence for a Mott-like
gap in the layers rather than a CDW gap.

IV. CONCLUSIONS

We have presented a study of the various charge den-
sity wave regimes in 17-TaS, by inelastic light scattering,
supported by ab initio calculations. The spectra of lattice
excitations in the commensurate CDW (C-CDW) phase de-
termine the unit cell symmetry to be P3, indicating trigonal or
hexagonal stacking of the “star-of-David” structure. The high-
temperature spectra of the incommensurate CDW (IC-CDW)
state are dominated by a projection of the phonon density
of states caused by either a significant electron-phonon cou-
pling or, more likely, the superstructure. The intermediate
nearly commensurate (NC-CDW) phase is confirmed to be a
mixed regime of commensurate and incommensurate regions
contributing to the phonon spectra below an onset tempera-
ture Tne ~ 352-360 K, in good agreement with previously
reported values. At the lowest measured temperatures, the
observation of a virtually clean gap without a redistribution
of spectral weight from low to high energies below T¢ argues
for the existence of a Mott metal-insulator transition at a
temperature of order 100 K. The magnitude of the gap is found
to be gy, ~ 170-190 meV and has little symmetry, thus
momentum, dependence, in agreement with earlier ARPES
results [37]. At 200 K, on the high-temperature end of the C-
CDW phase, the gap shrinks to ~60% of its low-temperature
value. Additionally, the progressive filling of the CDW gaps
by thermal excitations is tracked via the initial slope of the
spectra, and indicates that the Mott gap opens primarily on
the parts of the Fermi surface closest to the I point.

Our results demonstrate the potential of using inelastic
light scattering to probe the momentum dependence and en-
ergy scale of changes in the electronic structure driven by
low-temperature collective quantum phenomena. This opens
perspectives to investigate the effect of hybridization on col-
lective quantum phenomena in heterostructures composed of
different 2D materials, e.g., alternating 7 and H monolayers
as in the 4H b-TaS, phase [47].
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APPENDIX A: RAW DATA

Figure 5 shows Raman spectra at temperatures ranging
from T =4 to 370 K for parallel [Fig. 5(a)] and crossed
[Fig. 5(b)] in-plane light polarizations. The spectra were
measured in steps of AQ =50cm™' and a resolution of
o ~ 20 cm~!. Therefore neither the shapes nor the positions
of the phonon lines below 500 cm~! may be resolved. All
spectra reach a minimum in the range from 500 to 1600
cm™!. At energies above 500 cm~! the overall intensities are
strongly temperature dependent and decreasing with decreas-
ing temperature. Three clusters of spectra are well separated
according to the phases they belong to.

In the C-CDW phase (T < 200 K, blue lines) the spectra
start to develop substructures at 1500 and 3000 cm™'. The
spectra at 200 K increase almost linearly with energy. The
spectra of the NC- and IC-CDW phases exhibit a broad max-
imum centered in the region of 2200-3200 cm ™' which may
be attributed to luminescence (see Appendix B). For clarifi-
cation we measured a few spectra with various laser lines for
excitation.

APPENDIX B: LUMINESCENCE

Figure 6 shows Raman spectra measured with parallel light
polarizations for three different wavelengths A; of the incident
laser light. Figures 6(a) and 6(b) depict the measured inten-
sity I (without the Bose factor) as a function of the absolute
frequency ¥ of the scattered light.

At high temperature [T = 330 K, Fig. 6(a)] a broad peak
can be seen for all A; which is centered at a fixed frequency
of 15 200 cm~! of the scattered photons (gray shaded area).
The peak intensity decreases for increasing A; (decreasing en-
ergy). Correspondingly, this peak’s center depends on the laser
wavelength in the spectra shown as a function of the Raman
shift [Fig. 6(c)]. This behavior indicates that the origin of this
excitation is likely to be luminescence where transitions at
fixed absolute final frequencies are expected.

At low temperature [Fig. 6(b)] we can no longer find a
structure at a fixed absolute energy. Rather, as already in-
dicated in the main part, the spectra develop additional, yet
weak, structures which are observable in all spectra but are
particularly pronounced for blue excitation. For green and yel-
low excitation the spectral range of the spectrometer, limited
to 732 nm, is not wide enough for a deeper insight into the
luminescence contributions (at energies different from those
at high temperature) and no maximum common to all three
spectra is observed. If these spectra are plotted as a function
of the Raman shift, the changes in slope at 1500 and 3000
cm™~! are found to be in the same position for all A;, values
thus arguing for inelastic scattering rather than luminescence.
Since we do currently not have the appropriate experimental

tools for an in-depth study, our interpretation is preliminary
although supported by the observations in Fig. 6(d).

As shown in the inset of Fig. 6(d) we propose a sce-
nario on the basis of Mott physics. In the C-CDW phase the
reduced bandwidth is no longer the largest energy and the
Coulomb repulsion U becomes relevant [22] and splits the
conduction band into a lower and upper Hubbard band. We
assume that the onset of scattering at 1500 cm~! corresponds
to the distance of the highest energy of the lower Hubbard
band to the Fermi energy Eg. The second onset corresponds
then to the distance between the highest energy of the lower
Hubbard band and the lowest energy of the upper Hubbard
band. An important question needs to be answered: Into which
unoccupied states right above Er does the first process scatter
electrons? We may speculate that some DOS is provided by
the metallic band dispersing along k, or by the metallic do-
main walls between the different types of ordering patterns
along the ¢ axis observed recently by tunneling spectroscopy
[46]. These quasi-1D domain walls would provide the states
required for the onset of scattering at high energy but are
topologically too small for providing enough density of states
for a measurable intensity at low energy [Fig. 4(g)] in a
location-integrated experiment such as Raman scattering.

APPENDIX C: DERIVATION OF THE RAMAN VERTICES

Phenomenologically, the Raman vertices can be derived
based on lattice symmetry, which are proportional to the Bril-
louin zone harmonics. They are a set of functions that exhibit
the symmetry and periodicity of the lattice structure proposed
by Allen [48]. These functions make the k-space sums and
energy integrals more convenient than that of the Cartesian
basis or the spherical harmonics basis, especially for those
materials who have anisotropic and/or multiple Fermi pock-
ets. The three Cartesian components of the Fermi velocity
v are recommended to generate this set of functions since
they inherit the symmetry and periodicity of the crystal lattice
naturally. However, in most cases, we do not know the details
of band dispersion. A phenomenological method is needed to
construct such a set of basis functions. Here, we demonstrate
a method based on the group theory. The Brillouin zone har-
monics can be obtained by the projection operation on specific
trial functions.

For a certain group G with symmetry elements R and sym-
metry operators P, it can be described by several irreducible
representations I',, where n labels the representation. For each
irreducible representation, there are corresponding basis func-
tions QJ{; that can be used to generate representation matrices
for a pafticular symmetry. Here, j labels the component or
partner of the representations. For an arbitrary function F, we

have
F=% fer,
r?l j

According to the group theory, we can always define a projec-
tion operator by the relation [49]

(ChH

. d .
Pl = v Z x " (R) * Py, (C2)
R
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TABLE III. Symmetry operations £ and corresponding charac-
ter table of theD;, point group.

Py x y 4 x"(R)

Alg E,
E X y 1 2
Ci éx—i—?y —‘?x—%y z 1 —1
R e N L -l
Cj x -y —z 1 0
cy —ix+ Ly Ly ly -z 1 0
cy —ix— ?y —?x + 1y -z 1 0
1 —X —y -z 1 2
Sbooawegy a2 -l
Sg'! e By Ly ly 1 —1
o, —X y Z 1 0
o) %x — %y —?x — %y Z 1 0
o) %x + %y %x — %y 1 0
that satisfies the relation

(C3)

N T,
PF”F — Zf] q)J”’
J
where d is the dimensionality of the irreducible representation
I',, N is the number of symmetry operators in the group, and
x " (R) is the character of the matrix of symmetry operator R
in irreducible representation I',,. By projection operation on a
certain irreducib1¢ representation ', we can directly get its

basis functions CIJJFn.

The basis functions are not unique. In specific physical
problems, it is useful to use physical insight to guess an appro-
priate arbitrary function to find the basis functions for specific

problems. 17-TaS; belongs to the D3, point group. There are
12 symmetry operators in this group, i.e., E, C}, C; ', C}, CY,
cy, I, Sﬁl, Se 1 o), o), o,". The coordinate transformations
after symmetry operations and the corresponding character
table are listed in Table III.

In order to simulate the periodicity of the Brillouin zone,
trigonometric functions are used as trial functions. According
to the parity of the irreducible representations, we can choose
an appropriate trigonometric function, e.g., a sine function for
odd parity representation and cosine function for even parity
representation. The combinations of them are also available.

Here, we use F = cos(k.a) as a trial function, where a is
the in-plane crystal constant. The basis function of A, can be
derived as

Dy (k) = %[cos(kxa) + 2 cos (%k,ﬂ) cos (\?kya)].
(C4)

With the same method, we obtain a basis function of E, as

<I>Eg1 k) = %[cos(kxa) — Ccos (%kxa) cos (?kﬂ)].
(C5)

Since the E, is a two-dimensional representation, the projec-
tion operation provides only one of the two basis functions
of the corresponding subspace. The second function is found
based on the subspace invariance under the symmetry opera-
tions (e.g., if we operate ® E] with C} symmetry, the result can
be presented as a linear combination of @ E] and Egz). Thus
we obtain

CDEgz (k) = 2sin (%km) sin (?kﬂ). (Co)
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Abstract
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Symmetry indicates that low energy spectra of materials could be richer than well-known
Dirac, semi-Dirac, or quadratic, hosting some unusual quasiparticles. Performing the
systematic study of exact forms of low energy effective Hamiltonians and dispersions in
high-symmetry points with fourfold degeneracy of bands, we found new, previously
unreported dispersion, which we named poppy flower (PF) after its shape. This massless
fermion exists in non-magnetic two-dimensional (2D) crystals with spin—orbit coupling
(SOC), which are invariant under one of the proposed ten noncentrosymmetric layer groups.
We suggest real three-dimensional (3D) layered materials suitable for exfoliation, having
layers that belong to these symmetry groups as candidates for realization of PF fermions. In
2D systems without spin—orbit interaction, fortune teller (FT)-like fermions were theoretically
predicted, and afterward experimentally verified in the electronic structure of surface layer of
silicon. Herein, we show that such fermions can also be hosted in 2D crystals with SOC,
invariant under additional two noncentrosymmetric layer groups. This prediction is confirmed
by density functional based calculation: layered BilOy4, which has been synthesized already as
a 3D crystal, exfoliates to stable monolayer with symmetry pb2,a, and FT fermion is observed
in the band structure. Analytically calculated density of states (DOS) of the PF shows
semimetallic characteristic, in contrast to metallic nature of FT having non-zero DOS at the
bands contact energy. We indicate possibilities for symmetry breaking patterns which
correspond to the robustness of the proposed dispersions as well as to the transition from Dirac

centrosymmetric semimetal to PF.

Keywords: electronic dispersions, spin—orbit coupling, symmetry, new fermions

(Some figures may appear in colour only in the online journal)

1. Introduction

Electronic dispersion essentially determines crystal properties
and it is well known that it is assigned by quantum num-
bers of the underlying symmetry group. These are space,
layer (including wallpaper) or line groups, referring respec-
tively to dimensionality of crystals: 3D, quasi-2D (Q2D),
or quasi-1D. Probably the most famous example of a low-
dimensional material is graphene (there are also related single
layers, such as borophene [1], borophosphene [2], graphynes

3 Author to whom any correspondence should be addressed.

1361-648X/20/485501+8$33.00

[3], etc), which hosts Dirac like (linear in quasi-momentum)
dispersion in the vicinity of high symmetry Dirac points. Such
shape of energy bands, besides being responsible for some
intriguing phenomena, provides material realization of rel-
ativistic electron. This triggered numerous investigations of
the connection between symmetry of materials and appear-
ance of Dirac and Weyl points in their band structures. These
points are attributed to existence of rotational [4], nonsymmor-
phic [5], mirror [6], space-time inversion [7, 8], time-reversal
plus fractional translation [9], and generalized chiral symme-
try [10]. There are also results on the search for Weyl and Dirac

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. PF (up) and FT (bottom) dispersions (given by
equations (3.1)): from left to right are all bands, bands E+ 1, bands
E. _; and horizontal sections of the bands (iso-energetic lines).

points according to group theoretical criteria in Brillouin zones
(BZs) of all space [11], layer [12—14] or wallpaper groups
[15].

In addition, geometrical symmetries impose conditions that
lead to the emergence of unconventional quasiparticles in con-
densed matter systems. In 3D materials, enforced by space
groups, double Dirac points [16], three-component [17, 18]
or hourglass fermions [19] are found, inspiring further theo-
retical and experimental research [20-25]. Concerning Q2D
systems, besides Dirac (as in graphene [26]), there are also
semi-Dirac (Dirac-like in one direction, and quadratic in the
orthogonal one, as in black phosphorus [27]), quadratic (as in
molybdenum disulphide [28]), and fortune teller (FT) disper-
sions [29], which corresponds to the coexistence of a nodal
point and lines. Namely, symmetry analysis of the possible
completely linear dispersions in non-magnetic, Q2D materials
with negligible spin—orbit coupling (SOC) has shown that only
completely massless fermions appearing in layers are Dirac
and FT [29]. Recently, FT dispersion has been experimentally
confirmed in a surface layer of silicon [30].

A question arises whether new types of fermions are possi-
ble in Q2D materials by inclusion of SOC? With help of layer
double groups (LDGs) and time-reversal symmetry (TRS)
(i.e. gray LDG), we made a quite general search for linear
dispersions in the vicinity of high symmetry points (HSPs);
since no reference to nonsymmorphic symmetries is made,
the topological (hour-glass like) band crossing mechanisms
are not a priori assumed, as it is usual. Indeed, it turns out
that there are two peculiar types (figure 1) featuring twelve
nonsymmorphic and noncentrosymmetric groups: two groups
support previously predicted FT, and the remaining ones
poppy flower (PF) dispersion (generalizing both FT and Dirac
types).

After a brief overview of necessary group-theoretical meth-
ods, the obtained results are discussed on the basis of effec-
tive low-energy model, calculated densities of states and
symmetry breaking patterns. Also, a list of material can-
didates supporting the new dispersions is provided. The
predicted effect is justified by density functional based
relaxation and band structure calculation in BilO4 mono-
layer. Synthesis of this layered 3D material was reported
around a decade ago [31]. Numerical band structure con-

firms our group theoretical prediction, which may be the
motivation for future laboratory synthesis of this material as
monolayer.

2. Method

Symmetry determines Bloch Hamiltonian in the vicinity
of high-symmetry BZ wave vector through the allowed
irreducible representations (IRs) of the little group [32].
Allowed IRs of LDGs are subduced from the correspond-
ing space groups IRs (found on Bilbao Crystallographic
Server [33]), and also independently constructed by POL-
Sym code [34]. Concerning LDGs with TRS, the dimen-
sions [33, 35] of the allowed IRs (actually co-representations)
are 1, 2 or 4, and for generic ones, giving bands degener-
acy, this is 1 or 2. Here we focus on the band structures
near quadruple points at high-symmetry momenta. Further,
we do not consider generically degenerate bands, giving dou-
ble degenerate Dirac dispersion (precisely, it consists of two
double spinfull degenerate cones meeting at one fourfold
degenerate point); this automatically excludes centrosymmet-
ric crystals, as Kramers degeneracy in them forbids non-
degenerate bands [36]. Among the remaining groups, only
twelve are with special points with four-dimensional allowed
(co)representation.

Analysis of all allowed IRs R of little groups G (k¢) of
HSPs ko in LDG lacking the inversion symmetry gives the
following conditions for quadruple point: k¢ is time-reversal
invariant momentum, R is two-dimensional, either real or
complex IR. Therefore, we consider H(k) being Hamilto-
nian of the system Hj (including spin—orbit) in the basis
{]91),]0,),]00,),|0,)}, where the spinors |¥;) = |U;(k))
(i = 1,2 counts two bands touching each other at ky also in
the absence of TRS) belong to R at ky and € is an anti-unitary
operator of TRS, for which we used 0% = —6, since spin-
full case is considered. Throughout the text &y is two-by-
two unit matrix, and &4, 6,, 03 are Pauli matrices. Denoting
the little group elements by ¢ = (h|r; + b), where & is crys-
tallographic double point group element, while r; and b are
fractional and lattice translation, respectively, one gets the con-
ditions imposed by time-reversal and geometrical symmetries
on H(ky + q) in the vicinity of ky (therefore, the wavevector ¢
is small):

H(ko +q) = T'H(ko — @)T, (2.1)

H(ko + q) = D'(0)H(ko + I q)D(0). (2.2)

Here, D = diag(R, R*), and /1 isan operator reduction of vector
representation /1 to 2D BZ, while T = —ié, ® &, represents
the action of 6 on the basis of spinors.

To focus on the terms linear in ¢, Hamiltonian is expanded
in the form Hlko +q) ~ >, , q,-‘m(g%”)
is conveniently shifted such that H(ko) = 0). To incorporate
symmetry, the matrix elements of the Hamiltonian gradient
are arranged into the four-by-eight matrix W, which entries

= (w! w? irs i = Hpgkota)
Wpg = (wy, wp,) are pairs wy,, = =50 ;. The form

lq=0 (energy scale
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Table 1. Groups providing dispersions (3.1). Notations for layer (columns 1 and 2) and space groups (columns 4, 5 and 6) are
according to [37, 38] respectively. IR notation in the eighth column is as in Bilbao Crystallographic Server [33]. Effective
Hamiltonian is indicated in the last column by the nonzero parameters (and their interrelations) of (2.5). For the last four

groups a = ¢ while Mg and M are conjugated pair of IRs.

Layer double group Corresponding space double group
Group IR Group Plane IR Dispersion Nonzero v;')q
21 121212 Ss 18  P2,22 D3 z=0 Ss (3.1a) vls, Vs, vdss V3, V3, 03
25 pba?2 Ss 32 Pba2 C3 z=0 Ss (3.1a) vly, U3, Uls, V3, 03, 03
28 pm2.b Ys, Ss 26 Pmc2, C3, y=0  Zs5, Us (3.1a) vly, v, vl 03, V3, %
29 pb2im Ys, Ss 26 Pmc2, C3, x=0 Zs5,Ts (3.1b) vhy, v3y, 13y, V3
30 pb2b Ys,Ss 27 Pcc2 G, x=0 Z5Ts (3.1a) vl vl v, vd, v3, V3,
32 pm2n Ys 31 Pmn2; C} y=0 Zs (3.1a) vls, vds, v, V3, 3, V3,
33 phb21a ¥s 29 Pca2, C5, y=0 Zs (3.1b) vl v, 3, 03,
34 pb2n Ys 30 Pnc2  CS, x= Zs (3.1a) Vi3, U3, Ud3, 03, V3, %
_ _ 1 _ 2 o1 _ 2
54 pa2,2 (Mg, M7) 90 P42,2 Di z=0 (Mg, M7) (3.1a) Vo2 = Vo2 = V31 = U3
56 pibm (Mo, My) 100 Pdbm  Ci z=0 (Mol Gl Ll gl o
58 pd2m (Mg, M7) 113 P&2m D, z=0 (MeM7) (3.1a)
60 pab2  (Me,M;) 117 Pa2 DI, =0 (Me,M7) (3.1a) vl = —vj3 = —v) = —v3
wy Wi Wi W14 of the system obtained by periodic repetition of the layer along
W wi, wpn  wi wy 23) axis perpendicular to it (column plane) according to Bilbao
T why owl, —wn —wi, ‘ Crystallographic Server is also given (second part), where the
wi, wh —wp —wx directions x, y and z are along axes of orthorombic/tetragonal

%

follows from the relation (2.1), together with w!,, = w", ,
responding to the requirement that Hamiltonian H is a Hermi-
tian operator. Note that the form (2.3) of W leads to the trace-
less Hamiltonian: it excludes the scalar term (which imposes
the tilt of the bands). The geometrical symmetries are incorpo-
rated by (2.2), which is rewritten [11, 29] as an efficient fixed
point condition

on the column vector (32 x 1) form ‘VAV>

cor-

‘vAv> —bebD ok (2.4)

of W. The

equation (2.4) is solved with help of the group projection oper-
ators for all of the twelve noncentrosymmetric groups hosting
quadruple points at high symmetry momenta; in this way, the
symmetry determines form of W. To explicate this, it is more
convenient to use another general expansion of the effective
low energy Hamiltonian,

3 2
Hg =Y qwh, 6,5,

p.q=0 i=1

(2.5)

and find the constraints imposed by symmetry on the real

coefficients v;q (simply interrelated with w;q).

3. Results and discussion

3.1. Symmetry adapted Hamiltonians and dispersions

Groups hosting new dispersions are listed in table 1. Besides
intrinsic layer group notation (the first part), the space group

3D primitive unit cell. On the other hand, in POLSym approach
we used convention that layers are in xy-plane. Orthogonal lat-
tice vectors @; and a, span primitive rectangular/square 2D
unit cell, while reciprocal lattice vectors k; and k, satisfy
aj-k; =2ndj; and g, q, are projections of ¢ along k; and
k,. Relevant BZs are in figure 2.

Effective Hamiltonians allowed by symmetry group in the
special points of Brillouin’s zone are presented in the last col-
umn of the table 1: the nonzero real coefficients v;',q in the
expansion (2.5) are specified, together with the constraints
among them. The listed forms correspond to the group settings
(lattice vectors and coordinate origin) and double valued irre-
ducible co-representations obtained by POLSym code. In fact,
this enabled flexibility in the choice of generators (coordinate
system and translational periods), which finally results in the
form of irreducible co-representations. These are chosen such
to get the same form of the effective Hamiltonian whenever
it is possible (for different groups). Equivalent (but different)
settings (and co-representations) produce different (still equiv-
alent with respect to dispersions) Hamiltonian forms. Clearly,
the exact values of the nonzero coefficients v  (listed in the
last column of the table 1) are material dependent. The groups’
generators and their representative matrices in the allowed
co-representations associated to the specified high-symmetry
points are in the table 2. It should be remarked that in all the
considered cases this point is fixed by the whole gray group,
i.e. the little group is the gray (double) group, and the allowed
co-representations of the little group are simultaneously the
irreducible co-representations of the gray group. The matri-
ces of the relevant co-representations are four-dimensional.
In all the cases time-reversal corresponds to the matrix T;
all other generators are represented by the block-diagonal
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Le28 A G D
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Figure 2. BZs of the groups (listed in table 1) supporting dispersions (3.1). For layer groups 28, 29, 30, 32, 33 and 34 vector k; is along

(screw) axis of order two.

matrices D = diag(R, R*), with mutually conjugated 2 x 2
blocks. Therefore, only this block, IA?, is given in the table 2.

The described technique leads to two new types of disper-
sions (figure 1; crossings are taken at E = 0). The first one is
PF, with four bands (obtained for u, v = +1):

E,.(q) = v\/aq% + cq5 + ublq1qa]. (3.1a)
The expression under the square root is non-negative since
a, b and ¢ are positive quantities (functions of v;',q) such that
b* — 4ac < 0. For quadratic layer groups (54, 56, 58, 60)
¢ =a, and above dispersion degenerates to the isotropic
one E,, =v+\/aq*+ublqiq|. Two groups, 29 and 33,
enforce b*> — 4ac = 0, hosting thus FT dispersions (with bands
counted by u,v = £1):

Eu@)=v|f g +uglell (3.1b)

with f, g positive quantities, also functions of v;q. Note that
on the other side, the limit » — 0T gives Dirac dispersion.

3.2. Density of states

Dispersions (3.1), differing from the well-known Dirac, semi-
Dirac or quadratic, impose specific physical properties. In this
context, one must take into account the range of validity of
these forms, describing the realistic band structures only in the
vicinity of high-symmetry point. In particular, corresponding
density of states (DOS) near E = 0 are:

2|E|
SOC
= 3.2a
Per m/4ac — b? ( )
L
SOC ~ (3.2b)

PFT N74772 /7f2+g2.

Unlike to PF, but similarly to 3D nodal semimetals [39],
exact calculation of DOS of FT is prevented due to the non-
circular iso-energetic lines (figure 1). Thus, the last expression
corresponds to realistic situations where the horizontal parts
of band crossing lines are of the length L (this is an effective

range of approximation). In non-SOC case calculation of DOS
gives doubled results (3.2), since each energy is spin degener-
ate, which is then decoupled from the orbital one. Non zero
DOS of FT near E = 0 is in contrast to DOS of Dirac or PF
dispersions being proportional to |E|, as well as to semi-Dirac
which is proportional to \/ﬁ . This affects many properties,
to mention only charge and spin transport. Further, it can be
shown that the electron effective mass, obtained from band
curvatures, for all dispersions (3.1) vanishes. Let us empha-
size that the higher order terms, neglected in derivation can-
not change the obtained band topology (figure 1), though may
distort bands slightly.

3.3. Symmetry breaking

Despite the obtained dispersions are essential, i.e. resistant to
symmetry preserving perturbation, an interesting additional
insight is gained by considering symmetry breaking. Herein,
taking into account group—subgroup relations, we discuss the
possibilities of robustness or switching between various dis-
persions at the same BZ-point by lowering the symmetry, e.g.
due to strain. It is expected that decreasing the number of sym-
metry elements leads to relaxing the constraints imposed on
Hamiltonians, and consequently increasing (or preserving) the
number of independent parameters. In this context, taking into
account the number of non-zero parameters v;,q of (2.5) given
in table 1, it is meaningful to consider the transitions from FT
to anisotropic PF, as well as from isotropic PF to FT, when the
symmetry is lowered. Precisely, the allowed four-band model
Hamiltonian diagonalizing in PF dispersion have six real inde-
pendent parameters, which are reduced to three for quadratic
groups; similarly, there are 4 real independent Hamiltonian
parameters for FT. Before proceeding, let us take a brief look
into the robustness of FT and PF.

Regarding groups 29 and 33 supporting FT dispersion,
symmetry reduction in which either nonsymmorphic glide
plane or screw axis (but not both) is retained causes that FT at
the Y point splits into two non-degenerate conical dispersions.
Opposite out-of-plane shifts of the adjacent nuclei positioned
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Table 2. Allowed irreducible co-representations: for each group and .
corresponding HSP, the generators are listed, and the block-diagonal part R of
double valued co-representation D representing these generators (in the same
order). Here, C,; is rotation for 27 /n around axis 71 (which is %, ¥, z, or

¢ = iz(ic + ¥)), mj; is vertical mirror plane which contains 71 axis, my, is
horizontal mirror plane, and S,, = C,;zmy,.

Group HSP Generators R

21 S (Cxl50)  (Cx05) & 4

25 S (mg30)  (ms[05) 63 6

28 Y (1‘10) (Czy‘O%) ny 5’0 —6'3 —iﬁ'z

28 S a0y (Cxl0D) my —60 63 —iGs

29 Y (1‘10) (Czy‘O%) ny 5’0 —6'3 —iﬁ'z

29 S a0y (Cx0D)  my —60 63 —iGs

30 Y  d|10)  (m[05) Cy 6y —03 —i6,

30 S o)y ol €y —60  —063 —i6,

32 Y (1]10) (my|33)  my G0 —63 —i6,

33 Y o (m|30)  (Cy[03) i6; 6

34 Y 1) (m|id) Gy 6y 03 —i6s

54 Mo 0)  (Cullly G -Gy —iey e T diag(l,i)
56 Mo A1) mlll) Ce —6y —i6n e T diag(l,i)
8 M {l0)  (mlil) Sy -6y —i6 e diag(l,i)
60 M (o) (Cxlthy Sy =60 —iga T diag(l,i)

in the mirror plane, transforms mirror into a glide plane, while
doubling the lattice constant; this in turn halves primitive vec-
tor k; of the reciprocal lattice. Group 29 reduces to 33 and
the S point in 29 becomes Y point in 33. Consequently, FT
in Y and S points in 29 are robust against lowering the sym-
metry to group 33. Similarly, concerning the PF, any homoge-
nous stretching along a; or a, axis deforms square primitive
cell to rectangular, reducing the symmetries of layer groups
54 and 58 (56 and 60) to the group 21 (25) and causes PF
to change from isotropic to anisotropic form, which implies
direction-dependent electronic and related properties.

Since PF is a generalized form of FT, one could expect that
the parameters of these dispersions can be interrelated by tun-
ing. However, continuous transformation from FT to PF at the
same point of the BZ is not possible, since neither of groups
supporting FT is a subgroup of any of groups allowing PF, nor
vice-versa. The expression (3.2a) for DOS of PF shows that the
changing parameters such that PF approaches to FT results in a
singularity at zero energy. In the other words, if opposite would
hold, arbitrarily small displacements of nuclei, being sufficient
to lower the symmetry, would cause a jump of (graphene-like)
negligible DOS of PF to a finite and constant DOS of FT,
which we found unlikely. At the same time, such obstruction
from DOS does not forbid the transition between Dirac (dou-
ble degenerate cones with four-fold degenerate point) and PF,
nor it forbids splitting of FT and PF into two non-degenerate
conical dispersions (with double degenerate point).

Following the above arguments, it is expected that transition
from Dirac cone to PF may be realized by lowering the sym-
metry, since Dirac dispersions has less independent parameters
than PF. According to [5] Dirac semimetals in time-reversal
invariant two-dimensional systems with strong SOC are pos-
sible in nonsymmorphic groups with inversion symmetry. E.g.
let us consider the layer group 46 (pmmn), hosting Dirac cones

at X, Y and S HSPs (the BZ is the same as this one given on
the left panel in figure 2). It is expected that the violation of the
inversion symmetry leads to Weyl points or node [5]. However,
listing all subgroups, it turns out that the two of the subgroups,
32 and 21, actually host PF in the points Y and S, respec-
tively. Indeed, in [46], using spinfull tight-binding model with
four sites (with s-orbitals) per unit cell, authors show that at
fillings 2, 6, system invariant under double layer group 21 is
semimetal, which hosts one fourfold degenerate and four Weyl
points. A plethora of such cases, where groups allowing PF
from the table 1 are subgroups of symmetry groups of Dirac
semimetals, indicates candidates for transitions between cen-
trosymmetric and noncentrosymmetric crystals with protected
four-fold band crossing point. Moreover, the existence of such
essential fourfold degenerate point simultaneously with double
degenerate Weyl points in the same system, makes that the lay-
ers from our list represent possible two-dimensional materials
suitable for the study of their interplay.

3.4. Material realization

Despite the fabrication of freestanding layers is not always
feasible, the above theoretical predictions required material
realizations, or at least numerical simulations. To find realis-
tic material with layer groups from table 1 we searched the
list [41] of 3D layered materials, synthesis of which has been
reported in the literature. In the table 3 we listed potential
material candidates with symmetry groups allowing the pre-
dicted peculiar dispersions. These are laboratory fabricated
3D crystals with layered structures, which could be easily or
potentially exfoliated into layers.

It is interesting to single out our group-theoretical findings
indicated that dispersions (3.1) are not preserved when SOC is
neglected, except for the LDG 33, which supports FT disper-
sion also in that case [29]. Inclusion of SOC moves FT from
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Table 3. Material candidates: layered systems with symmetry groups hosting
the dispersions (3.1). Layer and corresponding space groups are listed for
materials given by a formula and materials project ID. Abbreviations EE and PE
stand for easily and potentially exfoliable, respectively, according to [41].

Layer group Space group Formula ID EE/PE
21 p212,2 18 P2,2,2 As»SO¢ mp-27230 EE
MgMoTeOg¢ mp-1210722 EE
25 pba2 32 Pba?2 Au;ySe, O mp-28095 EE
R6252013—I mp—974650 EE
28 pm2,b 26 Pmc2, TIPs mp-27411 EE
KO,H4F mp-983327 PE
NaGe;P; mp-1104707 PE
29 pb2\m 26 Pmc2, WO,Cl, mp-32539 EE
32 pm2in 31 Pmn2, CuCOCl1 mp-562090 EE
33 pb2ia 29 Pca2, BilO4 mp-1191266 PE
KPSeq mp-18625 EE
58 pA2im 113 P42,m LiReO,F4 mp-554108 EE
(a) -08
E
Q
8 a2f
14
r Y S r X Y
il (b) -08
Figure 3. Crystal structure of BilO4 mono-layer: elementary cell
(left) and a part of layer (right). S
Q
>
BZ corners to the Y-point. The material BilO4 belongs to cor- =
responding space group 29 and has layers parallel tothey =0  § 2 %
plane. Consequently, it should exfoliate to layer group 33 so
we choose it for further DFT investigations, as an example of
achievements of our theory. Since IRs from table 1 are the only s Y S

extra IRs in these BZ points, the dispersions (3.1) are unavoid-
able for crystals with symmetry of these groups. On the other
hand, the position of Fermi level cannot be determined solely
by symmetry arguments, nor it can be guaranteed that no other
bands cross or touch the Fermi level.

We determined crystal (figure 3) and band structure
(figure 4) of BilO4 mono-layer configuration using DFT cal-
culations: full relaxation and bands calculations were per-
formed by QUANTUM ESPRESSO software package [42],
full relativistic PAW pseudopotentials [43, 44], with the
Perdew—Burke—Ernzerhof exchange—correlation functional
[45]. The energy cutoff for electron wavefunction and charge
density of 47 Ry and 476 Ry were chosen, respectively. The
band structures were found in 500 k-points on selected path,
and 2500 k-points for 2D band structure plots in the vicinity of
HSPs.

Crystal structure of mono-layer is shown in figure 3. It
belongs to rectangular lattice of the group 33, with nearly equal
a; = 0.566nm and a, = 0.575nm. Band structure of BilO4

Figure 4. Band structure of BilO4 mono-layer without SOC (top)
and with SOC (bottom), with insets showing magnified FT and split
FT dispersions. The Fermi level is set to zero eV.

mono-layer with and without SOC is shown in figure 4. It
turns out that the system is insulating in undoped and ungated
regime. The closest to Fermi level FT state is at —0.9 eV.
When SOC is neglected energy at the point § is eightfold
degenerate (including spin), which gives electron filling of 8n
that is necessary for insulating systems [40]. With inclusion of
SOC the eightfold spinfull degeneracy at S is lifted, but sets
of eight non-degenerate bands each, form cat’s cradle struc-
ture along I'X line, as predicted in reference [46]. This gives
again electron filling of 8n [46, 47]. Our electron filling of 184,
derived from DFT calculations, is indeed divisible by 8. Elec-
tron filling for DLG 33 prevents FT to be the only dispersion at
the Fermi level, while for remaining groups in table 1 the filling
condition necessary for Fermi surface consisting of isolated
points is v = 4n + 2.
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Figure 5. Band structures of BilO4 mono-layer without and with
SOC near points S and Y. Inclusion of SOC turns FT dispersion into
nodal lines in S, and degenerate Dirac line into FT in Y.

Behavior of FT states with inclusion of SOC is shown in
figure 5. In non-SOC case, two pairs of Dirac lines meet at the
point S and form the FT states. SOC splits eightfold degenerate
band at S into four double degenerate ones. Near point ¥, SOC
splits fourfold spinfull degenerate Dirac line into one FT state.
Since SOC strength is proportional to the fourth power of the
atomic number [48], heavy elements in the material induced
observable splitting.

4. Conclusions

Characterized by band crossings (touching) points (lines)
at Fermi level from which energies disperse linearly, nodal
metals/semimetals take an important role in investigations
of various topological properties of crystals. Among them,
symmetry-enforced ones represent a class of materials host-
ing such dispersions in HSPs due to increased degeneracy.
In the language of group theory, while the spinless case
is described by the ordinary group of geometrical trans-
formations, the spinfull situation, when system is robust
on spin—orbit perturbation, needs double groups. Additional
inclusion of TRS leads to gray magnetic ordinary or dou-
ble group. The increased degeneracy of energy is enabled by
higher dimensional allowed irreducible (co)representations of
the corresponding underlying crystal symmetry.

New fermions in 2D materials revealed by application
of full gray double layer group symmetry contribute to the
interesting physical phenomena of layered systems: two new
types of dispersions beyond Dirac, PF and FT, accompany the
fourfold degeneracy of bands in high-symmetry points. Our
findings single out list of twelve nonsymmorphic and non-
centrosymmetric layer groups that support such unusual lin-
ear electronic dispersions. As the method is not based on the
topological mechanism (invoking nonsymmorphic symmetry),
the result is general, verifying a posteriori the necessity of
nonsymmorphic elements for the considered dispersions. Pro-
viding this list, numerical simulations aimed to find material
realizations of the peculiar dispersions are facilitated, which is
of a great importance to achieve corresponding physical prop-
erties. PF dispersion occurs in ten groups; in particular, there

are single isolated HSP hosting it in the groups p2,2,2, pba2
(point S), pm2n, pb2n (Y), and p42,2, pdbm, p2121m, pzle
(M), while the groups pm2b and pb2b have two such points
(Y, S). On the other hand, the FT type of dispersion in the group
pb2,a is hosted in single (Y), and in the group pb2;m in two
HSPs (Y, S).

Particularly interesting are groups pb2,a, supporting FT
dispersion both with and without SOC, as well as pba2 and
pAbm, which are also wallpaper groups, preserved even when
perpendicular, homogenous electric field is applied (e.g. due to
gating). Moreover, coexistence of degenerate point and lines
at the same energy in FT dispersion may lead to some new
phenomena. FT dispersion has constant contribution to DOS,
manifested as a plateau nearby zero energy in FT. This may be
important in technological applications, especially when elec-
tron and/or spin transport are looked for, like materials for solar
cells [49], spintronic etc. On the contrary, PF dispersion, simi-
larly to Dirac ones, contributes by linear DOS with no states on
zero energy. It has both isotropic and anisotropic forms which
may be continuously transformed into each other by crystal
deformations.

Our numerical calculations show that layered BilO4 3D
crystal, exfoliates to stable mono-layer having a symmetry
group from our list. Band structure of BilO4 mono-layer con-
firms theoretical prediction, but further efforts are necessary in
order to place the Fermi level at right energy.

Acknowledgments

Authors VD, AS and JP acknowledge funding provided by the
Institute of Physics Belgrade, through the Grant by the Min-
istry of Education, Science and Technological Development
of the Republic of Serbia. NL, BN and MD were supported
by the Serbian Ministry of Education, Science and Techno-
logical Development under Project Number OI171035. DFT
calculations were performed using computational resources at
Johannes Kepler University, Linz, Austria.

ORCID iDs

V Damljanovi¢ @ https://orcid.org/0000-0001-7517-6439
N Lazi¢ © https://orcid.org/0000-0002-3634-0301

A Solaji¢ @ https://orcid.org/0000-0002-0553-0858

J Pesi¢ (@ https://orcid.org/0000-0002-8600-7187

B Nikoli¢ @@ https://orcid.org/0000-0002-7241-3248

M Damnjanovi¢ @ https://orcid.org/0000-0003-2806-253X

References

[1] Gupta S, Kutana A and Yakobson B I 2018 Dirac cones and
nodal line in borophene J. Phys. Chem. Lett. 9 2757-62

[2] Zhang Y, Kang J, Zheng F, Gao P-F, Zhang S-L and Wang L-W
2019 Borophosphene: a new anisotropic Dirac cone mono-
layer with a high Fermi velocity and a unique self-doping
feature J. Phys. Chem. Lett. 10 6656—63

[3] Zhang L Z, Wang Z F, Wang Z M, Du S X, Gao H-J and Liu. F
2015 Highly anisotropic Dirac fermions in square graphynes
J. Phys. Chem. Lett. 6 295962


https://orcid.org/0000-0001-7517-6439
https://orcid.org/0000-0001-7517-6439
https://orcid.org/0000-0002-3634-0301
https://orcid.org/0000-0002-3634-0301
https://orcid.org/0000-0002-0553-0858
https://orcid.org/0000-0002-0553-0858
https://orcid.org/0000-0002-8600-7187
https://orcid.org/0000-0002-8600-7187
https://orcid.org/0000-0002-7241-3248
https://orcid.org/0000-0002-7241-3248
https://orcid.org/0000-0003-2806-253X
https://orcid.org/0000-0003-2806-253X
https://doi.org/10.1021/acs.jpclett.8b00640
https://doi.org/10.1021/acs.jpclett.8b00640
https://doi.org/10.1021/acs.jpclett.8b00640
https://doi.org/10.1021/acs.jpclett.8b00640
https://doi.org/10.1021/acs.jpclett.9b02599
https://doi.org/10.1021/acs.jpclett.9b02599
https://doi.org/10.1021/acs.jpclett.9b02599
https://doi.org/10.1021/acs.jpclett.9b02599
https://doi.org/10.1021/acs.jpclett.5b01337
https://doi.org/10.1021/acs.jpclett.5b01337
https://doi.org/10.1021/acs.jpclett.5b01337
https://doi.org/10.1021/acs.jpclett.5b01337

J. Phys.: Condens. Matter 32 (2020) 485501

V Damljanovi¢ et al

[4] Fang C, Gilbert M J, Dai X and Andrei Bernevig B 2012
Multi-Weyl topological semimetals stabilized by point group
symmetry Phys. Rev. Lett. 108 266802

[5] Young S M and Kane C L 2015 Dirac semimetals in two
dimensions Phys. Rev. Lett. 115 126803

[6] van Miert G and Smith C M 2016 Dirac cones beyond the hon-
eycomb lattice: a symmetry-based approach Phys. Rev. B 93
035401

[7] WangJ 2017 Antiferromagnetic Dirac semimetals in two dimen-
sions Phys. Rev. B 95 115138

[8] Kim J, Baik S S, Jung S W, Sohn Y, Ryu S H, Choi H J, Yang
B-J and Kim K S 2017 Two-dimensional Dirac fermions pro-
tected by space-time inversion symmetry in black phosphorus
Phys. Rev. Lett. 119 226801

[9] Young S M and Wieder B J 2017 Filling-enforced magnetic
Dirac semimetals in two dimensions Phys. Rev. Lett. 118
186401

[10] Kawarabayashi T, Aoki H and Hatsugai Y 2019 Topologically
protected doubling of tilted Dirac fermions in two dimensions
Phys. Status Solidi B 256 1970025

[11] Maiies J L 2012 Existence of bulk chiral fermions and crystal
symmetry Phys. Rev. B 85 155118

[12] Damljanovi¢ V and Gaji¢ R 2016 Existence of Dirac cones in
the Brillouin zone of diperiodic atomic crystals according to
group theory J. Phys.: Condens. Matter 28 085502

[13] Damljanovi¢ V and Gaji¢ R 2016 Addendum to existence of
Dirac cones in the Brillouin zone of diperiodic atomic crys-
tals according to group theory J. Phys.: Condens. Matter 28
439401

[14] Park S and Yang B-J 2017 Classification of acciden-
tal band crossings and emergent semimetals in two-
dimensional noncentrosymmetric systems Phys. Rev. B 96
125127

[15] Wieder B J, Bradlyn B, Wang Z, Cano J, Kim Y, Kim H-S D,
Rappe A M, Kane C L and Andrei Bernevig B 2018 Wallpa-
per fermions and the nonsymmorphic Dirac insulator Science
361 246-51

[16] Wieder B J, Kim Y, Rappe A M and Kane C L 2016 Double
Dirac semimetals in three dimensions Phys. Rev. Lett. 116
186402

[17] Bradlyn B, Cano J, Wang Z, Vergniory M G, Felser C, Cava
R J and Andrei Bernevig B 2016 Beyond Dirac and Weyl
fermions: unconventional quasiparticles in conventional crys-
tals Science 353 aaf5037

[18] Zhu Z, Winkler G W, Wu QuanS, Ju L and Alexey A 2016
Soluyanov. Triple point topological metals Phys. Rev. X 6
031003

[19] Wang Z, Alexandradinata A, Cava R J and Andrei Bernevig B
2016 Hourglass fermions Nature 532 189-94

[20] Lv B Q et al 2017 Observation of three-component fermions
in the topological semimetal molybdenum phosphide Nature
546 627-31

[21] Barik R K, Shinde R and Singh A K 2018 Multiple triple-point
fermions in Heusler compounds J. Phys.: Condens. Matter
30 375702

[22] Yang Y et al 2019 Topological triply degenerate point with
double Fermi arcs Nat. Phys. 15 645-9

[23] MaJ et al 2017 Experimental evidence of hourglass fermion in
the candidate nonsymmorphic topological insulator KHgSb
Sci. Adv. 31602415

[24] Wang S-S, LiuY, YuZ-M, Sheng X-L and Yang S A 2017 Hour-
glass Dirac chain metal in rhenium dioxide Nat. Commun. 8
1844

[25] Singh B, Ghosh B, Su C, Lin H, Agarwal A and Bansil A 2018
Topological hourglass Dirac semimetal in the nonpolar phase
of AgyBiO3 Phys. Rev. Lett. 121 226401

[26] Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y,
Dubonos S V, Grigorieva I V and Firsov A A 2004 Electric
field effect in atomically thin carbon films Science 306 666—9

[27] Kim J et al 2015 Observation of tunable band gap and
anisotropic Dirac semimetal state in black phosphorus Sci-
ence 349 723-6

[28] Wang Z M 2014 MoS, Materials, Physics and Devices (Berlin:
Springer)

[29] Damljanovi¢ V, Popov I and Gaji¢ R 2017 Fortune teller
fermions in two-dimensional materials Nanoscale 9
19337-45 )

[30] Kopciuszynski M, Krawiec M, Zurawek L and Zdyb R 2020
Experimental evidence of a new class of massless fermions
Nanoscale Horiz. 5 679—-82

[31] Nguyen S D, Yeon J, Kim S-H and Shiv Halasyamani P 2011
BiO(I03): a new polar iodate that exhibits an Aurivillius-type
(Bi,0,)** layer and a large SHG response J. Am. Chem. Soc.
133 12422-5

[32] Cornwell J F 1984 Group Theory in Physics (New York:
Academic)

[33] Elcoro L et al 2017 Double crystallographic groups and their
representations on the Bilbao Crystallographic Server J.
Appl. Crystallogr. 50 1457-77

[34] Damnjanovic M and Milosevic I 2015 Full symmetry
implementation in condensed matter and molecular
physics—modified group projector technique Phys. Rep.
581 1-43

[35] Litvin D B and Wike T R 1991 Character Tables and Compat-
ibility Relations of the Eighty Layer Groups and Seventeen
Plane Groups (New York: Plenum)

[36] Dresselhaus M S, Dresselhaus G and Jorio A 2008 Group
Theory (Berlin: Springer)

[37] Kopsky V and Litvin D B 2002 International Tables of
Crystallography Volume E: Subperiodic Groups (Dordrecht:
Kluwer)

[38] Hahn T 2005 International Tables of Crystallography Volume
A: Space-Group Symmetry (Berlin: Springer)

[39] Burkov A A, Hook M D and Leon B 2011 Topological nodal
semimetals Phys. Rev. B 84 235126

[40] Watanabe H, Po H C, Zaletel M P and Vishwanath A 2016
Filling-enforced gaplessness in band structures of the 230
space groups Phys. Rev. Lett. 117 096404

[41] Mounet N et al 2018 Two-dimensional materials from high-
throughput computational exfoliation of experimentally
known compounds Nat. Nanotechnol. 13 246-52

[42] Giannozzi P et al 2009 QUANTUM ESPRESSO: a modular
and open-source software project for quantum simulations of
materials J. Phys.: Condens. Matter 21 395502

[43] Blochl P E 1994 Projector augmented-wave method Phys. Rev.
B 50 17953-79

[44] Kresse G and Joubert D 1999 From ultrasoft pseudopotentials
to the projector augmented-wave method Phys. Rev. B 59
1758-75

[45] Perdew J P, Burke K and Ernzerhof M 1996 Generalized gradi-
ent approximation made simple Phys. Rev. Lett. 77 3865—-8

[46] Wieder B J and Kane C L 2016 Spin—orbit semimetals in the
layer groups Phys. Rev. B 94 155108

[47] Watanabe H, Po H C, Vishwanath A and Zaletel M 2015 Fill-
ing constraints for spin-orbit coupled insulators in symmor-
phic and nonsymmorphic crystals Proc. Natl Acad. Sci. 112
14551-6

[48] Yang S A 2016 Dirac and Weyl materials: fundamental aspects
and some spintronics applications SPIN 06 1640003

[49] Boriskina S, Zhou J, Ding Z and Chen G 2018 Efficiency lim-
its of solar energy harvesting via internal photoemission in
carbon materials Photonics 5 4


https://doi.org/10.1103/physrevlett.108.266802
https://doi.org/10.1103/physrevlett.108.266802
https://doi.org/10.1103/physrevlett.115.126803
https://doi.org/10.1103/physrevlett.115.126803
https://doi.org/10.1103/physrevb.93.035401
https://doi.org/10.1103/physrevb.93.035401
https://doi.org/10.1103/physrevb.95.115138
https://doi.org/10.1103/physrevb.95.115138
https://doi.org/10.1103/physrevlett.119.226801
https://doi.org/10.1103/physrevlett.119.226801
https://doi.org/10.1103/physrevlett.118.186401
https://doi.org/10.1103/physrevlett.118.186401
https://doi.org/10.1002/pssb.201970025
https://doi.org/10.1002/pssb.201970025
https://doi.org/10.1103/physrevb.85.155118
https://doi.org/10.1103/physrevb.85.155118
https://doi.org/10.1088/0953-8984/28/8/085502
https://doi.org/10.1088/0953-8984/28/8/085502
https://doi.org/10.1088/0953-8984/28/43/439401
https://doi.org/10.1088/0953-8984/28/43/439401
https://doi.org/10.1103/physrevb.96.125127
https://doi.org/10.1103/physrevb.96.125127
https://doi.org/10.1126/science.aan2802
https://doi.org/10.1126/science.aan2802
https://doi.org/10.1126/science.aan2802
https://doi.org/10.1126/science.aan2802
https://doi.org/10.1103/physrevlett.116.186402
https://doi.org/10.1103/physrevlett.116.186402
https://doi.org/10.1126/science.aaf5037
https://doi.org/10.1126/science.aaf5037
https://doi.org/10.1103/physrevx.6.031003
https://doi.org/10.1103/physrevx.6.031003
https://doi.org/10.1038/nature17410
https://doi.org/10.1038/nature17410
https://doi.org/10.1038/nature17410
https://doi.org/10.1038/nature17410
https://doi.org/10.1038/nature22390
https://doi.org/10.1038/nature22390
https://doi.org/10.1038/nature22390
https://doi.org/10.1038/nature22390
https://doi.org/10.1088/1361-648x/aad8e1
https://doi.org/10.1088/1361-648x/aad8e1
https://doi.org/10.1038/s41567-019-0502-z
https://doi.org/10.1038/s41567-019-0502-z
https://doi.org/10.1038/s41567-019-0502-z
https://doi.org/10.1038/s41567-019-0502-z
https://doi.org/10.1126/sciadv.1602415
https://doi.org/10.1126/sciadv.1602415
https://doi.org/10.1038/s41467-017-01986-3
https://doi.org/10.1038/s41467-017-01986-3
https://doi.org/10.1103/physrevlett.121.226401
https://doi.org/10.1103/physrevlett.121.226401
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.aaa6486
https://doi.org/10.1126/science.aaa6486
https://doi.org/10.1126/science.aaa6486
https://doi.org/10.1126/science.aaa6486
https://doi.org/10.1039/c7nr07763g
https://doi.org/10.1039/c7nr07763g
https://doi.org/10.1039/c7nr07763g
https://doi.org/10.1039/c7nr07763g
https://doi.org/10.1039/c9nh00681h
https://doi.org/10.1039/c9nh00681h
https://doi.org/10.1039/c9nh00681h
https://doi.org/10.1039/c9nh00681h
https://doi.org/10.1021/ja205456b
https://doi.org/10.1021/ja205456b
https://doi.org/10.1021/ja205456b
https://doi.org/10.1021/ja205456b
https://doi.org/10.1107/s1600576717011712
https://doi.org/10.1107/s1600576717011712
https://doi.org/10.1107/s1600576717011712
https://doi.org/10.1107/s1600576717011712
https://doi.org/10.1016/j.physrep.2015.04.002
https://doi.org/10.1016/j.physrep.2015.04.002
https://doi.org/10.1016/j.physrep.2015.04.002
https://doi.org/10.1016/j.physrep.2015.04.002
https://doi.org/10.1103/physrevb.84.235126
https://doi.org/10.1103/physrevb.84.235126
https://doi.org/10.1103/physrevlett.117.096404
https://doi.org/10.1103/physrevlett.117.096404
https://doi.org/10.1038/s41565-017-0035-5
https://doi.org/10.1038/s41565-017-0035-5
https://doi.org/10.1038/s41565-017-0035-5
https://doi.org/10.1038/s41565-017-0035-5
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.59.1758
https://doi.org/10.1103/physrevb.59.1758
https://doi.org/10.1103/physrevb.59.1758
https://doi.org/10.1103/physrevb.59.1758
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevb.94.155108
https://doi.org/10.1103/physrevb.94.155108
https://doi.org/10.1073/pnas.1514665112
https://doi.org/10.1073/pnas.1514665112
https://doi.org/10.1073/pnas.1514665112
https://doi.org/10.1073/pnas.1514665112
https://doi.org/10.1142/s2010324716400038
https://doi.org/10.1142/s2010324716400038
https://doi.org/10.3390/photonics5010004
https://doi.org/10.3390/photonics5010004

Optical and Quantum Electronics (2020) 52:182
https://doi.org/10.1007/511082-020-02300-0

®

Check for
updates

Optical and mechanical properties and electron-phonon
interaction in graphene doped with metal atoms

Andrijana Solaji¢' - Jelena Pesi¢' - Rado$ Gaiji¢'

Received: 31 October 2019 / Accepted: 5 March 2020 / Published online: 14 March 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Graphene, the first experimentally realized 2D material with outstanding mechanical and
electrical properties as well an excellent optical transparency, is predicted to have many
applications in various scientific fields. Furthermore, there are numerous ways for modifi-
cations of pure graphene that allow precise tuning of its properties or observation of some
new effects, including the applied strain, various types of controlled defects, exposure to
electrical or magnetic field, or doping. It is known that graphene with alkali metal atoms
adsorbed on its surface becomes superconducting with due to enhanced electron—phonon
coupling. The question remains what happens with optical and mechanical properties of
such structures, can we preserve or enhance these superb properties while making gra-
phene superconducting at the same time. Here we investigate structures based on graphene
doped with several metal atoms—Sr, and some transition metal atoms such are Y and Sc.
Using the density functional theory, we analyze the optical and elastic properties of those
structures, discussing the influence of adsorbed atoms on these properties and calculate the
electron—phonon coupling related properties.

Keywords Graphene - DFT - Superconductivity - Electron—phonon interaction - Optical
properties - 2D materials

1 Introduction

Since the experimental discovery in 2004, graphene has been attracting enormous atten-
tion, not only as the first experimentally realised 2D material as the large scale samples, but
mostly for its many unique properties. With this wide spectra of effects, graphene was also
predicted to be suitable for various applications (Ferrari 2015; Blake et al. 2008; Todorovi¢
et al. 2015; Bonaccorso et al. 2015; Sassi et al. 2017; Liu et al. 2014). Monolayer graphene

This article is part of the Topical Collection on Advanced Photonics Meets Machine Learning.

Guest edited by Goran Gligoric, Jelena Radovanovic and Aleksandra Maluckov.

B<  Andrijana Solaji¢
solajic@ipb.ac.rs

! Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, Belgrade 11080, Serbia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-020-02300-0&domain=pdf

182 Page2of10 A.Solaji¢ et al.

formed on various metal surfaces was also extensively researched (Wintterlin and Boc-
quet 2009; Aizawa et al. 1990a, b; Taleb and Farias 2016) along with intercalation of these
supported graphene systems (Gall et al. 1997; Shikin et al. 1998; Farias et al. 1999). Up
to today, a couple of thousands papers about graphene are publicated and it is very well-
known today how special graphene is and how its characteristics can be tailored to be suit-
able for even more suitable use. But in the long list of graphene’s remarkable properties
(Katsnelson et al. 2006; Gusynin and Sharapov 2005; Castro Neto et al. 2006; Lee et al.
2008), there is one notable effect missing, the superconductivity, which is absent in pris-
tine graphene. Among many attempts to make graphene superconducting, a successful idea
came from the so-called Graphite intercalation compounds (GICs). GICs are composed
from graphite layers, with metallic atoms nested between. They were extensively studied
since the 1960s, but with discovery of the superconductivity in some of the GICs (CaC¢
with T, = 11.5K and YbCy with T, = 6.5K), an interest in those structures has raised
again. The origin of superconductivity in GICs was debated for a long time, but most sug-
gested was that the pairing mediated by electron—phonon interactions as the mechanism
(Mazin 2005; Calandra and Mauri 2005), which was later confirmed by experimental data.
As it can be observed, in all superconducting GICs there is an intercalant Fermi surface
at the Fermi level, and those electrons are strongly coupled to the phonons. As reported
in several studies, similar effects are present when going down to the thinnest limit, case
of monolayer graphene doped with alkali adatoms in a similar manner to GICs. The elec-
tron—phonon coupling constant, 4,

_ NO)D*

Mco;h ’ (D

A

is proportional to the density of states at the Fermi level and the deformational potential
D, and inversely proportional to effective atomic mass M and the frequency of the phonon
involved w,;,. As the DOS on the Fermi level in graphene is zero and slowly growing in its
vicinity, the superconductivity in pristine graphene can not be observed, similar to pristine
bulk graphite. However, the situation is changed upon doping with metallic adatoms, simi-
lar as in GICs. In the presence of adatoms, new electronic band is formed, the number of
carriers is enlarged and, if the interlayer band occurs at the Fermi level, the electron—pho-
non coupling 4 is enhanced and the coupling to carbon out-of-plane vibrations is promoted.
Besides DOS, electron—phonon coupling constant also depends on the deformation poten-
tial D, which is inversely related to the distance between the graphene and adatoms. Hence
for occurrence of the superconductivity it is favourable for adatoms to be closer to the gra-
phene plane. On the other hand, it was shown that too small distance would result in a com-
plete charge transfer between the graphene and the adatoms, so the interlayer band would
be completely empty, as is the case with the bulk LiC, where the strong confinement along
the z axis leads to interlayer band to be completely unoccupied and the superconductivity
is suppressed. In contrary, in the LiC, monolayer, the quantum confinement is removed,
resulting in partially occupied interlayer band and superconductivity with T, up to 8K.
Motivated by these results, we wanted to explore graphene doped with Sr atoms and also
with some transition metal atoms such are Sc and Y. Besides the electron—phonon proper-
ties crucial for the superconductivity, we were interested to investigate mechanical and optical
properties also in order to study effects of added adatoms, questioning can we obtain super-
conducting material and preserve this superb graphene’s properties, which would be of great
significance for many applications. Using the density functional theory, we analyse the elec-
tron—phonon interaction properties and predict the critical temperature in the framework of the
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electron—phonon coupling theory. We analyse the mechanical and optical properties of these
structures and discuss the influence of adatoms on these properties.

2 Computational details

All calculations were performed in the Quantum Espresso software package (Giannozzi
et al. 2009), in the LDA approximation, which is proven to be suitable for graphene sys-
tems and often is used. We used norm-conserving pseudopotentials, with the energy cutoff
for wavefunctions of 120 Ry, obtained with respect to the convergence test. The unit cell for
all doped graphene structures is modelled as \/5 X \/§R30° supercell of graphene unit cell,
with adatoms positioned above the centres of carbon hexagons, the so-called H-site, as it is
the most favourable site for all three atoms, according to the DFT study (Nakada and Ishii
2011). In order to avoid the interactions due to periodicity and to simulate a 2D system, the
hexagonal ¢ parameter was set to be sufficiently large, more than ¢ = 10 A. Prior to any fur-
ther calculations, the structures were relaxed to their minimum energy configuration, using the
BFGS algorithm. The dielectric function was calculated within the framework of the random-
phase approximation (RPA), as implemented in epsilon.x code of QE, on the uniform k-point
grid composed of 4096 k-points. The second-order elastic constants were calculated using the
ElaStic code. First, the strain type and strength is chosen, and for each deformation, total ener-
gies are calculated. From the second derivatives of energy curves, elastic constants are calcu-
lated. Here we used amplitudes of 7% positive and negative Lagrangian strain.

The grid for electron—phonon coupling was used up to 48 X 48 X 1 electronic k-mesh and
12 x 12 x 1 phonon-momentum mesh using the Monkhorst pack. The electron—phonon cou-
pling parameter A and the critical temperature T, are obtained with the isotropic Eliashberg
theory. The Eliashberg function is defined as

1

2 v 2

a“F(w) = |g |

N(O)Nqu nk,zq,v nk,mk+q ( )

X 8(€,1)0(€ 4. )0(0 — a);)

where N(0) is total density of states per spin, N, and N, are the total numbers of k and ¢
points. g:k,mk +q is the electron—phonon matrix element, and electron eigenvalues and the
band indexes are labelled with n and m, the wavevectors k and k + q, the phonon frequen-
cies with the mode number v and the wavevector q. From previous equation, the elec-
tron—phonon coupling coefficient is given as

® 2 /
M) =2 /0 ¢ Z(,“’)dw’ 3)

The total electron phonon coupling is obtained for @ — oo. The superconducting critical
temperature is estimated using the Allen-Dynes formula,

Tzw,og [ —1.04(1+ A) ] @

T 2P Ia - 0620 — i
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Fig.1 The structure of graphene with atoms adsorbed on H-site. On the right, top view of structure is
shown, with unit cell marked with black line

3 — 3 :
5 F Xfﬁ* 1, /
! =i ] ik
E‘DO%— \0 0
Q-] E 7_1/— 4
2 -1l
i 1 /
3+ 13t -2
-4 -4 3
r M K rr M K rr M K T

Fig.2 Electronic structure of ScCg4, YC¢ and SrCgy along I'-M-K-I" direction. Fermi level is centered on 0
eV

where u* is the screened Coulomb pseudopotential and

2 [d
@), = exp[; / EwazF(a)) log w] o)

is the phonon frequencies logarithmic average.

3 Results and Discussion

The atomic structure of SrCy, monolayer is consisted of graphene sheet covered with Sr
adatoms positioned in the H-site, as shown in Fig. 1. Upon relaxing the systems, obtained
distance between the graphene sheet and the adatom are 7 = 2.22 A for StCq, h = 2.04A
for YCq, and h = 1.76 A for ScCy. Comparing to, for example the bulk SrCq compound,
where this distance is 2.475 A, Sr atoms are closer to the graphene plane, more nested in
the centres of carbon hexagons.

The electronic structure of SrCy monolayer is discussed in details in our previous work
(§olajic’ et al. 2018). We have shown the interlayer band that is forming due to the pres-
ence of Sr atoms, positioned near the Fermi level, partially occupied. Carbon z* bands
are strongly hybridized with new adatom-derived bands and also the DOS on Fermi level
is significantly raised. Very similar are monolayers of ScCy and YC,, without almost any
qualitative difference or significant difference in position of the Fermi level. Electronic
structure of all three systems are shown in Fig. 2.

Motivated with those results, we proceeded to calculate the phonon dispersion and
electron phonon coupling. In Fig. 3 the phonon dispersion of SrC, and phonon density of
states for all structures are shown. The adatom contribution to phonon modes is marked
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Fig.3 Phonon dispersion for SrCs-mono and phonon density of states for all three structures

with red circles. The phonon dispersions do not show any negative modes and they sug-
gest that systems are dynamically stable. Similar to other metal doped graphene structures,
we can observe three distinguished regions. Lowest region belongs to adatom modes, in
the middle region are positioned carbon out-of-plane modes, and highest modes are C-C
stretching modes. Since the phonon dispersions show minor differences for all three struc-
tures, presented is only SrCq. First two modes with lowest energies (degenerated one at
~ 70cm~! and one at ~ 175 cm™") are related to pristine graphene’s acoustic modes. That
can be also seen in Fig 4. of our previous study (golajié et al. 2018), for the lowest mode
at 70cm™!, the in plane displacements of carbon atoms are like TA and LA modes, with
the adatom oscillating in opposite direction, and analogue case for the mode at 175 cm™,
related to ZA graphene mode. This splitting of ZA-like mode from the lower two is simi-
lar to the case where graphene layer is formed on metal substrates, and the gap at the I”
point is introduced due to interaction of graphene with substrate [The shift of ZA mode is
seen at 48 cm~! in graphene on Cu(111) substrate (Taleb and Farfas 2016) and at 282 cm™!
for graphene on transition-metal carbides TaC(111), HfFC(111) and TiC(111) (Aizawa et al.
1990b)]. We can consider that the splitting of the ZA-like mode can be described in a simi-
lar way, representing the interaction between the graphene and adsorbed metal atoms. The
formed gap depends on the strength of the graphene-substrate coupling and as given in the
following models. For free-standing pristine graphene, the dispersion of the acoustic ZA
mode in the vicinity of the I" point is given by Taleb et al. (2015):

W@ =/, ©6)
P2p

where p,;, = 7.6 x 1078 g/cm? is the two-dimensional mass density of graphene. Coupling
to the substrate introduces a gap at a frequency w, at the I" point and the dispersion relation
is given by Amorim and Guinea (2013)

@ = [ —at + @)

where w, = 1/g/p,p and g is the coupling strength between graphene and substrate. Fol-
lowing this model, we can approximate the similar interaction of graphene with adsorbed
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metal layer and determine the g = 0.739 x 10" N/m®. This value is significantly smaller
than for graphene on various substrates [from g = 5.7 x 10! N/m? for graphene on Cu
(Taleb et al. 2015), to the order of 2 x102! for the (111) surface of transition metal carbides
(Amorim and Guinea 2013)], as somewhat expecting given that the graphene is covered
with not so dense placed Sr metal atoms and not suspended on a real surface.

The right side of Fig. 3 shows the phonon DOS for doped graphene structures. For all
three structures, the phonon DOS is largest in the adatom region, as well in carbon in-plane
modes area. As it can be seen in Eliashberg function, presented in Fig. 4, those modes also
have significant contribution in electron—phonon coupling. The choice of adatom does not
affect the phonon density of states and, in every of three systems, largest peaks are in low
energy region and the highest ones with some minor difference in positions of peaks.

In the Eliashberg function calculated for SrCy monolayer, shown in Fig. 4, three dis-
tinguished peaks are present as expected, one from the lowest adatom-related modes, one
wide and narrow in the middle-energy region, and the highest peak at 1400-1500 cm™!
related to the carbon in-plane modes. Although the C—C stretching modes are strongly cou-
pled with electronic states at Fermi level, the A parameter is enhanced most in the low
energy region related to adatoms (= 0.18), given that it depends on the phonon energy
inversely, so the low-energy modes have largest contribution to electron—phonon coupling
constant. Comparing this to bulk SrCy compound (Calandra and Mauri 2006), we can
observe slightly softened Sr, phonon mode, giving a larger peak in Eliashberg function.
However, in the middle region, the contribution of carbon out-of-plane modes is signifi-
cantly smaller and the contribution to electron—phonon coupling is drastically lowered than
in bulk. Very similar case is reported with CaCy (Calandra and Mauri 2006; Profeta et al.
2012) where the carbon out-of-plane vibrations are similar in bulk and the monolayer case
but overall contribution to A is decreased in the monolayer. This is also an opposite to the
LiC, where the removal of confinement gives a rise to the A.

Overall electron—phonon coupling constant in SrCg-monolayer is A = 0.38, with
wy,, =280.9 cm~!. The superconducting transition temperature, estimated using the
Allen-Dynes formula with y* =0.112 is T, = 0.9K, lower than in its bulk counterpart
(3K). Both other structures have very similar electronic and phonon structure and enhanced
electron—phonon coupling is expected, with critical temperatures in similar range. Further
calculations of electron—phonon coupling parameter are needed to be confirmed.

Interested to see what happens with mechanical properties that are superb in gra-
phene, we calculated the elastic constants of our doped structures and compare them

Fig. 4 Eliashberg function with 1
integrated electron—phonon cou-
pling parameter for SrC6-mono

o, F

0 200 400 600 800 1000 1200 1400
W[cm-1]
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Fig.5 Eliashberg function with integrated electron—phonon coupling parameter for SrC6-mono

with pristine graphene, which are shown in Table 1. 2D hexagonal, square and rectangu-
lar lattices have 4 non-zero second-order elastic constants, ¢y, ¢y, ¢y, and cg, Where
due to symmetry, in case of hexagonal lattice, only two elastic constants are independ-
ent because ¢;; = ¢y, and ¢gg = %(c” — ¢y,). In this case, the Young mpdtglus and Pois-

son’s ratio are in defined according to Wei and Peng (2014) as Y = L“Cﬁ and v = Zﬂ
11

Obtained results for elastic properties of pristine graphene are overall ]in good agree-
ment with previous experimental and theoretical studies. Calculated elastic constants ¢,
and c,, are both larger than in literature (estimated to be around 350 and 60 N/m, respec-
tively), so the Young Modulus is also larger (experimentally measured to 342 N/m in
Politano et al. 2012 and 340 N/m in Lee et al. 2008). The Poisson’s ratio is however
accurately obtained to 0.19, presumably due to both ¢, and ¢,, similarly overestimated.
Pristine graphene has extraordinary large values of elastic constants and also can be
stretched up to roundly 20%. It is clearly observable that upon doping, elastic constants
drop to almost half of the pristine graphene ones, as it is somewhat expected due to
added adatoms on top of graphene surface. Still, that leaves these parameters very high
in comparison to many other similar 2D materials. Moreover, parameters such is Young
modulus remains exceptionally good. The elastic constants and Young modulus of
doped graphene structures are in range of hBN and slightly larger than SiC (Andrew
et al. 2012; Zhang et al. 2017), and still much larger than many other 2D structures,
such are MgB, (Pesi¢ et al. 2019) or silicene (Zhang et al. 2017). This possibility to

Table 1 The calculated elastic
constants, Young’s modulus Y,
Poisson’s ratio v and the shear
modulus G, for pristine graphene,

cyy Cip [ Y % G

Graphene  462.3 79.6 1914 4486  0.19 94.67

ScCq, YC,, and SrC monolayers ScCyq 244.8 37.2 103.8 2392 0.15 103.83
SrCq 2059 333 86.3 200.5  0.16 86.26
YCq 239.7 382 100.8 2336  0.16 100.77

All parameters are given in units of N/m, except the Poisson’s ratio
which is dimensionless
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strain graphene can be also exploited for tuning superconducting properties, as previ-
ously was shown that certain types of strain can enhance the superconducting critical
temperature significantly. Pesi¢ et al. (2014).

Calculated imaginary part of dielectric function for our doped structures and pristine
graphene, for the electric field vector perpendicular to the ¢ axis, is shown in Fig. 5.
Dielectric function of pristine graphene is discussed before (Marinopoulos et al. 2004)
and we will not discuss it in details. Our calculations are in agreement with previous
theoretical as well experimental studies, showing clear peaks at 4 eV and 14 eV, origi-
nating from 7 — z* and 6 — ¢ interband transitions. The singularity at zero frequency
is present and shows metalicity of the system. Upon doping, two small differences can
be observed. First, the first peak which is in pristine graphene at 4 eV is shifted to
around 3 eV and it is lower intensity in all structures. The second peak ad 14 eV does
not change position in energy, but drops to much lower intensity in all three structures.
These lower intensities and changes in positions of the peaks can be related to Fermi
level shift and an adatom influence on z* bands. Varying the type of dopants however
does not make any significant changes in position or intensity of these peaks, except in
case of ScC, monolayer where intensity of first peak is slightly smaller than in pristine
graphene. Moreover, none of the changes in dielectric function induced by adatoms is
crucial for the quality of the optical properties and they remain superb as in pristine
graphene.

4 Conclusions

In this work we investigated the electron—phonon coupling and possibility of supecon-
ductivity in graphene doped with Sr, Y and Sc adatoms, as well their mechanical and
optical properties. The bulk SrCq which is superconducting with T, = 3K, was studied
theoretically as well experimentally. Moreover, previously studied electronic properties
predict the monolayer as good candidate for occurrence of superconductivity. Here we
expanded our research by doping with transition metals such are Sc and Y. The phonon
dispersion of systems show they are dynamically stable, with no negative frequencies
present. Using the isotropic Eliashberg theory, we calculated the total electron—phonon
coupling parameter of SrC, monolayer, A = 0.38. As in bulk SrCy compound, supercon-
ductivity is occurring, but with lower T,, which is estimated as T, = 0.9K using the
Allen—Dynes formula with y* = 0.112. Other two discussed structures have similar elec-
tronic structure and density of states, as well the phonon dispersion too and have poten-
tial to have superconducting properties with similar critical temperatures, and need fur-
ther investigation. Our calculations of elastic constants and mechanical properties show
that upon doping graphene, elastic constants and other parameters like Young modulus,
drop by half of pristine graphene’s, which is still extraordinary good in comparison to
many similar structures. Calculated imaginary parts of dielectric constants show no sig-
nificant changes other than lower intensities of the peaks and slightly shifting in energy.
This makes those structures an excellent candidates for potential applications.
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ABSTRACT: We present a detailed investigation of the crystal structure
of VI, a two-dimensional van der Waals material of interest for studies of
low-dimensional magnetism. As opposed to the average crystal structure
that features R3 symmetry of the unit cell, our Raman scattering and X-ray
atomic pair distribution function analysis supported by density functional
theory calculations point to the coexistence of short-range ordered P31c
and long-range ordered R3 phases. The highest-intensity peak, A?g, exhibits
a moderate asymmetry that might be traced back to the spin—phonon

interactions, as in the case of Crl;.

B INTRODUCTION

A well-known family of transition metal trihalides (TMTs)
MX; (X = Cr, B, or I) have received a great deal of attention
due to Fotential existence of two-dimensional (2D) ferromag-
netism, ~® which has been confirmed in Crl,.”* The similar
crystal structure and magnetic properties of Crl; and VI
fostered a belief that the same might be found in the latter. In
fact, magnetization measurements revealed the 2D ferromag-
netic nature of VI; with a Currie temperature (T.) of around
50 K> Contrary to a layer-dependent ferromagnetism in
Crl,,"' the first-principles calculations predict that ferromag-
netism in VI, persists down to a single layer,” making it a
suitable candidate for engineering 2D spintronic devices.
Resistivity measurements showed VI; is an insulator with an
optical band gap of ~0.6 eV.”"?

Whereas laboratory X-ray diffraction studies reported three
possible high-temperature VI; unit cell symmetries,”'*”"*
high-resolution synchrotron X-ray diffraction confirmed a
rhombohedral R3 space group.'” A very recently published
Raman spectroscopy study indicated that the VI; crystal
structure can be described within the C,;, point group.'> All
results agree on the existence of a phase transition at a
temperature of 79 K. However, the subtle'” structural changes
below 79 K are still under debate.

The long-range magnetic order in ultrathin 2D van der
Waals (vdW) crystals stems from strong uniaxial anisotropy, in
contrast to materials with isotropic exchange interactions
where order parameters are forbidden.'*™"* 2D vdW magnetic
materials are of interest both as examples of exotic magnetic
ordezrigzoazr}d for potential applications in spintronic technol-

Atomically thin flakes of CrCl; have a magnetic transition
temperature that is different from that of bulk crystals possibly

© 2020 American Chemical Society
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due to the different crystal structure of the monolayer and
ultrathin crystals when compared to bulk.””** Similar
observations were made on Crl; monolayers.””**** It has
been proposed” that the second anomaly in heat capacity in
bulk CrCl; arises due to regions close to the surface that host a
different crystal structure when compared to bulk;***’
however, due to the substantial mass fraction detected in
heat capacity measurements, this could also reflect differences
between the short-range order and long-range crystallographic
order of Bragg planes. The short-range order is determined by
the space group that is energetically favorable for a monolayer
or a few layers, whereas the long-range crystallographic order is
established over large packing lengths.

In this paper, we present an experimental Raman scattering
study of the bulk VI; high-temperature structure, supported by
density functional theory (DFT) calculations and the X-ray
atomic pair distribution function (PDF) analysis. The
comparison between the Raman experiment and DFT
calculations for each of the previously reported space groups
suggested that the high-temperature lattice vibrations of bulk
VI, are consistent with a P31c trigonal structure. Nine (ZAlg +
7E,) of 12 observed peaks were assigned on the basis of factor
group analysis (FGA) and DFT calculations. The PDF analysis
indicated the coexistence of two crystallographic phases at two
different interatomic distances, short-range ordered P31c and
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long-range ordered R3, as two segregated phases and/or as
randomly distributed short-range ordered P31c domains in the
long-range ordered R3 lattice. Raman data displayed a
moderate asymmetry of the Afg phonon line. This behavior
was attributed to the spin—phonon interaction, similar to the
case for Crly. The additional peaks in our spectra obey A,
selection rules and can be described in terms of overtones, as
well as the A,, silent modes “activated” by the symmetry
breaking.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

The preparation of single-crystal VI; samples used in this study is
presented elsewhere.'® For the Raman scattering experiment, a Tri
Vista 557 spectrometer was used in the backscattering micro-Raman
configuration with a 1800/1800/2400 grooves/mm diffraction grating
combination. A Coherent Ar*/Kr" ion laser with a 514 nm line was
used as an excitation source. Laser beam focusing was achieved
through the microscope objective with 50X magnification. The
direction of the incident (scattered) light coincides with the
crystallographic ¢ axis. The sample, cleaved in open air, was held
inside a KONTTI CryoVac continuous helium flow cryostat with a 0.5
mm thick window. Raman scattering measurements were performed
under high vacuum (107 mbar). All of the obtained Raman spectra
were corrected by the Bose factor. The spectrometer resolution is
comparable to the Gaussian width of 1 cm™.

PDF and wide-angle X-ray scattering measurements were carried
out in capillary transmission geometry using a PerkinElmer
amorphous silicon area detector placed 206 and 983 mm downstream
from the sample, respectively, at beamline 28-ID-1 (PDF) of National
Synchrotron Light Source II at Brookhaven National Laboratory. The
setup utilized a 74.3 keV (4 = 0.1668 A) X-ray beam.

Two-dimensional diffraction data were integrated using the Fit2D
software package.”® Data reduction was performed to obtain
experimental PDFs (Quu = 26A7") using the xPDFsuite software
package.”” The Rietveld and PDF analyses were carried out using
GSAS-II’° and PDFgui®" software packages, respectively.

Density functional theory calculations were performed using the
Quantum Espresso software package,®” employing the PBE exchange-
correlation functional®® and PAW pseudopotentials.**** All calcu-
lations are spin-polarized. The cutoff for wave functions and the
charge density were set to 48 and 650 Ry, respectively. The k-points
were sampled using the Monkhorst—Pack scheme, ona 6 X 6 X 6 I'-
centered grid for R3 and C2/m structures and a 12 X 12 X 8 grid for
the P31c structure. Optimization of the lattice parameters and atomic
positions in the unit cell was performed until the interatomic forces
were <107% Ry/A. To obtain more accurate lattice parameters,
treatment of the van der Waals interactions is included using the
Grimme-D2 correction. The correlation effects are treated with the
Hubbard U correction (LDA+U), using a rotationally invariant
formulation implemented in QE,*® where U = 3.68 V. Band structure
plots are calculated at 800 k-points on the chosen path over high-
symmetry points. Phonon frequencies were calculated with the linear
response method, as implemented in the -honon part of Quantum
Espresso.

B RESULTS AND DISCUSSION

The first reported results for VI;, dating from the 1950s,
indicated that VI; adopts a honeycomb layer-type Bil,
structure described with space group R3, which is a structure
common in TMTs, also found in the low-temperature phase of
CrI3.6’40

There have been several proposed unit cell symmetries for
VI, in the literature: R3,'*'* C2/m,"* and P31c.” Schematic
representations of the P31c, R3, and C2/m crystal structures
are depicted in Figure 1. The corresponding crystallographic
unit cell parameters, previously reported, are listed in Table 1.

37-39

ol0oV

Figure 1. Schematic representation of the high-temperature (a) P31,
(b) R3, and (c) C2/m structures of VI;. Black solid lines represent
unit cells.

Each of the suggested symmetries implies a different
distribution of Raman active modes.

According to FGA, eight (44, + 4E,), 11 (34,, + 8E,), and
12 (64, + 6B,) Raman active modes are expected to be
observed in the light scattering experiment for R3, P31c, and
C2/m crystal structures, respectively. Wyckoff positions,
irreducible representations, and corresponding tensors of
Raman active modes for each space group are listed in Table 2.

The first step in determining the crystal symmetry from the
light scattering experiment is to compare the expected and
observed Raman active modes, shown in Figure 2. The red
solid line represents the spectrum measured in the parallel
polarization configuration, whereas the blue line corresponds
to the cross polarization configuration. Five of 12 observed
peaks emerge only in parallel, whereas five peaks and a broad
peak-like structure can be observed for both polarization
configurations. The emergence of the 123.4 cm™ peak in the
cross polarization can be understood as a “leakage” of the A?g
mode due to a possible finite ¢ axis projection and/or the
presence of defects.

Now the peaks that appear only for the parallel polarization
configuration can be assigned as either A}, or A, symmetry
modes, assuming the light polarization direction along the
main crystal axis of the C2/m structure for the later. On the
basis of the FGA for possible symmetry group candidates, the
remaining Raman active modes can be either of E, or B
symmetry. The selection rules (Table 2) do not allow
observation of the B, symmetry modes for the parallel
polarization configuration. Consequently, the peaks that can
be observed in both scattering channels were recognized as E,
modes. The absence of B, modes in the Raman spectra rules
out the possibility of the AICl, type of structure (space group
C2/m). Two possible remaining crystal symmetries (R3 and
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Table 1. Previously Reported Experimental and Calculated Unit Cell Parameters for P31c, R3, and C2/m Structures of VI,

P31¢ R3 C2/m

caled exp.” caled exp.”” caled exp.'*
a (A) 6.87 6.89(10) 6.69 6.89(3) 7.01 6.84(3)
b (A) 6.87 6.89(10) 6.69 6.89(3) 12.14 11.83(6)
¢ (A) 13.224 13.289(1) 19.81 19.81(9) 7.01 6.95(4)
a (deg) 90 90 90 90 90 90
B (deg) 90 90 90 90 109.05 108.68
7 (deg) 120 120 120 120 90 90
cell volume (A%) 559.62 547.74(10) 767.71 814.09(8) 563.33 533.66(36)

Table 2. Wyckoff Positions of Atoms and Their Contributions to the I'-Point Phonons for the R3, C2/m, and P31c¢ Structures

and the Raman Tensors for the Corresponding Space Groups

space group P31c

space group R3

space group C2/m

atom
V (3a)
V (6¢)
1(180)

irreducible representation
Ay + Ay + E;+E,
Age + Ay, + E;+ E,

3Aj, + 3Ay, + 3Ay + 34y, + 6E; + 6F,

d e d

atom
V (4g)
I (4i)
1(8))

irreducible representation
A+ A, + 2B, + 2B,
2A,+ A, + B, + 2B,
34, + 3A, + 3B, + 3B,

irreducible representation

A+ A +E +E,
34, + 3A, + 3E, + 3E,

—c —f e
Ey=|-c —d e B=|¢e f
—f e f

oellegAf “‘

T=300 K
7=100 K \
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Figure 2. Raman spectra of the high-temperature VI; single-crystal
structure measured in parallel (red solid line) and cross (blue solid
line) polarization configurations at 100 K. Peaks observed in both
spectra were identified as E, modes, whereas peaks observed only in
the red spectrum were assigned as Aj, modes. Additional peaks that
obey pure A;, symmetry are marked as P1—P3.
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P31c) are difficult to single out on the basis of the Raman data
symmetry analysis alone. To overcome this obstacle, the DFT
method was applied for each of the suggested structures.

It was reported in the literature that P31¢ VI, can have two
possible electronic states”'**'™* that both can be obtained
using DFT+U calculations by varying the smearing and mixing
parameters. This approach resulted in a Mott-insulator state
having a lower energy making it the electronic ground state of
VI;. However, the total energy difference of these two states is
small and will not be mentioned further because it is outside of
the scope of our analysis. For the sake of completeness, both
sets of phonon energies obtained through DFT calculations for
these electronic states of the P31¢ structure are listed in Table
3 together with the results for the R3 and C2/m space groups
as well as the experimental results measured at 100 K.

Now one can see that, even though the Raman mode
symmetries for the case of the R3 crystal structure can describe
our Raman spectra, there is a stronger mismatch in calculated
and experimentally determined phonon energies when
compared to the results obtained for the P31c structure. The
deviation is largest for the calculated A, mode. The closest
mode in energy, which obeys the same symmetry rules as the
calculated A} o is a peak at ~64.1 cm™', yielding a deviation of
~30%. Also, the calculated energy of the A4 mode could not be
identified within our spectrum, with the closest experimental
A, peaks being within 20%. Such deviation in theory and
experiment, >20%, indicates that the room-temperature
phonon vibrations in VI; do not originate predominantly
from the Bily structure type either, leaving P31c as the only
candidate. This indication is further reinforced by the inability
to connect the experimentally observed E, modes at ~77 and
~86 cm™! with the R3-calculated modes.

Our experimental data (Table 3) are mostly supported by
the phonon energies obtained for possible electronic states of
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Table 3. Comparison between Calculated Values of Raman Active Phonon Energies for Insulating and Half-Metallic States of
the P31c Structure and Expenmentally Obtained Values (left)” and Phonon Symmetries and Calculated Phonon Energies for

the R3 and C2/m Structures of VI,”

space group P31c

space group R3

space group C2/m

symmetry caled (cm™?) caled (cm™?) exp. (ecm™)
E 17.2 15.2 -
A;I_g (silent) 35.0 56.8

By 62.2 61.6 59.8
A3, (silent) 69.4 72.3

B} 74.1 75.9 77.2
A, 833 84.2

E} 84.9 86.6 86.7
E; 91.5 98.4 952
A3, (silent) 922 96.3

E 974 108.3 100.4
A, 113.2 119.3 116.8
A3, 117.1 123.9 1234
A3, (silent) 121.3 147.8

E] 1322 151.9 c
Ey 149.4 166.9 c
A3, (silent) 185.9 212.1

symmetry caled (em™) symmetry caled (em™)
Ey 452 Ay 58.1
E; 69.9 By 60.0
Ay 99.3 A 82.7
E; 99.8 B} 82.9
A 10S.1 A} 85.7
A 135.5 B} 88.9
A} 167.9 A} 99.3
E} 176.8 By 99.3
Ay 1223
By 149.9
BS 161.0
AS 164.0

“The experimental values were determined at 100 K. The experimental uncertainty is 0.3 cm™

text for an explanation.

1. YAl calculations were performed at 0 K. “See the

the P31c trigonal structure with deviations of around 10% and
15%. Nine of 11 Raman modes were singled out and identified,
with E being not observable in our experimental setup due to
its low energy. The Alg mode might be missing due to its low
intensity and/or the finite spectrometer resolution. The most
striking was the observation of the broad feature at ~180 cm™,
persisting up to 300 K in both scattering channels. Whereas its
line shape resembles those of the two-magnon type of
excitation, we believe that scenario is unlikely for a
ferromagnetic material. The energy region where the feature
was observed may also suggest the possibility of a two-phonon
type of excitation. However, their scattering cross sections are
usually small and dominated by overtones, thus mostly
observed for the parallel scattering configuration.*> For
example, such an excitation was observed at ~250 cm™'
(Figure 2). Finally, the observed feature also falls into the
energy region where, as suggested by the numerical
calculations, observation of the E; and E modes is expected.
We believe that it is actually a complex structure comprising E7
and E8 Raman modes, significantly broadened by the spln—
phonon interaction, that is particularly strong on these phonon
branches. The proximity of the two very broad, presumably
asymmetric peaks hampers their precise assignment.

Closer inspection of other Raman peaks revealed that some
of them also exhibit an asymmetric line shape. To further
demonstrate this virtue, we have quantitatively analyzed the
highest-intensity peak, Alg, using the symmetric Voigt line
shape and convolution of a Fano profile and a Gausian.**~*
The asymmetric line shape (with a Fano parameter of gl =
12.3) gives a slightly better agreement with the experimental
data, as depicted in Figure 3. Considering that the observed
asymmetry in similar materials was shown to reflect the spin—
phonon interaction,"®*” we propose it as a possible scenario in
VI, as well.

Our findings, based on the inelastic light scattering
experiments, at first glance differ from those presented in ref
10. To resolve this discrepancy, we used synchrotron X-ray
Rietveld and PDF analysis. Typically, the short-range order
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Figure 3. Quantitative analysis of the A3 ig mode. The blue solid line
represents the line shape obtained as a convolution of the Fano line
shape and the Gaussian, whereas the green one represents a Voigt

profile fitted to experimental data (00). For details, see refs 44 and 4.

(SRO) contributes to diffuse scattering under the long-range
order (LRO) Bragg peaks when they coexist. Because the
diffuse scattering is subtracted as part of the background in the
Rietveld refinement, this method is more sensitive to the
average structure of materials. In contrast, PDF analysis is
performed on the sine Fourier transform of the properly
corrected diffraction patten, including both Bragg and diftuse
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components. PDF is a real space function that provides a
histogram of interatomic distances, which contain information
regarding all length scales.”*™>' The 110 and 11-30 A PDF
length scales are more sensitive to SRO and LRO, respectively.
For the VI; system, the best Rietveld fit was obtained using the
R3 space group (Figure 4a), in agreement with that previously

500
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Figure 4. Best structural model fits to diffraction data. (a) Rietveld fit
using the R3 space group with black vertical bars indicating calculated
peak positions. (b) PDF fit using the R3 space group. (c) Two-phase
PDF fit using R3 and P31c space groups to fit LRO and SRO,
respectively. Black dots (XRD) and blue dots (PDF) represent
experimental data, and red solid lines represent the model-based fits.
The fit residues are shown at the bottom of each plot.

observed."” Not surprisngly, LRO obtained from the Rietveld
refinement showed a good agreement on the PDF length scale
of 10—30 A. However, the R3 space group gave a poor fit on
the length scale of 1.5—15 A with refined 51 to account for
correlated motion (Figure 4b). In contrast, P31c gave a better
fit to SRO, but a poor fit to LRO. The best PDF fits were
obtained by refining a weighted two-phase structural model
containing ~25 wt % SRO P31c and ~75 wt % LRO R3
phases. The refined correlation length of the SRO is ~15-20
A (Figure 4c). These results suggest two possible seanarios:
(1) coexistence of two segregated phases, LRO R3 and SRO
P31, and (2) randomly distributed short-range ordered P31c
domains in the long-range ordered R3 lattice. A detailed
structural analysis is required to pinpoint scenario 1 and/or 2,
which is beyond the scope of this work.

In addition to the peaks already assigned to I'-point Raman
active phonons of the P31c crystal structure (Table 2), three
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additional peaks at 642 cm™ (P1), 110.1 ecm™ (P2), and
220.6 cm™" (P3) are observed (see Figure 2). According to the
results of DFT, energies of these modes correspond well to
those calculated for silent A%g, Agg, and Agg modes. Their
observability in Raman data may come from the release of the
symmetry selection rules by breaking of the (translation)
symmetry as suggested by the PDF in both scenarios.”” >
However, as previously discussed, these peaks obey Aj,
selection rules, indicating the possibility for them to be
overtones in nature. In this less likely scenario, the phonon—
phonon coupling is enhanced by the spin—phonon interaction
and/or by the structural imperfections, thus enhancing the
Raman scattering rate for the two-phonon processes.*> Hence,
the observed Raman modes reflect the symmetry of phonon
vibrations related to the SRO.**" It is interesting to note that,
besides a possible short-range crystallography that is different
from the average, VI; might also feature short-range magnetic
order above 79 K.'*

B CONCLUSION

In summary, room-temperature phonon vibrations of VI; stem
from the P31c symmetry of the unit cell. The PDF analysis
suggested the coexistence of two phases, short-range ordered
P31c and long-range ordered R3, as two segregated phases
and/or as randomly distributed short-range ordered P31c
domains in the long-range ordered R3 lattice. Nine of 12
observed peaks in the Raman spectra were assigned in
agreement with P31¢ symmetry calculations. Three additional
peaks, which obey A}, symmetry rules, could be explained as
either overtones or as activated A, silent modes caused by a
symmetry breaking. The asymmetry of one of the A;, phonon
modes, together with the anomalous behavior of Ej and EE,
indicates strong spin—phonon coupling, which has already
been reported in similar 2D materials.**>*
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1 | INTRODUCTION

Considerable progress has been made in the field of
material science through developing new materials and
revealing their properties in the last decade. Namely, in
the recent years, large family of van der Waals materials
with inherent magnetism became the focus of experimen-
tal and theoretical research, because they seem suitable
for numerous technical applications."”” The family
includes Fe;_,GeTe, metallic materials with high
magnetic transition temperature,’*'®!  semiconductors
CrXTe; (X = Si, Ge, Sn) and CrX; (X = Cl, Br, I) mono-
layers>'13 and heterostructures.!**

Cedomir Petrovic® |

of all analysed modes.

Bojana Visi¢' | Marko Opaé&i¢' |

Zoran V. Popovi¢'” |

We report temperature-dependent Raman scattering and magnetization stud-
ies of van der Waals ferromagnetic compound CrSiy gGey;Tes;. Magnetic sus-
ceptibility measurements revealed dominant ferromagnetic interactions
below T which shift to the lower values due to the presence of vacancies.
A Raman active mode, additional to the ones predicted by symmetry in the
parent compounds, has been observed. This A, symmetry mode most likely
emerges as a consequence of the atomic vacancies on Si/Ge site. Presence of
the strong spin-phonon coupling at temperature around 210 K is indicated

by deviations from conventional phonon self-energy temperature dependence

magnetism, phonons, raman spectroscopy, van der Waals materials

CrSiTe; and CrGeTe; are ferromagnetic (FM) semi-
conductors with band gap of 0.4 and 0.7eV and Curie
temperatures (Tc) of 32 and 61 K, respectively.['> 18! Twin-
ing of CrSiTe; single crystals along c-axes was revealed by
X-ray diffraction experiment as well as Cr** ions magnetic
order.I'® Recently, through high-resolution angle-re-
solved photoemission spectroscopy (ARPES), it was possi-
ble to identify full electronic structure near the Fermi
level. Due to spin-orbit coupling, CrSiTe; is a Mott-type
FM insulator.l*! Electronic structure of CrGeTes single
crystals was also investigated by ARPES."?! It was shown
that the low-lying valence bands are centred around the I
point and are mainly formed from Te 5p orbitals.

J Raman Spectrosc. 2020;51:2153-2160.
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Raman scattering studies of CrSiTe; reveal strong
spin-lattice coupling in the paramagnetic phase!'>?!! as a
consequence of a short-range magnetic order in this com-
pound. In addition to renormalization of energies and
linewidths of observed Raman active modes, coupling of
doubly degenerate E, mode with magnetic continuum
was found.”" The coupling results in an asymmetric
phonon line shape up to 180 K. Besides the splitting of
two low-energy E, modes in the magnetic phase of
CrGeTe; and unconventional behaviour of phonon prop-
erties around transition temperature, experimental
results indicate spin-phonon coupling effect with mag-
netic quasi-elastic scattering.!?!  Pressure-dependent
Raman scattering study of CrGeTe; showed a decrease in
bond length, the deviation of Cr-Te-Cr angle, and reduc-
tion of phase transition temperature.[*!

Change of the carrier concentration plays an impor-
tant role in the physics of semiconducting materials as it
can lead to surprising physical properties. Very small var-
iations in dopant concentrations can lead to structural
modifications and considerable changes in magnetic
transition temperature. Here, we report a Raman scatter-
ing and magnetization studies of CrSipgGeg Te;. Our
scanning electron microscopy (SEM) measurements
reveal 10% of Ge atoms concentration and 10% of vacan-
cies. Vacancies induced a decrease in T, was detected
within magnetic susceptibility measurements. In the
Raman scattering results, we identified three A, and four
E, symmetry modes. Additional peak of the A, symmetry
is also observed in our spectra. This mode may be traced
to vacancies and possible inhomogeneous distribution of
Ge atoms substitution on Si atomic site at nano-scale.
Energies of modes predicted by symmetry analysis are
found between the experimental values of parent
compounds CrSiTe; and CrGeTes, reported previously in
Milosavljevi et al.? The presence of the strong
spin-phonon interaction at temperature around 210K
is indicated in small deviations from conventional
temperature-dependent behaviour of the observed modes
energies and linewidths, including additional one.

2 | EXPERIMENT AND
NUMERICAL METHOD

CrSipgGeg 1 Te; single crystals were grown as described
previously.[24] Magnetic properties were measured in a
Quantum Design MPMS-XL5 system.

SEM measurements were performed using FEI
HeliosNanolab 650. This microscope is equipped with an
Oxford Instruments energy dispersive spectroscopy (EDS)
system with an X-max SSD detector operating at 20 kV.
Measurements were performed on as-cleaved samples

deposited on a graphite tape. The elemental composition
EDS mapping was obtained on crystals that appeared to
be uniform for several tens of microns. The maps show
the presence of Cr, Ge, Te and Si.

For Raman scattering experiment, Tri Vista 557 spec-
trometer was used in the subtractive backscattering
micro-Raman configuration. The combination of gratings
was 1800/1800/2400 grooves/mm and the entrance slit of
80 um. Solid state laser with 532-nm line was used as an
excitation source. In our scattering configuration, plane
of incidence is ab-plane, where lal=Ibl (£(a,b)=120"),
with incident (scattered) light propagation direction
along c-axes. Samples were cleaved in the air before being
placed in vacuum. All measurements were performed in
high vacuum (107° mbar) using a KONTI CryoVac con-
tinuous Helium flow cryostat with 0.5-mm thick window.
Laser beam focusing was achieved using microscope
objective with x50 magnification. All spectra were
corrected for Bose factor.

Spin-polarized density functional theory calculations
were performed in Quantum Espresso software pack-
age,*! based on plane waves and pseudopotentials, using
Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional’® and projector augmented wave (PAW)
pseudopotentials.l*”?*! The cutoff for wavefunctions and
the charge density of 85 and 425 Ry were chosen, respec-
tively. The k-point were sampled using the Monkhorst-
Pack scheme, on 8 x8x 8 I' centred grid used for both
structures. Optimization of the lattice parameters and
atomic positions in unit cell was performed until the
interatomic forces were minimized down to 107° Ry/A.
Treatment of the van der Waals interactions is included
using the Grimme-D2 correction, in order to obtain the
lattice parameters more accurately. Phonon wave num-
bers were calculated within the linear response method,
as implemented in PHonon part of Quantum Espresso.

FIGURE 1
a CrSigGe 1 Te; single crystal [Colour figure can be viewed at

Energy dispersive spectroscopy (EDS) mapping on

wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

In order to investigate uniformity and elemental composi-
tion of CrSiy3GeyTe; sample, SEM measurements were
performed on as-cleaved crystals. EDS mapping presented
in Figure 1 shows that the ratio of Cr:Si:Ge:Te (averaged
over 10 measurements) is 1:0.8:0.1:3. This result reveals
the presence of 10% Ge atomic vacancies in the sample.
Figure 2a,b presents the temperature dependence of
zero-field cooling (ZFC) magnetic susceptibility y(T) = M
(T)/H measured in 1-kOe magnetic field applied parallel
to a (a) and c (b) crystallographic axes. Curie-Weiss law
x= % fit at high temperatures yields Weiss tempera-
tures 6, = 61(2) K, 6. = 70(2) K and high temperature
paramagnetic moments peg, = 4.14(2)up and peg. = 3.91
(2)up for CrSiygGe,Te;, consistent with dominant FM
interactions below T, and in line with the observed FM
T, and magnetic hystheresis loops.''>**! The approximate
T, value can be determined from the minima of the
dy/dT curves insets in Figure 2(a,b). It should be noted
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FIGURE 2 Temperature dependence of zero-field cooling
(ZFC) y=M/H for CrSiTes, CrSijgGey,Tes; and CrGeTe; in 1-kOe
magnetic field applied in-plane (a) and along the c-axis (b). Insets
show transition temperatures of ferromagnetic orders (dy/dT) and
magnetic hystheresis loops taken at 2K
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that, instead of monotonous rise, there is a weak but
discernible shift to lower temperature in dy/dT in
CrSij 3sGey ,Te; when compared with CrSiTes;. This small
reduction in FM transition temperature is likely induced
by the presence of vacancies, as suggested by the EDS
data. The presence of vacancies in this class of materials
usually disarrange magnetic exchange due to disorder
increment, which leads to the reduction of TC.[29]
Isostructural parent compounds CrSiTe; and CrGeTe;
crystallize in the rhombohedral crystal structure,
described with space group R3 (C2,).*°! According to fac-
tor group analysis, five A, and five double degenerate E,
symmetry modes are expected to be observed in the light
scattering experiment. Detailed symmetry analysis, pho-
non mode distribution and selection rules for parent
compounds (CrSiTe; and CrGeTe;) can be found in
Milosavljevic et al.? In our scattering configuration, the
plane of incidence is ab plane, where lal=Ibl
(«£(a,b) =120") (inset in Figure 3), and the direction of
incident (scattered) light propagation is along c-axes.
According to the selection rules for this scattering
configuration,m] all Raman active modes may be
observed, having in mind that A, symmetry modes can
be detected only in parallel polarization configuration.
The E, symmetry modes are expected to appear in both
the parallel and cross polarization configurations. Raman
spectra of CrSiggGep Tes, obtained by continuous change
of the angle between polarization vectors of incident and

2, 3
AZES e T=100K

Raman Intensity

e o DR TR
100 150 200 250 300 350

Wavenumber / cm

FIGURE 3 Raman spectra of CrSiy gGeg ;Tes single crystal,
measured at 100 K, as a function of angle 0, between incident and
scattered light polarization. Inset: schematic representation of the
incident and scattered light polarization with respect to the crystal
orientation [Colour figure can be viewed at wileyonlinelibrary.com]
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scattered light, 6= x(ej,es), (0°<O<90° ) at 100K, are
shown in Figure 3. It can be seen that by changing this
angle, starting from 6 = 0°, the intensities of the peaks at
energies 80.2, 1164 and 1455cm™' continuously
decrease and completely vanish for polarization angle of
90°. Therefore, these excitations obey pure A, symmetry.
On the other hand, the peaks at energies of 84.5, 88.3,
117.2 and 215.0cm™" are not influenced by change of
polarization angle, so they can be identified as E, symme-
try modes.

Here, one should note that the feature observed at
around 117cm™" in both scattering configurations is
actually a two-peak structure comprising of 116.4-cm™
Ag and 117.2-cm™ E, symmetry modes. Detailed analysis
of the structure for two scattering configurations is pres-
ented in Figure Al of Appendix. Furthermore, closer
inspection of the data revealed that peak at energy of
145.5cm ™, which obeys pure Ag symmetry, is also com-
posed of two modes, P1 (144.6 cm™") and A} (146.7 cm ™),
as shown in Figure A2 of Appendix.

Calculated optical phonon wavenumbers of the
parent compounds, CrSiTe; and CrGeTes, together with
their experimental Raman active values as well as Raman
mode energies of CrSijgGey,Tes, are compiled in Table 1.
As expected, experimental values of CrSiygGey Tes
Raman active modes are found between the values of the
observed modes in parent cornpounds.[21] Figure 4a
shows compositional evolution of the peaks with highest

T=100K

Raman Intensity

105 110 115 120 125 130
Wavenumber / cm

T —————

FIGURE A1l
symmetry modes obtained by simultaneous modelling in parallel

Decomposition of unresolved A7 and E;

and cross polarization configuration. Grey line represents the
measured data, Voigt line of A; mode is shown by green, and blue
lines represent the Eg symmetry mode in parallel (upper panel) and
cross (lower panel) polarization. The orange line is the
superposition of these two lines [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE A2 Decomposition of phonon mode in parallel

scattering configuration on two A, symmetry modes. Open circles
represent the measured data and the blue one sum of two Voigt
profile line shapes. Data modelled with one Voigt profile line shape
(orange line) deviates significantly from measured data [Colour
figure can be viewed at wileyonlinelibrary.com]

intensity, assigned as E; and Az symmetry modes in par-
ent compounds. The E; mode energy changes almost lin-
early (Figure 4b), as a consequence of change in lattice
parameters and “change of mass” effect. The observed
energy shift is followed by doubling of the linewidth,
dominantly induced by the significant crystalline disor-
der. The similar type of behaviour, with somewhat larger
increase in the linewidth, was also observed for the Ag
symmetry mode. The most striking feature was the addi-
tional A, symmetry mode (denoted as P1, see Figure A2
of the Appendix), observed in the doped sample. Gener-
ally, both the substitutional defects and vacancies may
have similar impact on the Raman modes energy and
linewidth. Here, the appearance of P1 peak can be under-
stood as a consequence of the presence of vacancies on
Si/Ge atomic site and their inharmonious distribution at
nano-scale. The mode “splitting” is detected only for the
Ag but not for other observed modes, due to the fact that
different nature of these vibrations results in different
values of energy shifts. In the case of other modes, the
difference between the shifts for corresponding domains
is smaller than the spectral resolution of the instrument
(~1.8 cm_l), and therefore, the separate modes can not
be resolved.

Figure 5 shows CrSipgGep;Tes Raman scattering
spectra measured at various temperatures. For clarity,
spectra obtained for cross polarization configuration are
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TABLE 1 Phonon symmetry, calculated (T= 0 K) and experimental (T = 100 K) Raman active phonon wavenumbers of parent

compounds CrSiTe; and CrGeTe3.|21| Experimental values for Raman active phonons of CrSij sGe,;Te; at 100 K are shown in the last
column

Raman active modes

Calculations Experiment

Symmetry CrSiTe; CrGeTe; CrSiTe; CrGeTe; CrSij 3Gey ,Te;
Ay 88.2 84.2 — — 80.2
E; 93.5 82.0 88.9 83.5 84.5
E; 96.9 90.8 — — 88.3
E; 118.3 114.2 118.2 112.2 117.2
A; 122.0 105.9 — — 116.4
A3 148.0 134.8 147.4 137.9 146.7
Ag 208.7 200.3 — — —
Eg 219.5 209.6 217.2 217.5 215.0
E; 357.4 229.8 — — —
A3 508.9 290.7 — 296.6 —

Note: All values are given in cm ™.

Wavenumber / cm ' Wavenumber / cm ! 24 5 — 9=0°
110 120 130 140 150 g =9 | 6=90°
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FIGURE 4 (a) Raman scattering spectra of E; and A; phonon FIGURE 5 Raman spectra of CrSiy sGe, 1 Tes single crystal
modes of CrSiTe; (orange line), CrSi; sGeg 1 Te; (yellow line) and measured at various temperatures. The spectra were analysed by
CrGeTe; (green line) at T = 100 K measured in cross (left panel) using multiple Voigt peak functions and a single
and parallel (right panel) scattering configuration, respectively. 2 =alw/ (T + »?) + bo function, for parallel (9 = 0°, solid
(b) Energy (grey line) and linewidth (red line) of these two coloured lines) and cross (¢ = 90°, dashed coloured lines) scattering
modes with respect to the percentage of Si atoms concentration. configuration. For clarity, higher and lower energy ranges (left and
Energy and linewidth of P1 mode are marked with black and red right panel) are multiplied by the factor of five [Colour figure can
star, respectively [Colour figure can be viewed at be viewed at wileyonlinelibrary.com|
wileyonlinelibrary.com]
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FIGURE 6 Energy and linewidth temperature dependence of
A} (a,b), A (c,d), P1 (e,f) and A} (g,h) Raman modes [Colour figure
can be viewed at wileyonlinelibrary.com]

only shown for the mid-energy range. Temperature
dependence of energies and linewidths of all the observed
A, symmetry modes, including P1, are presented in
Figure 6. By heating the sample from 100K to approxi-
mately 210 K, monotonous decrease in energy of all the
A, symmetry modes is present, dominantly driven by
thermal expansion.®" In the temperature region around
210K, these modes’ energy exhibit small deviation,
followed by a continuous decrease up to room tempera-
ture. In the same temperature region, deviation from
expected anharmonic type of behaviour is observed for
all the A, symmetry modes linewidth. This effect is more
pronounced for higher energy modes where the
anharmonicity is expected to be higher. Similar response
of analysed E, symmetry modes is present and shown in
Figure 7.

Concerning previously reported strong spin-phonon
coupling in CrSiTe;,*>*" which persists up to 180 K, we
believe that this unconventional behaviour of energies
and linewidths can be attributed to the coupling of the
phonon modes to the spin system.'*?! Due to the doping
and presence of vacancies, strong magnetic correlations
in CrSijgGey 1 Te; are sustained up to 210 K.
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FIGURE 7 Energy and linewidth temperature dependence of
E; (a,b), E; (c,d) and E; (e,f) symmetry modes [Colour figure can
be viewed at wileyonlinelibrary.com]

4 | CONCLUSIONS

In summary, we presented temperature-dependent
Raman scattering and magnetization studies of doped
van der Waals ferromagnet CrSiygGey Te;. SEM mea-
surements revealed the presence of 10% vacancies on
Si/Ge atomic site. As a consequence, magnetization mea-
surements detected small but clear decrease in T¢. Seven
out of 10 Raman active modes have been assigned in our
Raman spectra. Temperature dependence of all the
observed modes shows the persistence of magnetic corre-
lations up to 210 K. In addition, the results revealed the
appearance of the peak that obey pure A, symmetry,
which is attributed to the possible inhomogeneous distri-
bution of Ge atoms and vacancies at nano-scale. This
study provides an insight into the impact of doping and
presence of vacancies on magnetic and lattice properties
in this class of materials.
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APPENDIX: A DECOMPOSITION OF
UNRESOLVED MODES

Analysing the spectra of CrSiygGe Te; single crystal, in
different polarization configurations (Figure 3), in the
energy range around 117 cm ™, becomes clear that lower
energy part completely disappears in cross polarization
configuration, whereas higher energy part persists.
Enlarged part of this energy region is shown in
Figure Al, in parallel and cross polarization configura-
tion at temperature of 100 K. After simultaneous model-
ling of these spectra becomes clear that they consist of
the Ag, and Eg modes, at energies 116.4 and 117.2cm ™",
respectively. This is completely supported with theoreti-
cal calculations presented in Table 1.
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On the other hand, existence of P1 is not predicted by
theoretical calculations, as Raman active peak. Only
closer inspection and detailed analysis, presented in

Figure A2, shows that much better agreement with
experimental results gives modelling as a superposition
of two Voigt lines.
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Abstract: Magnesium diboride gained significant interest in the materials science community after the
discovery of its superconductivity, with an unusually high critical temperature of 39 K. Many aspects
of the electronic properties and superconductivity of bulk MgB, and thin sheets of MgB, have
been determined; however, a single layer of MgB, has not yet been fully theoretically investigated.
Here, we present a detailed study of the structural, electronic, vibrational, and elastic properties of
monolayer MgB,, based on ab initio methods. First-principles calculations reveal the importance of
reduction of dimensionality on the properties of MgB, and thoroughly describe the properties of this
novel 2D material. The presence of a negative Poisson ratio, higher density of states at the Fermi
level, and a good dynamic stability under strain make the MgB, monolayer a prominent material,
both for fundamental research and application studies.

Keywords: magnesium diboride; 2D materials; density functional theory

PACS: 71.15.Mb; 74.70.Ad

1. Introduction

Magnesium diboride was first synthesized and had its structure confirmed in 1953 [1]. An interest
in its properties has grown ever since 2001, when it was discovered that MgB, exhibits the highest
superconducting transition temperature T, of all metallic superconductors. It is an inter-metallic s-wave
compound superconductor with a quasi-two dimensional character [2] and a critical temperature of
superconductive transition at T, = 39 K. The experimental confirmation of the isotope effect [3] in
MgB, indicated that it is a phonon-mediated BCS superconductor. A better definition would describe
MgB; as self-doped semimetal with a crucial o-bonding band that is nearly filled [4]. The basic aspects
of the electronic structure and pairing is in a rather strong coupling of high frequency boron-boron
stretch modes to the bonding electronic boron-boron states at the Fermi surface. The phonon-mediated
mechanism with different coupling strengths between a particular phonon mode and selected electronic
bands, boron - and 7r-bands [5-13], results in the presence of two superconducting gaps at the Fermi
level. MgB, has already been fabricated in bulk, as single crystals, and as a thin film, and shows
potential for practical applications.
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The discovery of graphene in 2004 [14] sparked an interest in 2D materials and their properties.
A variety of new properties, which distinguished graphene from graphite [14-22], inspired a search
for other low-dimensional limits of layered materials and possibilities they offered. Interest in a
low-dimensional limit of MgB; has arisen in past years, showing that it is superconductive even in a
monolayer [23,24].

MgB, has a distinct layer structure, where boron atoms form a honeycomb layer and
magnesium atoms are located above the center of the hexagons, between every boron plane.
The boron layers alternate with a triangular lattice of magnesium layers. There is a noticeable
structural similarity of MgB, to graphite-intercalated compounds (GICs), some of which also exhibit
superconductivity [25-29]. Both monolayer and two-layer graphene, decorated/intercalated with
atoms of alkali and alkaline earth metals, exhibit superconductivity and have been thoroughly studied
using ab initio methods and isotropic and anisotropic Eliashberg theory [30-32].

Furthermore, a similarity in the electronic structure between GICs and MgB; exists. The peculiar
and unique property of MgB, is a consequence of the incomplete filling of two ¢ bands corresponding
to strongly covalent sp?-hybrid bonding within the graphite-like boron layers [33].

Here, we present a comprehensive study of the electronic, vibrational, and mechanical properties
of MgB, using ab initio methods, in order to provide its detail description.

2. Computational Details

MgB, has a hexagonal unit cell and consists of graphite-like B, layers stacked with the Mg
atoms in between, as shown in Figure 1. The first-principles calculations were performed within
the density functional theory (DFT) formalism, using a general gradient approximation (GGA) to
calculate the electronic structure. For all electronic and phonon structure, the Quantum Espresso
software package [34] was used with ultra-soft pseudopotentials and a plane-wave cutoff energy of
30 Ry. All calculated structures are relaxed to their minimum energy configuration, following the
internal force on atoms and stress tensor of the unit cell. We used the Monkhorst-Pack 48 x 48 x 48
and 40 x 40 x 1 k-meshes, for the calculations of the electronic structure of the MgB, bulk and MgB,
monolayer, respectively. The phonon frequencies are calculated using Density Functional Perturbation
Theory (DPFT) on the 12 x 12 x 12 and 20 x 20 x 1 phonon wave vector mesh for the bulk and
monolayer structures, respectively. In two-dimensional systems, the van der Waals (vdW) interaction
was found to play an important role on the electronic structure [35]; however, as this is study on
monolayer MgB;, we do not treat vdW interactions, especially since, in this case, the effects are
minor and including them would add additional computational costs but would not yield more

accurate results.
(a) (b)
0,8:5.8 0 . SBJN
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Figure 1. Crystal structure of the MgB, monolayer (a) and bulk MgB, (b), with a hexagonal unit cell.

Green (orange) spheres represent Boron (Magnesium) atoms. Color online.

The crystal structure of MgB, and the MgB, monolayer are presented in Figure 1. The lattice
parameters for the bulk MgB, are in agreement with the experimental results, 2 = 3.083 A and
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c¢/a = 1.142 [9]. In order to avoid an interlayer interaction due to the periodicity and to simulate a 2D
material, an artificial vacuum layer was set to be 25 A. When the monolayer is modelled, the structure
is geometrically optimized, allowing the atoms to reach a minimum potential energy state. The bond
length between neighbouring atoms remained to be 1.78 A, but the distance from the boron layer to
the Mg atoms changed from it = 1.76 A to h = 1.60 A.

For the molecular dynamics (MD) study, the Siesta code was utilized [36]. The super-cell is
built by repeating the unit cell three times in both in-plane directions, whereas the lattice vector
in the perpendicular direction is 15 A, providing a large enough vacuum space between the 2D
material and its periodic replica in order to avoid their mutual interaction. The lattice parameters
and the geometry of the unit cell are initially optimized using the conjugate gradient method.
The Perdew-Burke-Ernzerhof form of the exchange-correlation functional [37], the double-zeta
polarized basis set, and the Troulier-Martins pseudopotentials [38] were used in all MD calculations.

The second-order elastic constants were calculated using the ElaStic software package [39]. First,
the direction is projected from the strain tensor and total energies for each deformation are calculated.
Elastic constants are then calculated using the second derivatives of the energy curves, dependent on
the parameter 7. In our calculations, the maximum positive and negative amplitudes of 5% Lagrangian
strain were applied, with a step of 0.1%.

For the 2D square, rectangular, or hexagonal lattices, the non-zero second-order elastic constants,
in Voigt notation, are c11, ¢, 12, and cgs. Due to symmetry, in hexagonal structures c1; = cp and
Cop = %(611 — ¢12); s0, we have 2 independent elastic constants. The layer modulus, which represents
the resistance of a 2D material to stretching, is given as

1
Y= 1(011 + 0 + 2c12).

The 2D Young modulus Y for strains in the (10) and (01) directions, Poisson’s ratio v and the shear
modulus G are obtained from the following relations,
2

2
C74 —C C
y=-"11_"12 12 g

C11 C22

Units for elastic constants and those parameters are N/m.

3. Results and Discussion

In order to determine the stability of a single layer of MgB,, we perform MD simulations based on
DEFT and the super-cell approach. Besides the system with optimized (pristine) lattice parameters, we
also consider a biaxially stretched system (up to 3% of tensile strain) and biaxially compressed system
(up to 5% of compressive strain). The MD simulations are conducted in the range of temperatures
between 50-300 K, with a step of 50 K, using the Nosé-Hoover thermostat [40].

Figure 2a shows the average distance between Mg and B atomic layers, as evolved over a time of
1 ps. Throughout the simulation time, there is no further evolution of the z-coordinate and the Mg
atom shows only oscillatory movement around the equilibrium positions (as is shown in Figure 2)
Importantly, the separation indicates that the Mg atoms do not leave the surface of the MgB, crystal.
The plane in which the Mg atoms reside shifts away from the plane of the B atoms on average by
0.09 A in a compressed crystal, while the distance between the planes decreases on average by 0.42 A
in the stretched system. This (relatively larger) shift in the latter case can be understood by analysing
the details of the MgB, atomic structure. When the crystal is biaxially stretched, its Mg-B bond lengths
increase, which is partially compensated by the nesting of the Mg atoms in the hollow sites closer to
the B sublattice. Despite these atomic shifts, the MD simulations show the structural stability of the
system. The stability from the MD simulations can be further quantitatively derived from the global
Lindemann index, the dependence of which on temperature is shown in Figure 2b. It is calculated
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for the pristine crystal, with a compressive strain of 5% and a tensile strain of 3%, from the local
Lindemann indices, given by the formula

1 <r1'2]'> - <7ij>2
7= N-1 ]; <1’i]‘> !

by averaging over all atoms. Here g; is the local Lindemann index of atom i, N is number of atoms, r;;
is a separation between atoms i and j, and the angle brackets denote averaging over time (i.e., MD
steps) [41]. The linear behaviour of the Lindemann indices indicate that systems are stable, at least up
to room temperature.
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Figure 2. (a): Average distance between the Mg and B atomic layers; and (b): the dependence of the
global Lindemann index as a function of temperature.

The calculated second-order elastic constants and other structural parameters for monolayer
MgB; are given in Table 1. All elastic constants related to the bulk material (those that have 3, 4, or 5 in
their subscripts), are calculated close to zero, as is expected for the monolayer. Compared to similar
2D materials, the layer modulus of MgB; of 30.18 N /m is relatively small (in the range of Silicene and
Germanene), roughly five times smaller than that of graphene or h-BN, for example [42,43]. Similar
results are obtained for the Young modulus. Compared to borophene (two-dimensional boron sheets
with rectangular structures) [44], which is a hard and brittle 2D material that exhibits an extremely
large Young’s modulus of 398 N/m along the a direction [45], the MgB, monolayer has a significantly
smaller value of 63.29 N/m. The most interesting observation in the elastic properties of the MgB2
monolayer is that the ¢, constant is negative, which gives a negative Poisson ratio in the a and b
directions, too—although, with a very small negative value of —0.05. However, compared to 2D
borophene, which has an out-of-plane negative Poisson’s ratio (that effectively holds the strong boron
bonds lying along the a direction and makes the boron sheet show superior mechanical flexibility along
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the b direction [46]), we obtain similar values [45]. For comparison, graphene has a Young modulus
of 352.2 N/m and a Poisson ratio of 0.185 [42]. After confirming its stability and determining the
elastic properties of the MgB, monolayer, we study its electronic properties. In Figure 3, the electronic
structures of bulk MgB; and the MgB, monolayer are presented. The band structures for the bulk
along the high-symmetry points I'-K-M-I'-A-L, and for the monolayer along I''K-M-I" were calculated.
The Fermi level is set to zero. The band structure of the bulk is in full agreement with previous
studies [10,47-49]. The two bands crossing the Fermi level play a crucial role in the electronic properties
of MgB,. The density of the states around Ey are predominantly related to the B atoms and their
p-orbitals, whereas the Mg atom contribution is negligible in this region. Previous studies described
Mg as fully ionized and showed that the electrons donated to the system are not localized on the anion
but, rather, are distributed over the whole crystal [6]. A similarity to graphite can be observed, with
three ¢ bands, corresponding to the in-plane spxpy (s p?) hybridization in the boron layer and two
7t-bands of boron p; orbitals [33]. Boron p,(,) and p; orbitals contribute as ¢ and 7 states. Analysing
projected DOS, one concludes that the o states are considerably involved in the total density of states
at the Fermi level, while the 77 states have only a partial contribution. It is worth emphasizing that
the bulk bands of this material at the K-point above the Fermi level present a formation similar to the
Dirac cones in graphene.

In the monolayer, there is an increase in the total density of states at the Fermi level from N(E)pyx
= (.72 states/eV to N(E f)mano = 0.97 states/eV. In the same manner as in the bulk, the monolayer
Mg atoms negligibly contribute to the density of states at the Fermi level, and the main contribution
comes from the B p-orbitals. The characteristic Dirac cone-like structure is still present and closer to
the Fermi level. Dg77, as the symmetry group of the MgB, monolayer, hosts a Dirac-like dispersion
in the vicinity of the K-point in the hexagonal Brillouin zone, if the orbital wave functions belong to
the 2D representation E of the Cs, point group of the wave vector [50,51]. In the tight-binding case,
the py and p,, orbitals of two boron ions give rise to one E-representation (and to two one-dimensional
representations), while the s-orbitals form a basis for one E-representation and p,-orbitals form a basis
for one E-representation as well. This explains the presence of the Dirac cones at the K-point in the
band structure of the MgB, monolayer (as shown in Figure 3b).
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Figure 3. The electronic band structure and total density of states in bulk MgB, (a) and the MgB,
monolayer (b). The blue and red colors represent the B and Mg atoms contributions to the electronic
dispersion, respectively.

Table 1. The calculated elastic stiffness constants, layer modulus -y, Young’s modulus Y, Poisson’s ratio
v, and shear modulus G for the MgB, monolayer. All parameters are in units of N/m.

c11 12 C66 v Y v G
634 —-3.1 333 3018 6329 —-005 333

Figure 4 shows the phonon dispersions for both the bulk and monolayer. For the bulk
(in Figure 4a), there are four optical modes at the I' point. Due to the light atomic mass of the B
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atoms and the strong B-B coupling, the two high-frequency modes almost have a pure boron character.
The in-plane stretching mode Ej, and the out-of-plane mode (where the atoms move in opposite
directions Byg) are the boron atom modes. Ej; is a doubly-degenerate Raman active mode and
experimental studies [6,9] showed that this mode is very sensitive to structural changes and it has a
strong electron-phonon coupling. The low-frequency modes (A;,) and double degenerate (E;,) are
infrared active and they do not involve changes on in-plane bonds. In Figure 4b, the phonon dispersion
of the MgB, monolayer is presented. In the phonon spectrum there are no imaginary frequencies,
which confirms, once again, the dynamical stability of the system (also demonstrated earlier by the
MD calculations).

b) MONOLAYER

-

= —

—\

a)

Frequency [cm™]

Figure 4. The phonon dispersion and the phonon density of states for the MgB, bulk (a) and
monolayer (b). The blue and red colours represent the B and Mg atom contributions in the phonon
dispersion, respectively.

At the I' point, there are three acoustic and six optical modes (from which two pairs are doubly
degenerate). The optical modes A1, By, Eq, and E; are related to the optical modes of the parent material.
Two significant differences between the bulk and monolayer spectrum can be observed: The E; and A4
mode become energy degenerate in the monolayer, resulting in either a slight softening (hardening)
of the modes which leads to nearly equal frequencies, which opens a gap in the phonon density of
states (DOS) between the acoustic and optical modes. A more significant effect concerns the softening
of the B mode and hardening of the E; mode. As in the bulk Ep; mode, the monolayer E; mode is
strongly coupled to electrons, causing the superconductivity in the monolayer in a similar fashion as
in the bulk. In Figure 5, the vibrational frequencies and normal coordinates for the MgB, monolayer
are presented. The symmetry group is Cg;, and the acoustic modes are A; and E;. The optical modes
at the I' point are Ay, By, E1, and Ep, where the infrared-active ones are A; and E;. The Raman-active
modes are A1, Ej, and E, and B is silent. In Table 2, the Raman tensor for the MgB, monolayer is
presented [52]. Similar to graphene, the phonon eigenvectors and the normal coordinates at the I'-point
are determined by symmetry rules and, therefore, are a model independent.

Table 2. Raman tensor of the MgB; monolayer.

Raman Tensors

_ A] E1 EZ
11\)437372_“}%“0 a 0 0 00 ¢ 000 i 0 0 0 —d 0
goﬂcév 0 a 0 00 0 00 c 0 —d 0 ~d 0 0
z 1156 0 0 b c 0 0 0 ¢ 0 0 0 0 0 0 0

OxHUv
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Figure 5. Vibrational frequencies (in wavenumbers) and the vibration normal coordinates at I' for the
MgB, monolayer.

4. Conclusions

The electronic band structure, density of states, phonon dispersion, and elastic constants have
been calculated for the MgB, monolayer and compared to the bulk material, using first-principles
calculations within the DFT framework. We demonstrated an increase of electronic density of states at
the Fermi level in the monolayer (compared to the bulk) and determined its stability under various
strains. These two features are crucial for the enhancement of electron-phonon coupling and they
enable significant mechanical modification that increases the critical superconducting temperature.
Establishing stability and offering insight into this novel 2D material, we focus on the effects of
ultimate lowering of the dimensionality. The question of reduction of dimensionality to its limit,
a truly atomic-scale 2D system, and the consequences of this [53-61] are highly relevant, not only to
fundamental science but also to applications in nanotechnology.
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We present Raman spectroscopy measurements of the van der Waals bonded ferromagnet Fe;_,GeTe,,
together with lattice dynamics. Four out of eight Raman active modes are observed and assigned, in agreement
with numerical calculations. The energies and linewidths of the observed modes display an unconventional
temperature dependence at about 150 and 220 K, followed by the nonmonotonic evolution of the Raman
continuum. Whereas the former can be related to the magnetic phase transition, the origin of the latter anomaly

remains an open question.

DOI: 10.1103/PhysRevB.99.214304

I. INTRODUCTION

A novel class of magnetism hosting van der Waals bonded
materials has recently become of great interest, since the
materials are suitable candidates for numbers of technical ap-
plications [1-5]. Whereas CrXTes (X = Si, Ge, Sn) and CrX3
(X = Cl, Br, I) classes maintain low phase transition temper-
atures [1,6-9] even in a monolayer regime [10], Fe;_,GeTe,
has a high bulk transition temperature, between 220 and 230 K
[11,12], making it a promising applicant.

The Fe;_,GeTe, crystal structure consists of Fe;_,Ge sub-
layers stacked between two sheets of Te atoms, and a van der
Waals gap between neighboring Te layers [13,14]. Although
the structure contains two different types of Fe atoms, it is
revealed that vacancies take place only in the Fe2 sites [13,15].

Neutron diffraction, thermodynamic and transport mea-
surements, and Mdssbauer spectroscopy were used to analyze
the magnetic and functional properties of Fe;_,GeTe,, with
an Fe atom deficiency of x ~ 0.1 and To =225 K. It is
revealed that at a temperature of 1.5 K, magnetic moments
of 1.95(5)up and 1.56(4)up are directed along the easy
magnetic ¢ axes [16]. In chemical vapor transport (CVT)
grown Fe;GeTe, single crystals, besides the ferromagnetic
(FM)-paramagnetic (PM) transition at a temperature of 214 K,
FM layers order antiferromagnetically at 152 K [17]. Close to
a ferromagnetic transition temperature of 230 K, a possible
Kondo lattice behavior, i.e., coupling of traveling electrons
and periodically localized spins, is indicated at Tx = 190 £
20 K, which is in good agreement with theoretical predictions
of 222 K [18].

Lattice parameters, as well as the magnetic transition tem-
perature, vary with Fe ion concentration. Lattice parameters
a and c follow the opposite trend, whereas the Curie temper-
ature Tc decreases with an increase of Fe ion concentration
[15]. For flux-grown crystals, the critical behavior was inves-
tigated by bulk dc magnetization around the ferromagnetic
phase transition temperature of 152 K [13]. The anomalous
Hall effect was also studied, where a significant amount of
defects produces bad metallic behavior [19].
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Theoretical calculations predict a dynamical stabil-
ity of Fe;GeTe, single-layer, uniaxial magnetocrystalline
anisotropy that originates from spin-orbit coupling [20].
Recently, anomalous Hall effect measurements on single-
crystalline metallic Fe;GeTe, nanoflakes with different thick-
nesses are reported, with a 7¢ near 200 K and strong perpen-
dicular magnetic anisotropy [21].

We report Fe;_,GeTe, single-crystal lattice dynamic cal-
culations, together with Raman spectroscopy measurements.
Four out of eight Raman active modes were observed and
assigned. Phonon energies are in a good agreement with theo-
retical predictions. Analyzed phonon energies and linewidths
reveal fingerprint of a ferromagnetic phase transition at a
temperature around 150 K. Moreover, discontinuities in the
phonon properties are found at temperatures around 220 K.
Consistently, in the same temperature range, the Raman con-
tinuum displays nonmonotonic behavior.

II. EXPERIMENT AND NUMERICAL METHOD

Fe;_.GeTe, single crystals were grown by the self-flux
method as previously described [13]. Samples for scanning
electron microscopy (SEM) were cleaved and deposited on
graphite tape. Energy dispersive spectroscopy (EDS) maps
were collected using a FEI Helios NanoLab 650 instrument
equipped with an Oxford Instruments EDS system, equipped
with an X-max SSD detector operating at 20 kV. The surface
of the as-cleaved Fe;_,GeTe, crystal appears to be uniform
for several tens of microns in both directions, as shown in
Fig. 4 of Appendix A. Additionally, the elemental composi-
tion maps of Fe, Ge, and Te show a distinctive homogeneity
of all the three elements (Fig. 5 of Appendix A).

For Raman scattering experiments, a Tri Vista 557 spec-
trometer was used in the backscattering micro-Raman con-
figuration. As an excitation source, a solid state laser with a
532 nm line was used. In our scattering configuration, the
plane of incidence is the ab plane, where |a| = |b| (£(a, b) =
120°), with the incident (scattered) light propagation direction

©2019 American Physical Society
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TABLE 1. Top panel: The type of atoms, Wyckoff positions, each site’s contribution to the phonons in the I' point, and corresponding
Raman tensors for the P6;/mmc space group of Fe;_,GeTe,. Bottom panel: Phonon symmetry, calculated optical Raman active phonon
frequencies (in cm™") for the magnetic (M) phase, and experimental values for Raman active phonons at 80 K.

Space group P63 /mmc (No. 194)

Fel (4e) Alg + Eig + Epg+Asz + Evy
Fe2 (2c) Eyg+Az + Ev
Ge (Zd) E2g+A2u + Ey,
Te (2¢) A+ Ejg + Exypt+Ar, + Ey,
Raman tensors
a 0 O 0 —c d —d 0
Alg— 0 a 0 E1g= 0 C Ezg— —d —d 0
0 0 b —c 0 0 0o 0
Raman active modes
Symmetry Calculations (M) Experiment (M)
Ezlg 50.2
Ellg 70.3
E22g 122.2 89.2
Al < 137.2 121.1
Elzg 209.5
Egg 228.6 214.8
A%g 2334 239.6
E} 3343

along the c axes. Samples were cleaved in the air, right before
being placed in the vacuum. All the measurements were
performed in the high vacuum (10~° mbar) using a KONTI
CryoVac continuous helium flow cryostat with a 0.5 mm
thick window. To achieve laser beam focusing, a microscope
objective with x50 magnification was used. A Bose factor
correction of all spectra was performed. More details can be
found in Appendix C.

Density functional theory (DFT) calculations were per-
formed with the QUANTUM ESPRESSO (QE) software package
[22]. We used the projector augmented-wave (PAW) pseu-
dopotentials [23,24] with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [25]. The electron wave func-
tion and charge density cutoffs of 64 and 782 Ry were chosen,
respectively. The k points were sampled using the Monkhorst-
Pack scheme, with an 8 x 8 x 4 I'-centered grid. Both mag-
netic and nonmagnetic calculations were performed, using
the experimentally obtained lattice parameters and the calcu-
lated values obtained by relaxing the theoretically proposed
structure. In order to obtain the lattice parameters accurately,
a treatment of the van der Waals interactions is introduced.
The van der Waals interaction was included in all calculations
using the Grimme-D2 correction [26]. Phonon frequencies in
the I point are calculated within the linear response method
implemented in QE.

III. RESULTS AND DISCUSSION

Fe;_,GeTe, crystallizes in a hexagonal crystal structure,
described with the P63/mmc (Dgh) space group. The atom
type, site symmetry, each site’s contribution to the phonons

in the I point, and corresponding Raman tensors for the
P63 /mmc space group are presented in Table 1.

Calculated displacement patterns of Raman active modes,
which can be observed in our scattering configuration, are
presented in Fig. 1(a). Since the Raman tensor of the £, mode
contains only the z component (Table I), by selection rules,
it cannot be detected when measuring from the ab plane in
the backscattering configuration. Whereas A, modes include
vibrations of Fe and Te ions along the ¢ axis, E;, modes
include in-plane vibrations of all four atoms. The Raman
spectra of Fe;_,GeTe; in the magnetic phase (M), at 80 K, and
nonmagnetic phase (NM), at 280 K, in a parallel scattering
configuration (e; || e;), are presented in Fig. 1 (b). As it can be
seen, four peaks at 89.2, 121.1, 214.8, and 239.6 cm~! can be
clearly observed at 80 K. According to numerical calculations
(see Table I), peaks at 89.2 and 239.6 cm~! correspond to
two out of four E;, modes, whereas peaks at 121.1 and
239.6 cm™! can be assigned as two A, symmetry modes. One
should note that numerical calculations performed by using
experimentally obtained lattice parameters in the magnetic
phase yield a better agreement with experimental values. This
is not surprising since the calculations are performed for the
stoichiometric compound as opposed to the nonstoichiometry
of the sample. Furthermore, it is known that lattice parameters
strongly depend on the Fe atom deficiency [15]. All calculated
Raman and infrared phonon frequencies, for the magnetic
and nonmagnetic phase of Fe;_,GeTe,, using relaxed and
experimental lattice parameters, together with experimentally
observed Raman active modes, are summarized in Table II of
Appendix D.

After assigning all observed modes we focused on their
temperature evolution. Having in mind finite instrumental
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FIG. 1. (a) Displacement patterns of A;, and E,, symmetry
modes. (b) Raman spectra of Fe;_,GeTe, single crystal measured
at different temperatures in a parallel polarization configuration.

broadening, the Voigt line shape was used for the data analysis
[27,28]. The modeling procedure is described in detail in
Appendix B and presented in Fig. 6. Figure 2 shows the
temperature evolution of the energy and linewidth of the A} 2
Eg’g, and A%g modes between 80 and 300 K. Upon heating
the sample, both the energy and linewidth of A] ¢ and A%g
symmetry modes exhibit a small but sudden discontinuity at
about 150 K [Figs. 2(a) and 2(e)]. An apparent discontinuity
in energy of all analyzed Raman modes is again present at
temperatures around 220 K. In the same temperature range
the linewidths of these Raman modes show a clear deviation
from the standard anharmonic behavior [27-31].

Apart from the anomalies in the phonon spectra, a closer
inspection of the temperature-dependent Raman spectra mea-
sured in the parallel polarization configuration reveals a
pronounced evolution of the Raman continuum [Fig. 3(a)].
For the analysis we have used a simple model including
a damped Lorentzian and linear term, x/ , o al'w/(w* +
') + bw [32], where a, b, and T are temperature-dependent
parameters. Figure 3(b) summarizes the results of the analysis
with the linear term omitted (most likely originating from a lu-
minescence). At approximately the same temperatures, where
phonon properties exhibit discontinuities, the continuum tem-
perature dependence manifests nonmonotonic behavior. The
maximum positions of the curve were obtained by integrating
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FIG. 2. Energy and linewidth temperature dependence of A}g

[(a) and (b)], E3, [(c) and (d)], and A}, [(e) and (f)] phonon modes in
Fe;_,GeTe,.

those shown in Fig. 3(b). The inset of Fig. 3(b) shows the
temperature evolution of their displacements. This analysis
confirms the presence of discontinuities in the electronic con-
tinuum at temperatures around 150 and 220 K, which leaves
a trace in the phonon behavior around these temperatures
(Fig. 2). While we do not have evidence for the Kondo effect
in the Fe;_,GeTe, crystals we measured, a modification of
the electronic background at FM ordering due to localization
or the Kondo effect cannot be excluded.

The temperature evolutions of the phonon self-energies and
the continuum observed in the Raman spectra of Fe;_,GeTe,
suggest the presence of phase transition(s). Magnetization
measurements of the samples were performed as described in
Ref. [13], revealing a FM-PM transition at 150 K. Thus, the
discontinuity in the observed phonon properties around this
temperature can be traced back to the weak to moderate spin-
phonon coupling. The question remains open regarding the
anomaly observed at about 220 K. As previously reported, the
Curie temperature of the Fes;_,GeTe, single crystals grown
by the CVT method is between 220 and 230 K [11,12,14],
varying with the vacancy concentration, i.e., a decrease in the
vacancy content will result an increment of 7¢ [15]. On the
other hand, the Fe;_,GeTe, crystals grown by the self-flux
method usually have a lower Curie temperature, since the
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FIG. 3. (a) Raman spectra of Fe;_,GeTe, at four temperatures
measured in a parallel polarization configuration. Solid lines rep-
resent the theoretical fit to the experimental data. (b) Temperature
evolution of the electronic continuum after omitting the linear term.
Inset: Displacement of the maximum of fitted curves.

vacancy content is higher [13,15]. Crystals used in the Raman
scattering experiment presented here were grown by the self-
flux method with a Fe vacancy content of x & 0.36 [13]. This
is in good agreement with our EDS results of x = 0.4 £ 0.1,
giving rise to the FM-PM transition at 150 K. Nevertheless,

10 um

FIG. 4. SEM image of a Fe;_,GeTe, single crystal.

Map Data 1

2.5 um

2.5 um 2.5 um

FIG. 5. EDS mapping on a Fe;_,GeTe, single crystal. (a) Sec-
ondary electron image of the crystal with the mapping performed
within the rectangle. (b)—(d) Associated EDS maps for Fe, Ge, and
Te, respectively.

an inhomogeneous distribution of vacancies may result the
formation of vacancy depleted “islands” which in turn would
result in an anomaly at 220 K similar to the one observed in
our Raman data. However, the EDS data (see Fig. 5) do not
support this possibility. At this point we can only speculate
that while the long-range order temperature is shifted to a
lower temperature by the introduction of vacancies, short-
range correlations may develop at 220 K.

IV. CONCLUSION

We have studied the lattice dynamics of flux-grown
Fe;_,GeTe, single crystals by means of Raman spectroscopy
and DFT. Four out of eight Raman active modes, two Ay,
and two E,,, have been observed and assigned. DFT cal-
culations are in good agreement with experimental results.
The temperature dependence of the A} @ Eg’g, and A%g mode
properties reveals a clear fingerprint of spin-phonon cou-
pling, at a temperature of around 150 K. Furthermore, the
anomalous behavior in the energies and linewidths of the
observed phonon modes is present in the Raman spectra at
temperatures around 220 K with the discontinuity also present
in the electronic continuum. Its origin still remains an open
question, and requires further analysis.
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APPENDIX A: ELECTRON MICROSCOPY

In order to examine the uniformity of Fe;_,GeTe,, Scan-
ning electron microscopy (SEM) was performed on as-
cleaved crystals. It can be seen from Fig. 4 that the crystals
maintain uniformity for several tens of microns. Furthermore,
the elemental composition was obtained using EDS mapping,
as shown in Fig. 5. The atomic percentage, averaged over
ten measurements, is 47%, 17%, and 36% (4+2%) for Fe, Ge,
and Te, respectively, with the vacancy content x = 0.4 +0.1.
The maps associated with the selected elements appear homo-
geneous, as they are all present uniformly with no apparent
islands or vacancies.

APPENDIX B: DATA MODELING

In order to obtain the temperature dependence of the
energies and linewidths of the observed Fe;_,GeTe, phonon
modes, the Raman continuum, shown in colored lines in

TABLE II. Top panel: Comparison of calculated energies of
Raman active phonons using relaxed (R) and experimental [nonre-
laxed (NR)] lattice parameters for the magnetic (M) and nonmagnetic
phase (NM), given in cm~!. Obtained experimental values in the
magnetic phase at a temperature of 80 K are given in the last column.
Bottom panel: Comparison of calculated energies of infrared optical
phonons of Fe;_,GeTe,.

Raman active modes

Calculations

Sym. NM-R M-R NM-NR M-NR  Experiment (M)
Ez'g 28.4 49.6 33.9 50.2

El‘g 79.2 70.2 71.7 70.3

E22g 115.5 121.0 100.0 122.2 89.2
A}g 151.7 139.2 131.7 137.2 121.1
Elzg 225.5 206.0 194.3 209.5

Efg 238.0 232.6 204.9 228.6 214.8
Afg 272.0 262.6 235.7 2334 239.6
Efg 362.0 337.6 3154 334.7

Infrared active modes

Aéu 70.7 96.6 73.5 92.7

El'u 112.5 121.2 89.4 121.6

A%M 206.0 162.5 183.1 153.7

Efu 226.4 233.6 192.1 231.3

A;u 271.8 248.6 240.8 241.0

E} 361.1 336.6 314.7 334.7

lu

Fig. 3(a), was subtracted for simplicity from the raw Raman
susceptibility data (black line). The spectra obtained after the
subtraction procedure are presented in Fig. 6 (black line) for
various temperatures. Because of the finite resolution of the
spectrometer and the fact that line shapes of all the observed
phonons are symmetric, the Voigt line shape (I'g = 0.8 cm™!)
was used for data modeling. Blue, yellow, and green lines in
Fig. 6 represent fitting curves for A}, E3,, and A7, phonon
modes, respectively, whereas the overall spectral shape is
shown in the red line.

APPENDIX C: EXPERIMENTAL DETAILS

Before being placed in a vacuum and being cleaved, the
sample was glued to a copper plate with GE varnish in order to
achieve good thermal conductivity and prevent strain effects.
Silver paste, as a material with high thermal conductivity, was
used to attach the copper plate with the sample to the cryostat.
The laser beam spot, focused through an Olympus long-
range objective of x 50 magnification, was approximately
6 um in size, with a power less than 1 mW at the sample
surface. A TriVista 557 triple spectrometer was used in the
subtractive mode, with a diffraction grating combination of
1800/1800/2400 grooves/mm and the entrance and second
intermediate slit set to 80 pm, in order to enhance stray light
rejection and attain good resolution.
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APPENDIX D: CALCULATIONS

In Table II the results of DFT calculations are pre-
sented for magnetic (M) and nonmagnetic (NM) relaxed
and experimental lattice parameters. For comparison, the

experimental results are shown in the last column. Since the
lattice parameters strongly depend on the Fe atom deficiency,
the best agreement with experimental results gives the mag-
netic nonrelaxed solution.
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The vibrational properties of Crl; single crystals were investigated using Raman spectroscopy and were
analyzed with respect to the changes of the crystal structure. All but one mode are observed for both the
low-temperature R3 and the high-temperature C2/m phase. For all observed modes the energies and symmetries
are in good agreement with DFT calculations. The symmetry of a single layer was identified as p31/m. In
contrast to previous studies we observe the transition from the R3 to the C2/m phase at 180 K and find no
evidence for coexistence of both phases over a wide temperature range.

DOI: 10.1103/PhysRevB.98.104307

I. INTRODUCTION

Two-dimensional layered materials have gained attention
due to their unique properties, the potential for a wide spec-
trum of applications, and the opportunity for the development
of functional van der Waals heterostructures. Crls is a member
of the chromium-trihalide family which are ferromagnetic
semiconductors [1]. Recently they have received significant
attention as candidates for the study of magnetic monolayers.
The experimental realization of Crl; ferromagnetic monolay-
ers [1] motivated further efforts towards their understanding.
Crl; features electric field controlled magnetism [2] as well as
a strong magnetic anisotropy [3,4]. With the main absorption
peaks lying in the visible part of the spectrum, it is a great
candidate for low-dimensional semiconductor spintronics [5].
In its ground state, Crl; is a ferromagnetic semiconductor with
a Curie temperature of 61 K [1,6] and a band gap of 1.2 eV
[6]. It was demonstrated that the magnetic properties of Crl;
mono- and bilayers can be controlled by electrostatic doping
[2]. Upon cooling, Crls undergoes a phase transition around
220 K from the high-temperature monoclinic (C2/m) to the
low-temperature rhombohedral (R3) phase [3,7]. Although
the structural phase transition is reported to be first order,
it was suggested that the phases may coexist over a wide
temperature range [3]. Raman spectroscopy can be of use here
due to its capability to simultaneously probe both phases in a
phase-separated system [8—10].

A recent theoretical study predicted the energies of all
Raman active modes in the low-temperature and high-
temperature structure of Crl; suggesting a near degeneracy
between the A, and B, modes in the monoclinic (C2/m)
structure. Their energies match the energies of E, modes in
the rhombohedral (R3) structure [7].

In this article we present an experimental and theoretical
Raman scattering study of Crl; lattice dynamics. In both
phases all but one of the respective modes predicted by
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symmetry were observed. The energies for all modes are
in good agreement with the theoretical predictions for the
assumed crystal symmetry. Our data suggest that the first-
order transition occurs at T, &~ 180 K without evidence for
phase coexistence over a wide temperature range.

II. EXPERIMENT AND NUMERICAL METHOD

The preparation of the single crystal Crl; sample used in
this study is described elsewhere [11]. The Raman scatter-
ing experiment was performed using a Tri Vista 557 spec-
trometer in backscattering micro-Raman configuration with
a 1800/1800/2400 groves/mm diffraction grating combina-
tion. The 532 nm line of a Coherent Verdi G solid state laser
was used for excitation. The direction of the incident light
coincides with the crystallographic ¢ axis. The sample was
oriented so that its principal axis of the R3 phase coincides
with the x axis of the laboratory system. A KONTI CryoVac
continuous helium flow cryostat with a 0.5-mm-thick window
was used for measurements at all temperatures under high
vacuum (10~® mbar). The sample was cleaved in air before be-
ing placed into the cryostat. The obtained Raman spectra were
corrected by the Bose factor and analyzed quantitatively by
fitting Voigt profiles to the data whereby the Gaussian width
Igauss = 1 cm™! reflects the resolution of the spectrometer.

The spin polarized density functional theory (DFT) calcu-
lations have been performed in the Quantum Espresso (QE)
software package [12] using the Perdew-Burke-Ernzehof
(PBE) exchange-correlation functional [13] and PAW pseu-
dopotentials [14,15]. The energy cutoffs for the wave func-
tions and the charge density were set to be 85 and 425 Ry,
respectively, after convergence tests. For k-point sampling, the
Monkhorst-Pack scheme was used with a 8 x 8 x 8 grid cen-
tered around the I" point. Optimization of the atomic positions
in the unit cell was performed until the interatomic forces

©2018 American Physical Society
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were smaller than 10~ Ry/A. To treat the van der Waals
(vdW) interactions a Grimme-D2 correction [16] is used in
order to include long-ranged forces between the layers, which
are not properly captured within LDA or GGA functionals.
This way, the parameters are obtained more accurately, es-
pecially the interlayer distances. Phonon frequencies were
calculated at the I' point using the linear response method
implemented in QE. The phonon energies are compiled in
Table III together with the experimental values. The eigen-
vectors of the Raman active modes for both the low- and
high-temperature phase are depicted in Fig. 5 of the Appendix.

III. RESULTS AND DISCUSSION

Crl; adopts a rhombohedral R3 (C3) crystal structure
at low temperatures and a monoclinic C2/m (CS’;,) crys-
tal structure at room temperature [3], as shown in Fig. 1.
The main difference between the high- and low-temperature
crystallographic space groups arises from different stacking
sequences with the Crl; layers being almost identical. In the
rhombohedral structure the Cr atoms in one layer are placed
above the center of a hole in the Cr honeycomb net of the two
adjacent layers. When crossing the structural phase transition
at T, to the monoclinic structure the layers are displaced
along the a direction so that every fourth layer is at the same
place as the first one. The interatomic distances, mainly the
interlayer distance, and the vdW gap, are slightly changed by
the structural transition. The crystallographic parameters for
both phases are presented in Table 1. The numerically obtained
values are in good agreement with reported x-ray diffraction
data [11].

The vibrational properties of layered materials are typically
dominated by the properties of the single layers composing
the crystal. The symmetry of a single layer can be described
by one of the 80 diperiodic space groups (DG) obtained by

FIG. 1. Schematic representation of (a) the low-temperature R3
and (b) the high-temperature C2/m crystal structure of Crl;. Black
lines represent unit cells.

TABLE I. Calculated and experimental [11] parameters of the
crystallographic unit cell for the low-temperature R3 and high-
temperature C2/m phase of Crl;.

Space group R3 Space group C2/m

T (K) Calc. Expt. [11] Calc. Expt. [11]
a(A) 6.87 6.85 6.866 6.6866
b (A) 6.87 6.85 11.886 11.856
c(A) 19.81 19.85 6.984 6.966
o (deg) 90 90 90 90

B (deg) 90 90 108.51 108.68
y (deg) 120 120 90 90

lifting translational invariance in the direction perpendicular
to the layer [17]. In the case of Crlz, the symmetry analysis
revealed that the single layer structure is fully captured by the
p31/m (D31d) diperiodic space group DG71, rather than by
R32/m as proposed in Ref. [7].
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FIG. 2. (a) Compatibility relations for the Crl; layer and the crys-
tal symmetries. Raman spectra of (b) the low-temperature R3 and
(c) the high-temperature C2/m crystal structure measured in parallel
(open squares) and crossed (open circles) polarization configurations
at 100 and 300 K, respectively. Red and blue solid lines represent fits
of Voigt profiles to the experimental data.
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TABLE II. Wyckoff positions of the two types of atoms and their contributions to the I'-point phonons for the R3 and C2/m as well as the
p31/m diperiodic space group. The second row shows the Raman tensors for the corresponding space groups.

Space group R3 Diperiodic space group p31/m Space group: C2/m
Atoms Irreducible representations Atoms Irreducible representations Atoms Irreducible representations
Cr (6¢) A +A,+E,+E, Cr (2¢) Ay +Ay+E,+E, Cr (4g) Ag+A,+2B,+2B,
2A1,+AL+A,; I (4i) 2A,4+2A,+B,+B,
1(18 3A,4+3A,+3E,+3E, I (6k & & & &
(81) g FIAuFIEL+ (6k) +2A5,+3E,+3E, 1(8)) 3A,+3A,+3B,+3B,

a a a d
() vl (o)
b b d b
c d e d —c —f c —c —d e
lEg: (d —c f) 2Eg: (—c —d e) 1Eg:( —c d) 2Eg: (—c ) B, = (e f)
e f —f e d —d e S

According to the factor group analysis (FGA) for a single  the leakage due to a slight sample misalignment and/or the
Crl; layer, six modes (2A; + 4E,) are expected to be ob- presence of defects in the crystal. The energies of all observed
served in the Raman scattering experiment (see Table II). By modes are compiled in Table III together with the energies
stacking the layers the symmetry is reduced and, depending predicted by our calculations and by Ref. [7], and are found
on the stacking sequence, FGA yields a total of eight Raman  to be in good agreement for the E, modes. The discrepancy is
active modes (4A, + 4E,) for the R3 and 12 Raman active slightly larger for the low energy A, modes. Our calculations
modes (6A, + 6B,) for the C2/m crystal symmetry. The in general agree with those from Ref. [7]. The Ag mode of
correlation between layer and crystal symmetries for both the rhombohedral phase, predicted by calculation to appears

cases is shown in Fig. 2(a) [18,19]. at about 195 cm™!, was not observed in the experiment, most
Figure 2(b) shows the Crl; single crystal Raman spectra likely due to its low intensity.
measured at 100 K in two scattering channels. According When the symmetry is lowered in the high-temperature

to the selection rules for the rhombohedral crystal structure ~ monoclinic C2/m phase [Fig. 2(c)] the E, modes split into an
(Table II) the A; modes can be observed only in the parallel ~ A, and a B, mode each, whereas the rhombohedral A§ and A;‘
polarization configuration, whereas the E, modes appear in modes are predicted to switch to the monoclinic B, symmetry.
both parallel and crossed polarization configurations. Based The correspondence of the phonon modes across the phase
on the selection rules the peaks at about 78, 108, and 128 cm™! transition is indicated by the arrows in Table III. The selection
were identified as A, symmetry modes, whereas the peaks rules for C2/m (see Table II) predict that A, and B, modes
at about 54, 102, 106, and 235 cm™' are assigned as E, can be observed in both parallel and crossed polarization
symmetry. The weak observation of the most pronounced configurations. Additionally, the sample forms three types of
A, modes in crossed polarizations [Fig. 2(b)] is attributed to domains which are rotated with respect to each other. We

TABLE III. Phonon symmetries and phonon energies for the low-temperature R3 and high-temperature C2/m phase of Crl;. The
experimental values were determined at 100 and 300 K, respectively. All calculations were performed at zero temperature. Arrows indicate the
correspondence of the phonon modes across the phase transition.

Space group R3 Space group C2/m
Symm.  Expt.(cm™!)  Calc.(cm™')  Calc. (cm™) [7] Symm.  Expt.(cm™')  Calc.(cm™')  Calc. [7] (cm™")
Esl’ 54.1 59.7 53 P Bg, 52.0 57.0 52
Al 53.6 59.8 51
A},, 73.33 89.6 79 — Ai 78.6 88.4 79
E; 102.3 99.8 98 N A; 101.8 101.9 99
T B 102.4 101.8 99
Eg 106.2 112.2 102 N B;’ 106.4* 108.9 101
A 108.3 109.3 102
AZ, 108.3 98.8 88 — B;} 106.4* 97.8 86
Ai, 128.1 131.1 125 — Az, 128.2 131.7 125
At - 1952 195 — B - 198.8 195
E:, 236.6 234.4 225 I Ag 234.6 220.1 224
B 235.5 221.1 225

2Observed as two peak structure.
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FIG. 3. Temperature dependence of the A, and A} phonon
modes of the rhombohedral structure and the corresponding A§
and A; modes of the monoclinic structure, respectively. (a) and (b)
Raman spectra at temperatures as indicated. The spectra are shifted
for clarity. Solid red lines represent Voigt profiles fitted to the data.
(c) and (d) and (e) and (f) Temperature dependence of the phonon
energies and linewidths, respectively. Both modes show an abrupt
change in energy at the phase transition at 180 K.

therefore identify the phonons in the C2/m phase in relation
to the calculations and find again good agreement of the
energies. The BS and B;,‘ modes overlap and therefore cannot
be resolved separately. As can be seen from the temperature
dependence shown below [Fig. 4(b)] the peak at 106 cm™!
broadens and gains spectral weight in the monoclinic phase in
line with the expectance that two modes overlap. The missing
rhombohedral A* mode corresponds to the monoclinic Bg
mode, which is likewise absent in the spectra.

The temperature dependence of the observed phonons is
shown in Figs. 3 and 4. In the low-temperature rhombohe-
dral phase all four E, modes as well as Aél, and A§ soften
upon warming, whereas Ai, hardens up to T =~ 180 K before
softening again. Crossing the first-order phase transition from
R3 to C2/m crystal symmetry is reflected in the spectra
as a symmetry change and/or renormalization for the non-
degenerate modes and lifting of the degeneracy of the E,
modes as shown in Table II. In our samples, this transition
is observed at T; ~ 180 K. The splitting of the E, phonons
into A, and B, modes at the phase transition is sharp (Fig. 4).
The rhombohedral Ai, and Ag, phonons show a jump in energy
and a small discontinuity in the linewidth at 7; (Fig. 3). Our
spectra were taken during warming in multiple runs after

(a) - ei”es % T T T ((Ij)_ 237
° e.J_ E4% % {236
) J %% =
2 ! 12357
> v B s
g a %H%-zm >
a6 1233 chj
& 559
Ve {232
T4 R o o
230 235 240 245 100 150 200 250 300
= T T T T T 110
b 2
o s 5485 5 g‘é(e)-ms
°% —~
2 & 4 -
E K 538500 5 , 108 c
bk J By/By {104 3,
§ IS Bg g
= , §§%§§§§§§§'1025
x| = %@%%@—100
R3 c A
1 1 ml g 1 98

55

100 105 110 115 100 150 200 250 300
00 (%)

Ry" (arb. units)
Energy (cm™)

e 50
100 150 200 250 300

45 50 55

Raman Shift (cm™)  Temperature (K)

FIG. 4. Temperature dependence of the rhombohedral Ag and E,
modes. (a)—(c) Raman spectra in parallel (open squares) and crossed
(open circles) light polarizations at temperatures as indicated. The
spectra are shifted for clarity. Blue and red solid lines are fits of
Voigt profiles to the data. Two spectra were analyzed simultaneously
in two scattering channels with the integrated intensity as the only
independent parameter. (d)—(f) Phonon energies obtained from the
Voigt profiles. Each E, mode splits into an A, and a B, mode above
180 K.

cooling to 100 K each time. We found that the temperature
dependence for the phonon modes obtained this way was
smooth in each phase. McGuire et al. [3,20] reported 75 in
the range of 220 K, a coexistence of both phases and a large
thermal hysteresis. However, they also noted that the first and
second warming cycle showed identical behavior and only
found a shift of the transition temperature to higher values for
cooling cycles. We therefore consider the difference between
the reported transition around 220 K and our 7y = 180 K
significant. To some extent this difference may be attributed
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to local heating by the laser. More importantly, we find no

signs of phase coexistence in the observed temperature range.

The spectra for the low-temperature and high-temperature

phases are distinctly different (Fig. 2) and the E, modes
exhibit a clearly resolved splitting which occurs abruptly at T5.
We performed measurements in small temperature steps (see
Figs. 3 and 4). This limits the maximum temperature interval
where the phase coexistence could occur in our samples to
approximately 5 K, much less than the roughly 30 to 80 K
reported earlier [3,20]. We cannot exclude the possibility
that a small fraction of the low-temperature phase could still

(@)

B/=57.0cm"’ Al=59.8cm’ A;= 88.4 cm’

Al=109.3cm” B/=97.8cm’ A’=131.7cm’

*ﬁe’-”'\feé *—‘%;e”"

L\’ 94: —ojﬁ\ J f’*

(b)
E,=59.7 cm’

)/,

Al=98.8cm’

/a

coexist with the high-temperature phase over a wider tempera-
ture range, whereby weak peaks corresponding to the remains
of the low-temperature R3 phase might be hidden under the
strong peaks of the C2/m phase.

IV. CONCLUSION

We studied the lattice dynamics in single crystalline Crl;
using Raman spectroscopy supported by numerical calcu-
lations. For both the low-temperature R3 and the high-
temperature C2/m phase, all except one of the predicted

B’=101.8cm” A’=101.9cm" B;=108.9 cm’

—1988cm =220.1cm’ B;=221.1cm’
S N
. sope\‘ el | P

FIG. 5. Raman-active phonons in Crl; for (a) the monoclinic phase hosting A, and B, modes and for (b) the rhombohedral phase hosting
A, and E, modes. Blue and violet spheres denote Cr and I atoms, respectively. Solid lines represent primitive unit cells. Arrow lengths are
proportional to the square root of the interatomic forces. The given energies are calculated for zero temperature.
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phonon modes were identified and the calculated and experi-
mental phonon energies were found to be in good agreement.
We determined that the symmetry of the single Crl; layers is
p31/m. Abrupt changes to the spectra were found at the first-
order phase transition which was located at 75 ~ 180 K, lower
than in previous studies. In contrast to the prior reports we
found no sign of phase coexistence over temperature ranges
exceeding 5 K.
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APPENDIX: EIGENVECTORS

In addition to the phonon energies we also calculated
the phonon eigenvectors which are shown in Fig. 5(a)
for the high-temperature monoclinic phase and in Fig. 5(b)
for the low-temperature rhombohedral phase. The energies,
as given, are calculated for zero temperature. The relative
displacement of the atoms is denoted by the length of the
arrows.
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We present Raman scattering results on the layered semiconducting ferromagnetic compound CrSiTe;. Four
Raman-active modes, predicted by symmetry, are observed and assigned. The experimental results are supported
by density functional theory calculations. The self-energies of the Az, and the E :, symmetry modes exhibit
unconventional temperature evolution around 180 K. In addition, the doubly degenerate E; mode shows a clear
change of asymmetry in the same temperature region. The observed behavior is consistent with the presence of
the previously reported short-range magnetic order and strong spin-phonon coupling.

DOI: 10.1103/PhysRevB.98.104306

I. INTRODUCTION

Trichalcogenides CrXTes (X = Si, Ge) belong to a rare
class of quasi-two-dimensional semiconducting materials
with a ferromagnetic order, band gaps of 0.4 eV for Si and
0.7 eV for Ge compounds, and Curie temperatures (7¢) of
32 and 61 K, respectively [1-6]. Because of their layered
structure, due to van der Waals bonding, they can be exfoliated
to mono- and few-layer nanosheets, which, together with
their semiconducting and magnetic properties, make an ideal
combination for applications in optoelectronics and nanospin-
tronics [7-11]. This was further supported by the observation
of giant resistivity modulation of CrGeTes-based devices [12].

From an x-ray diffraction study [1], it was revealed that
CrSiTe; crystals are twined along ¢ axes, the thermal expan-
sion is negative at low temperatures, and the thermal conduc-
tivity shows strong magnon-phonon scattering effects. A very
small single-ion anisotropy favoring magnetic order along ¢
axes and spin waves was found in CrSiTe; by elastic and
inelastic neutron scattering [13]. Spin-wave measurements
suggest the absence of three-dimensional correlations above
Tc, whereas in-plane dynamic correlations are present up to
300 K. First-principles calculations suggested the possibility
of graphenelike mechanical exfoliation for CrXTe; (X = Si,
Ge) single crystals with conserved semiconducting and ferro-
magnetic properties [14]. The exfoliation of CrSiTes bulk to
mono- and few-layer two-dimensional crystals onto a Si/SiO;
substrate has been achieved [15] with a resistivity between
80 and 120 K, depending on the number of layers. Critical
exponents for CrSiTe; were also determined from theoretical
analysis [16].

Spin-phonon coupling in CrGeTe; was investigated in
Raman scattering experiments [17]. Splitting of the two
lowest-energy E, modes in the ferromagnetic phase has been
observed and ascribed to time-reversal symmetry breaking by
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the spin ordering. Furthermore, the significant renormaliza-
tion of the three higher-energy modes’ self-energies below 7¢
provided additional evidence of spin-phonon coupling [17].
The external pressure-induced effect on lattice dynamics and
magnetization in CrGeTes has also been studied [18].

The Raman spectrum of CrSiTe; single crystals was re-
ported in Ref. [1], where three Raman-active modes have been
observed. Similar results have also been presented in Ref. [15]
for ultrathin nanosheets of CrSiTes. Here, we report a Raman
scattering study of CrSiTe; single crystals, with the main
focus on phonon properties in the temperature range between
100 and 300 K. Our experimental results are qualitatively
different from those previously reported [1,15] but consistent
with the results obtained for CrGeTes [17,18]. Furthermore,
our data reveal the asymmetry of the E; mode, which is
suppressed at higher temperatures. The Ag and E; symmetry
modes exhibit nonanharmonic self-energy temperature depen-
dence in the region around 180 K, related to the strong spin-
lattice interaction due to short-range magnetic order [1]. Ener-
gies and symmetries of the observed Raman-active modes are
in good agreement with theoretical calculations.

II. EXPERIMENT AND NUMERICAL METHOD

Single crystals of CrSiTe; and CrGeTe; were grown as
described previously [19]. For a Raman scattering experi-
ment, a Tri Vista 557 spectrometer was used in the backscat-
tering micro-Raman configuration with a 1800/1800/2400
grooves/mm diffraction grating combination. A coherent
Verdi G solid-state laser with a 532-nm line was used as the
excitation source. The direction of the incident (scattered)
light coincides with a crystallographic ¢ axis. Right before
being placed in the vacuum, the samples were cleaved in
the air. All measurements were performed in a high vacuum
(10~° mbar) using a KONTI CryoVac continuous-helium-flow
cryostat with a 0.5-mm-thick window. Laser-beam focusing
was achieved through a microscope objective with x50 mag-
nification, a spot size of approximately 8§ um, and a power

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.98.104306&domain=pdf&date_stamp=2019-03-28
https://doi.org/10.1103/PhysRevB.98.104306

A. MILOSAVLIEVIC et al.

PHYSICAL REVIEW B 98, 104306 (2018)

TABLE I. Calculated and experimental crystallographic lattice
parameters for CrSiTe; (Ja| = |b]), bond lengths, interlayer distance
(d), and van der Waals (vdW) gap.

CrSiTes Calculation (A) Experiment (A) [20]
a 6.87 6.76
¢ 19.81 20.67
Si-Si 227 227
Si-Te 2.52 2.51
Cr-Te 2.77 278
d 6.86 6.91
vdW gap 342 342

<2 mW on the surface of a sample. All spectra were corrected
for the Bose factor.

Density functional theory calculations were performed
in the Quantum Espresso software package [21], using the
PBE exchange-correlation functional [22], PAW pseudopo-
tentials [23,24], and energy cutoffs for wave functions and
the charge density of 85 and 425 Ry, respectively. For k-point
sampling, the Monkhorst-Pack scheme was used, with a I'"-
centered 8 x 8 x 8 grid. Optimization of the atomic positions
in the unit cell was performed until the interatomic forces
were minimized down to 1079 Ry/A. In order to obtain
the parameters accurately, treatment of the van der Waals
interactions was included using the Grimme-D2 correction
[25]. Phonon frequencies were calculated at the I' point

within the linear response method implemented in Quan-
tum Espresso. Calculated crystallographic properties obtained
by relaxing the structures are in good agreement with x-
ray diffraction measurements [20]. A comparison between
our, calculated, and experimental results is presented in
Table 1.

III. RESULTS AND DISCUSSION
A. Polarization dependence

CrSiTe; crystallizes in the rhombohedral crystal structure,
described by R3 (C32[-) [26]. Wyckoff positions of atoms,
together with each site’s contribution to phonons at the I' point
and corresponding Raman tensors, are listed in Table II. The
phonon mode distribution obtained by factor-group analysis
for the R3 space group is as follows:

["Raman = 5Ag + 5Eg9
1_‘IR = 4Au + 4Eu’
[ acoustic = Ay + E,.

Since the plane of incidence is ab, where |a| = |b| [£(a, b) =
120°], and the direction of light propagation is along ¢ axes,
from the selection rules, it is possible to observe all Raman-
active modes, i.e., five A, modes and five doubly degener-
ate £, modes. According to the Raman tensors presented
in Table II, A, symmetry modes are observable only in
the parallel polarization configuration, whereas E, symmetry

TABLEIL (a) Type of atoms, Wyckoff positions, each site’s contribution to the phonons at the I' point, and corresponding Raman tensors
for the R3 space group of CrSiTes. (b) Phonon symmetry, calculated optical phonon frequencies at 0 K, and experimental values for Raman-
active (at 100 K) and infrared (IR)-active (at 110 K) [1] CrSiTe; phonons.

(a) Space group R3 (No. 148)

Atom(s) (Wyckoff positions)

Irreducible representations

Cr, Si (6¢) A, +E, +A,+E,
Te (18 f) 3A, +3E, +3A, +3E,
(b) Raman tensors
a 0 O d e d —c —f
Ag=|0 b 0 E, = - f E;=|-c —d e
0 0 ¢ f 0 —f e 0
Raman active IR active [1]
Calc. Expt. Calc. Expt.
Symmetry (cm™") (cm™") Symmetry (cm™) (cm™")
Ai, 88.2 - Al 91.8 91.0
Eg1 93.5 88.9 E! 93.7 -
E? 96.9 - A2 116.8 -
Eg3 118.3 118.2 E? 117.1 -
Ag 122.0 - Al 202.4 -
AZ 148.0 147.4 E} 206.2 207.9
A‘; 208.7 - A? 243.7 -
E;‘ 219.5 217.2 E} 365.8 370.4
Eg 357.4 -
AZ 508.8 -
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FIG. 1. Raman spectra of CrSiTe; single crystals measured at
100 K in (a) parallel and (b) cross polarization configurations. The
gray line represents the TeO, spectrum measured at 300 K. Inset:
Raman spectrum of CrGeTe; in the parallel polarization configura-
tion measured at 100 K.

modes can be expected to appear for both in-parallel and cross
polarization configurations.

The Raman spectra of CrSiTe; for two main linear po-
larization configurations, at 100 K, are shown in Fig. 1.
Four peaks can be observed in the spectra, at energies of
88.9, 118.2, 1474, and 217.2 cm~"'. Since only the peak at
147.4 cm™! vanishes in the cross polarization configuration, it
corresponds to the A, symmetry mode. The other three modes
appear in both parallel and cross polarization configurations
and, thereby, can be assigned as E, symmetry modes (Fig. 1).

In order to exclude the possibility that any of the observed
features originate from the TeO, [17,27], its Raman spectrum
is also presented in Fig. 1. It can be noted that no TeO,
contribution is present in our CrSiTe; data. Furthermore, the
observed CrSiTe; Raman spectra are also consistent with the
CrGeTe; Raman spectra (see inset in Fig. 1), isostructural to
CrSiTes. Five Raman-active modes have been observed for
CrGeTes, two A, modes, at 137.9 and 296.6 cm~!, and three
E, modes, at 83.5, 112.2, and 217.5 cm~ !, in agreement with
the previously published data [17,18]. The main difference in
the spectra of CrSiTe; and CrGeTes arises from the change in
mass and lattice parameter effects that cause the peaks to shift.

Calculated and observed Raman-active phonon energies
are compiled in Table II, together with the experimental
energies of the infrared (IR)-active phonons [1], and are found
to be in good agreement. Displacement patterns of the A,
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FIG. 2. (a) The E;’ mode Raman spectra of CrSiTe; at four
temperatures measured in the cross polarization configuration. Blue
lines represent line shapes obtained as a convolution of the Fano
line shape and Gaussian, calculated to fit the experimetal data.
Temperature dependence of (b) the energy, (c) the line width, and (d)
the Fano parameter ¢ of the E3 mode. The dashed red line represents
standard anharmonic behavior [28,29]. All the parameters show a
change in tendency around 180 K.

and E, symmetry modes are presented in Fig. 4, in the
Appendix.

B. Temperature dependence

After proper assignment of all the observed CrSiTe;
Raman-active modes we proceeded with temperature evolu-
tion of their properties, focusing on the most prominent ones,
E; and Az,. Figure 2(a) shows the spectral region of the doubly

degenerate E; mode at an energy of 118.2 cm™', at four
temperatures. Closer inspection of the 100 K spectra revealed
clear asymmetry of the peak on the low-energy side. The
presence of defects may result in the appearance of the mode
asymmetry [30], however, they would also contribute to the
mode line width and, possibly, the appearance of phonons
from the edge of the Brillouin zone in the Raman spectra [29].
The very narrow lines and absence of additional features in
the Raman spectra of CrSiTe; do not support this scenario.
The asymmetry may also arise when the phonon is coupled
to a continuum [31]. Such a coupling of the E;’ phonon mode
would result in a line shape given by the convolution of a Fano
function and a Gaussian, the latter representing the resolution
of the spectrometer [29]. Comparison between the Fano line
shape convoluted with a Gaussian, the Voigt line shape, and
the experimental data at 100 K is presented in Fig. 5, in the
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FIG. 3. (a) sz mode Raman spectra of CrSiTe; at four tem-
peratures measured in the parallel polarization configuration. Blue
lines represent Voigt line shapes. (b) Energy and (c) line-width
temperature dependence of the A; mode.

Appendix, with the former yielding better agreement with the
experimental data. Furthermore, it fully captures the E; mode
line shape at all temperatures under investigation [Figs. 2(a)
and 6].

Upon cooling of the sample, the E; mode energy hardens
[Fig. 2(b)] with a very small discontinuity in the temperature
range around 180 K. Down to the same temperature, the
line width monotonically narrows in line with the standard
anharmonic behavior [dashed red line in Fig. 2(c)]. Upon
further cooling, the line width increased, deviating from the
expected anharmonic tendency. This indicates activation of
an additional scattering mechanism, e.g., spin-phonon inter-
action. Figure 2(d) shows the evolution of the Fano param-
eter, |g|. Whereas in the region below 180 K, it increases
slightly but continuously, at higher temperatures it promptly
goes to lower values and the mode recovers a symmetric
line shape. We believe that the observed behavior of the
E; mode can be traced back to the short-range magnetic
correlations, which, according to Ref. [1], persist up to
150 K, and the strong spin-phonon coupling in CrSiTes.
Similar behavior of the energy and line width, which dif-
fers from the conventional anharmonic, as well as the E,
mode Fano-type line shape, was recently reported in o-RuCls
and was interpreted as a consequence of the spin-phonon
interaction [32].

Unlike the Ef, mode, no pronounced asymmetry was ob-

served for the Ag mode. As can be seen from Figs. 3(b) and
3(c) both the energy and the line width of the Az mode showed

@®cCr

©Te © SilGe

X

FIG. 4. Unit cell of a CrSiTe; single crystal (solid lines) with
the displacement patterns of the A, and E, symmetry modes. Arrow
lengths are proportional to the square root of the interatomic forces.

a similar change in tendency in the same temperature region
as the Ef, mode, most likely due to the spin-phonon coupling.

IV. CONCLUSION

The lattice dynamics of CrSiTes;, a compound isostruc-
tural to CrGeTe;s, is presented. An A, and three E, modes
were observed and assigned. The experimental results are
well supported by theoretical calculations. The temperature
dependences of the energies and line widths of the Az and
Ef, modes deviate from the conventional anharmonic model

in the temperature range around 180 K. In addition, the ES,
mode shows clear Fano resonance at lower temperatures. This
can be related to the previously reported short-range magnetic
correlations at temperatures up to 150 K [1] and the strong
spin-phonon coupling.
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APPENDIX

1. Eigenvectors of Raman-active modes

Figure 4 summarizes the A, and E, symmetry mode
displacement patterns of a CrSiTes single crystal (R3 space
group). Arrow lengths are proportional to the square root of
the interatomic forces.

2. Asymmetry of the E; line

The peak at 118.2 cm ™!, which we assigned as the E:, sym-
metry mode, at low temperatures shows a significant asym-
metry towards lower energies. The possibility of additional

105 110 115 120 , 125 130
Raman shift (cm™)

FIG. 6. The Eg mode Raman spectra of CrSiTe; at all temper-
atures measured in the cross polarization configuration. Blue lines
represent calculated spectra obtained as the convolution of the Fano
line shape and Gaussian.

defect-induced features in Raman spectra can be excluded,
since the modes are very narrow, suggesting high crystallinity
of the sample. Also, the theoretical calculations do not predict
additional Raman-active modes in this energy region. On the
other hand, coupling of the phonon mode to a continuum may
result in an asymmetric line shape described with the Fano
function. Due to the finite resolution of the spectrometer it has
to be convoluted with a Gaussian (I'¢ = 1 cm™!). In Fig. 5 we
present a comparison of the line obtained as a convolution of
the Fano line shape and a Gaussian (blue line) and a Voigt line
shape (orange line) fitted to the experimental data. Whereas
the Voigt line shape deviates at the peak flanks, excellent
agreement has been achieved for convolution of the Fano line
shape and a Gaussian.

3. E; mode temperature dependence

Figure 6 shows Raman spectra of CrSiTes in the region of
the E 2 mode in the cross polarization configuration at various
temperatures. Solid blue lines represent the convolution of
the Fano line shape and Gaussian fitted to the experimental
data. The asymmetry is the most pronounced below 190 K.
Above this temperature, the asymmetry is decreasing, and at
high temperatures the peak recovers the fully symmetric line

shape.
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Abstract

Since the 1960s, Graphite intercalation compounds (GIC) have been extensively stud-
ied, showing many new properties and exotic physics. This inspired many to investigate
a single or few-layer intercalated graphene. Intercalated graphene has many extraordinary
properties and it is different compared to pristine graphene or bulk GICs, with great spec-
tra of characteristics induced by various intercalants. This method opens new possibili-
ties for research and applications in electronics and photonics. Here we present the results
of a DFT study on electronic and vibrational properties of the graphene doped with Sr
and Yb adatoms, taking into account that only their corresponding bulk compounds have
been investigated so far. The calculations were performed in Quantum Espresso software
package.

Keywords Graphene - DFT - Electronic properties - 2D materials

1 Introduction

Since the experimental discovery in Novoselov et al. (2004), graphene has been attracting
enormous attention. The relativistic behaviour of the low-energy excitations (the so-called
Dirac fermions) leads to many interesting effects and the linear electronic dispersion of gra-
phene in the vicinity of the K-point mimics the physics of the massless fermions in quan-
tum electrodynamics, at speed 300 times smaller than the speed of light. Therefore, many
unusual properties can be observed in graphene, such are the Klein paradox (Katsnelson
et al. 2006) or the anomalous integer quantum Hall effect (Gusynin and Sharapov 2005;
Neto et al. 2006) which can be observed at room temperatures (Novoselov et al. 2007).
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Graphene has excellent thermal conductivity, high electron mobility (Bolotin et al. 2008)
and transparency, and at the same time it is one of the strongest materials known (Lee
et al. 2008), about 200 times stronger than structural steel, yet very flexible and stretch-
able. With all its unique properties, graphene has various potential applications in almost
all research fields, especially in electronics and optoelectronics (Ferrari 2015; Blake et al.
2008; Todorovi¢ et al. 2015). With high electrical and optical conductivity, it is promising
candidate for applications in energy storage (Bonaccorso et al. 2015), detectors (Sassi et al.
2017; Liu et al. 2014), or even for the flexible touch screen technology (Ahn and Hong
2014; Bae et al. 2010). Ultra-thin graphitic films are also well researched for applications
in photonics with high transparency and electrical conductivity (Matkovi€ et al. 2016).
Already extraordinary characteristics of graphene can be tailored and enhanced in
many ways—by various types of disorders, controlling the type of edges (Peres et al. 2006;
Wakabayashi et al. 1996, 2009), number of layers, by doping, applying the strain (Levy
et al. 2010; Choi et al. 2010; Settnes et al. 2016; Masir et al. 2013), etc. Among them,
doping graphene is an excellent way to make graphene suitable for various applications
(Sharma and Ahn 2013; Wang et al. 2010; Qu et al. 2010; Jeong et al. 2011; Cui et al.
2011). Especially interesting is intercalation of various species in a few layer graphene (or
doping a single layer graphene with adatoms), in a similar manner to the graphite inter-
calation compounds (GIC). This provides very high level of doping and leads to many
interesting effects that are not present in pristine graphene, offering a new way to design
various materials with magnetic, highly conductive or superconducting properties. Doping
via adsorption is also very convenient, as the graphene can host various adatoms or small
molecules while preserving its own structure, and at the same time drastically change its
electronic properties. By covering the graphene sheet with the layer of adatoms, significant
structural changes are avoided, as the dopant atoms are not fitted in the graphene lattice
instead of the carbon atoms. However, adsorbed atoms can strongly affect the electronic
properties of graphene, dominantly through the p, orbitals. Therefore, it is an excellent
tool for tuning the properties of graphene in a wide range and obtain new effects. GIC
have been extensively researched since the 1960s (Riidorff 1959; Enoki et al. 2003; Dres-
selhaus and Dresselhaus 2002), but the interest for them has significantly raised with dis-
covery of the superconductivity in some of the alkali or alkaline earth metal intercalated
graphite structures, among which are CaCq and YbC, (Weller et al. 2005) with relatively
high critical temperatures of 7, = 11.5K and 7, = 6.5 K. As research of 2D materials has
raised in the last decade, the superconductivity in GIC imposed a question of investigating
the monolayer graphene doped with alkali and alkaline earth metal adatoms, searching for
the atomically thin superconductors. The electrical characteristics of the doped graphene
depend strongly on the species of the used adatom. Reports on related structures suggest
the occurrence of superconductivity in some of them, usually with alkali or alkaline earth
metals doping, similar to the GICs. The explanation for the emergence of the superconduc-
tivity in the alkali doped graphene lies in the electron-phonon coupling that arises from
the new intercalant-derived band and the graphene z-bands at the Fermi level. Among
first researched doped graphene structures was Li decorated graphene (Profeta et al. 2012;
Pesic et al. 2015), which is superconducting with the critical temperature of 7 = 5.9 K.
It can also be enhanced by applying the strain (PeSic¢ et al. 2014). The experimental evi-
dence of superconductivity in the Li doped graphene (Ludbrook 2015) inspired many to
search for other 2D superconducting structures (Calandra et al. 2012; Penev et al. 2016;
Shimada et al. 2017; Saito et al. 2016). Graphene doped with the Ca atoms is also reported
to be superconducting as the doped monolayer (Profeta et al. 2012) and bilayer interca-
lated graphene (Mazin and Balatsky 2010; Margine et al. 2016), there are also reports for a
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few-layer potassium doped graphene (Xue et al. 2012). Among other similar structures, the
heavily n-doped graphene was also predicted to be superconducting (Margine and Giustino
2014), the combination of biaxial strain with charge doping, which leads to the supercon-
ductor with T, estimated to be up to 30 K (Si et al. 2013), or the hole-doped graphane
which was predicted to be a high T, superconductor, with a critical temperature in range
60-80 K (Durajski 2015). However, many possible structures based on doped graphene
with potential superconducting properties are not considered yet.

In this paper we studied the electronic and vibrational properties of Sr and Yb doped
graphene using the density functional theory approach. We were motivated by the fact that
both structures are known as superconductors in their corresponding bulk compounds,
YbCy with critical temperature of T, = 6.5K (Weller et al. 2005) and SrCgq with up to
T. = 3.03K (Calandra and Mauri 2006). We are first to report the results for a monolayer
graphene doped with those adatoms.

2 Computational details

All calculations were performed using the Quantum Espresso software package (Giannozzi
et al. 2009), based on the plane waves and pseudopotentials. We used norm-conserving
pseudopotentials (Perdew and Zunger 1981) and LDA exchange-correlation functional.
The plane wave energy cutoff is 120 Ry for SrC¢-mono and 160 Ry for YbCg-mono. The
unit cell for both structures is modelled as \/3 X \/§R30° supercell of the graphene unit
cell, with adatoms positioned in the H-site. This is the favorable adsorption site for both
adatoms, according to the DFT study (Nakada and Ishii 2011). The value of the hexagonal
cell parameter a is 4.26A taken theoretically, as there are no experimental realization of
those structures. The top and side view of the structures are shown in Fig. 1. In order to
avoid interactions between layers, the hexagonal cell parameter ¢ of the unit cell was cho-
sen to be sufficiently large, ¢ = 11.4 A for SrCg-mono and 11.3 A for YbCy-mono. Prior to
any calculations, the ionic positions in systems are fully relaxed to their minimum energy
configuration, using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. Obtained
vertical distance between graphene layer and the adsorbed atom is i = 2.22A for SrCq-
mono and h = 2.25A for YbC¢-mono. Phonon properties are obtained with the Density

(a)

(b)

or-J{o>-o

’—
APADA

< <@y

\

Fig.1 a Top view of the graphene structure with the adatoms adsorbed in the H-site. Unit cell is marked
with the black line, b side view of the one hexagon with the adatom above
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Functional Perturbation Theory (DFPT) implemented in the PHonon part of the Quantum
Espresso software.

3 Results and discussion

As we said in Sect. 2, the unit cell for our H-site doped structures is enlarged compared to
the pristine graphene. Due to the increase in the size of the primitive cell in direct space,
basis vector lengths in reciprocal space are reduced. As a consequence, the K-point of the
Brillouin zone of graphene is folded to the I" point of the Brillouin zone of H-site doped
graphene. Brillouin zones of the graphene unit cell and the H-site doped graphene are
shown in Fig. 2.

3.1 Electronic properties

Electronic dispersions along I'-M-K-I" high symmetry points for StC¢-mono and YbCy-
mono are shown in Fig. 3. Fermi level is set to zero in all figures. Folding the z and z*
bands of graphene from K-point to I'-point, the inner and outer carbon = and z* bands are
obtained, crossing at the I" point. For both structures, lower bands from the ¢ bonds in the
valence band are almost unaffected, as expected, and they are not shown in figures. The
Fermi level is shifted up in both structures. By deposition of adatoms on top of graphene,
new interlayer band derived from the Yb or Sr adatoms is formed around the Fermi level,
showing a nearly free-electron-like dispersion. They are placed at 2.2 and 1.5 eV below
the Fermi level in the YbCy-mono and SrCy-mono, respectively, being partially occupied.
The density of states on Fermi level is also raised. The carbon z bands are not affected
by the presence of the adatoms. Previously unoccupied z* bands now intersect the new
up-shifted Fermi level and are strongly hybridized with the new band derived from the
adsorbed atoms. In YbC¢-mono, 4f orbitals coming from the Yb atoms form a set of flat
non-dispersive bands, similar to the bulk YbC, (Cséanyi et al. 2005). Those flat bands are
characteristic for most lanthanides. They are localized at 0.7 eV below the Fermi level with
the corresponding peak clearly observed in the density of states. As reported for the bulk
YbCq, calculations with the Hubbard+U corrections do not give significant changes and
result only in slightly shifting down those bands, so the same is expected for the monolayer.
The Dirac points from graphene are folded to the I" point in the H-site doped graphene, and

Fig.2 Brillouin zones of
graphene (black) and the H-site
doped graphene (red). (Color
figure online)
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Fig.3 Electronic dispersions (a) 3
of a SrC¢-mono and b YbC
-mono. Thickness of the red lines 2

is proportional to the the Sr/Yb
character and the interlayer band
is marked in green dotted line.
(Color figure online)
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they are now below the Fermi level. Due to the adatom presence, the symmetry is broken
and a gap is opened. In the SrCg, interlayer band is placed between the 7 and 7* and a very
small gap can be observed in the density of states, while in the YbC¢-mono, the new inter-
layer band intersect the 7 band and the gap is closed.

3.2 Phonon properties

The symmetry group of graphene with adatoms adsorbed in the H-site is Dg77 = T’ Cy,,
which is a subgroup of the diperiodic group of graphene, Dg80 = TDy, (Damljanovic et al.
2014). In order to connect the phonon modes of the H-site doped graphene with the cor-
responding phonon modes of graphene, the corresponding irreducible representation of
group Dg77 of graphene to its subgroup Dg80 (Damljanovi¢ et al. 2014). The modes from
the T pOiI}t, I'E,, and I'B,, correspond to I'E, and l“,B - For the modes of graphene in the K
point, KA corresponds to the modes A, and B,, KA to A, and B, KE and KE to E, and E,
(Altmann and Herzig 1994; Damljanovi¢ and Gaji¢ 2012). The modes A; and E; are both
infrared and Raman active, while E, modes are only Raman active. The symmetry classifi-
cation of optical modes and Raman tensors for H-site doped graphene are given in Table 1.
The displacement patterns of the SrC¢-mono and YbCy-mono, in the I" point are shown in
Fig. 4. Those modes have displacement patterns similar to those of graphene phonons at I
and K points, which happens due to the Brillouin zone folding. As the K point of graphene
is folded to the I" point of the new Brillouin zone in the H-site doped graphene, the phonon
modes in graphene at the I' and K points correspond to the I' modes in the H-site doped
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Table 1 Raman tensors and symmetry classification of optical modes

Raman tensors

Graphene Ay, E, E,,

Dg80 = TDy, a00 000)(00 —c d 0 0 0 -do
011 G 0a0 00c|]00 O 0 -d0|]|-d 0 0
o, C, 005 0cO0)lco 0 0 0 0 0 0 0
Aa A, E, E,

Dg77 =TCg, a00 00c) (000 d 0 0 0 -do
O, |l Co 0a0 000]]00c¢ 0 -do||-d 0 o0
O o, 000b c00){0coO 0 0 0 0 0 0
Optical modes

Aa I, =2A, +A, +2B, + B, +3E, +3E,

structures. This is valid for all H-site doped graphene structures as the unit cell is the type.
As the Kohn anomaly is present in graphene at I" and K points in E,, and KA/1 modes, we
expect it to be present in the H-site doped graphene structures for the modes related to
these two. Modes with Kohn anomaly can not be calculated precisely using the density
functional theory as the DFT is based on the adiabatic Born-Oppenheimer approximation
which is in this case broken. Comparing the calculated phonon modes for graphene at K
and I" point, with the corresponding phonon modes at the I" point of the SrCq and YbC¢
monolayers, we can observe small differences in the corresponding frequencies. Some of
these are lower than in pristine graphene and some frequencies are split. For example, fre-
quencies of E, mode in Sr and Yb doped graphene are 1470 cm™' and 1488 cm™!, respec-
tively, while the frequency of E,, in pristine graphene is 1550 cm™!; Frequency of E' mode
in graphene is 1200 cm™!, and corresponding modes in doped graphene are E, at 1180 cm™"
and E, at 1200cm™!; E” mode in graphene is at 580cm™', and corresponding modes in
doped graphene are E, at 495cm™' and E, at 510 cm™! for SrC¢-mono and E, at 477 cm™!
and E, at 500 cm™! for YbC¢-mono. This can be ascribed to the adatoms impact, and in
general, it depends on the type of the adatom.

4 Conclusion

Using the density functional theory approach, we calculated the electronic and phonon
properties of the Sr and Yb doped graphene, in a similar manner to the GICs. Their cor-
responding bulk compounds have been studied so far and we are first to investigate the
monolayer graphene doped with those adatoms. The electronic and phonon properties are
of essential interest for electron-phonon coupling as well as the guidelines for experimental
research. From the electronic band structure calculations, we can observe a new adatom-
derived interlayer band crossing the Fermi level in both structures, which hybridize strongly
with the carbon p_ orbitals. Density of states on the Fermi level is also raised. Those results
can be indicating a possible superconductivity and can be inspiring for further research of
those structures. Displacement patterns calculated in the I" point are similar to those in the
K and I" point of the pristine graphene, as a consequence of the zone folding effect, but due
to the adatoms impact we can observe some differences in frequencies and the splitting of
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some modes. The results obtained in this paper are important base for further theoretical
and experimental research of those two structures, as well for future research of similar
structures of graphene doped with other metal adatoms.
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Ispitivanje uticaja naprezanja na osobine heterostruktura
dvodimenzionalnih monohalkogenida II1TA grupe ab-initio
metodama

SAZETAK

Razvoj nauke o materijalima i fizike ¢vrstog stanja u 21. veku obelezen je intenzivnim
istrazivanjima dvodimenzionalnih (2D) materijala. Ovi materijali se isti¢u jedinstvenim
elektronskim, optickim i mehanickim svojstvima, uz veliki potencijal za primene u na-
noelektronici i optoelektronici. Medu njima, monohalkogenidi ITTA grupe (MMXV1 gde
su M = Ga, In; X = S, Se, Te) izdvajaju se zahvaljujuéi visokoj pokretljivosti elektrona,
sposobnosti apsorpcije svetlosti u Sirokom spektru i sposobnosti da izdrze velike inten-
zitete naprezanja. Ipak, njihova hemijska osetljivost, posebno podloznost oksidaciji u
kontaktu sa vazduhom, predstavlja znacajan izazov za eksperimentalnu primenu. Enkap-
sulacija odgovaraju¢im materijalima, poput heksagonalnog bor nitrida (hBN), pokazala
se kao efikasno resenje, pruzajuéi mehanicku i hemijsku zastitu, uz dodatno poboljsanje
elektronskih i optickih svojstava ovih slojeva.

Jedan od najvaznijih pravaca savremenih istrazivanja 2D materijala je primena
mehanickog naprezanja, koje omogucava precizno podesavanje elektronskih i optickih svo-
jstava, i optimizaciju ovih materijala za razli¢ite primene. Kontrolisano naprezanje otvara
nove mogucnosti za inZenjering energijskog procepa i prilagodavanje svojstava specificnim
primenama, pruzajuci znacajan doprinos fundamentalnim istrazivanjima i razvoju ure-
daja u fleksibilnoj elektronici, optoelektronici i drugim naprednim oblastima.

Cilj ove disertacije je pronalaZenje i analiza novih heterostruktura (HS) na bazi MMXV!
sloja i hBN-a koje su dinamicki stabilne i poseduju superiorna elektronska i opticka svo-
jstva. Istrazivanje je fokusirano na efekat primene mehanickog naprezanja na svojstva ovih
HS, sa posebnim osvrtom na biaksijalno naprezanje koje omoguéava preciznu kontrolu en-
ergijskog procepa i poboljSanje optickih osobina, bez narusavanja simetrije materijala.

Rezultati pokazuju da kombinacija hBN-a sa MMYXV! glojevima formira HS sa
poboljsanim mehanic¢kim svojstvima, zahvaljujuci zastitnoj ulozi hBN-a, dok istovremeno
omogucava izvanrednu apsorpciju u Sirokom spektralnom opsegu. HS poput hBN/InTe
i hBN/GaTe pokazale su se kao posebno perspektivne, zahvaljuju¢i dobrom poklapanju
konstanti resetke sa hBN-om i manjem energijskom procepu, sto rezultuje pojacanom
apsorpcijom u vidljivom delu spektra. Ove HS pokazuju veliki potencijal za primene
u optoelektronici za razli¢ite uredaje poput apsorbera i fotodetektora. Ovi rezultati
naglasavaju potencijal za primene u optoelektronici, uklju¢ujuéi apsorbere i fotodetek-
tore, pruzajudi istovremeno znacajne smernice za dalja fundamentalna i eksperimentalna
istrazivanja.

Kljuéne reci: Teorija funkcionala gustine, 2D materijali, Heterostrukture, Naprezanje
Naucna oblast: Fizika
Oblast istrazivanja: Fizika kondenzovanog stanja materije

UDK broj: 538.9



Investigation of strain effects on properties of heterostructures
based on 2D group IITA monochalcogenides using ab-initio
methods

ABSTRACT

The development of materials science and solid-state physics in the 21st century has
been marked by intensive research into two-dimensional (2D) materials. These materials
are distinguished by their unique electronic, optical, and mechanical properties, with sig-
nificant potential for applications in nanoelectronics and optoelectronics. Among them,
group IIla monochalcogenides (M™XV! where M = Ga,In; X = S,Se,Te) stand out due
to their high electron mobility, ability to absorb light across a wide spectrum, and re-
silience to high strain intensities. However, their chemical sensitivity, particularly their
susceptibility to oxidation upon exposure to air, poses a significant challenge for applica-
tions. Encapsulation with suitable materials, such as hexagonal boron nitride (hBN), has
proven to be an effective solution, providing mechanical and chemical protection while
simultaneously enhancing the electronic and optical properties of these layers.

One of the most important directions in contemporary 2D materials science is the
application of mechanical strain, which enables precise tuning of electronic and optical
properties as well the optimization of these materials for various applications. Controlled
strain opens new possibilities for bandgap engineering and tailoring material properties
to specific applications, making significant contributions to fundamental research and the
development of devices in flexible electronics, optoelectronics, and other advanced fields.

The goal of this dissertation is to identify and analyze new heterostructures based on
M™MXVT Jayers and hBN that are dynamically stable and exhibit superior electronic and
optical properties. The research focuses on the effect of mechanical strain on the prop-
erties of these heterostructures, with particular emphasis on biaxial strain, which allows
precise bandgap control and improvement of optical properties without compromising the
symmetry of the materials.

The results demonstrate that combining hBN with M XVT layers forms heterostruc-
tures with enhanced mechanical properties due to the protective role of hBN, while simul-
taneously achieving exceptional absorption across a broad spectral range. Heterostruc-
tures such as hBN /InTe and hBN /GaTe have proven to be particularly promising due to
their excellent lattice constant matching with hBN and reduced bandgap, which enhances
absorption in the visible light range. These heterostructures show great potential for
optoelectronic applications in devices such as absorbers and photodetectors. Addition-
ally, these results provide valuable insights for further fundamental research and serve as
guidelines for the experimental realization of these structures.

Keywords: Density functional theory, 2D materials, Heterostructures, Strain
Scientific field: Physics

Research area: Condensed Matter Physics

UDC number: 538.9

vi



Akronimi

2D - Dvodimenzionalni

hBN - heksagonalni bor nitrid

DFT - Teorija funkcionala gustine

DFPT - Perturbaciona teorija funkcionala gustine
HS - Heterostrukture

TMD - Dihalkogenidi prelaznih metala

MMXVT - Monohalkogenidi I1la grupe

vdW - van der Vals

HEG - Homogeni elektronski gas

LDA - aproksimacija lokalne gustine

GGA - generalizovana gradijentna aproksimacija

QE - Quantum Espresso

vii



Sadriag

Sadrzaj viii
1 Uvod 1
2 Teorya funkcionala gustine 4
2.1 ViSeCesti¢ni sistemi . . . . . . . . . .. L )
2.1.1 Born-Openhajmerova aproksimacija . . . . . . . . .. .. ... ... 6

2.1.2  Model nezavisnih elektrona (Hartrijev model) i Hartri-Fokova
aproksimacija . . . . . .. ..o 8
2.2 Hoenberg-Konove teoreme . . . . . . . . . . .. .. ... .. 9
2.3 Samousaglaseno resavanje Kon-Samovih jednacina . . . . ... .. .. ... 13
2.4 Izmensko-korelacioni funkcionali . . . . . . ... ..o 00000 14
2.4.1 Aproksimacija lokalne gustine (LDA) . . . . .. ... ... ... .. 17
2.4.2  Aproksimacija uopstenog gradijenta (GGA) . . .. ... ... ... 19
2.5 Bazisravnih talasa . . . . . .. .. o000 19
2.6 Pseudopotencijali . . . . . . . ... 21
2.7 Perturbaciona teorija funkcionala gustine (DFPT) . . . .. .. ... .. .. 23
2.7.1 DFPTilinearni odziv . . . . . . . . .. .. ... ... ... .... 25
2.8 Quantum ESPRESSO, obrada podataka i prateci softver . . . . . . .. .. 26
2.8.1 Quantum ESPRESSO . . ... .. ... ... ... ... ...... 26
2.8.2  Modelovanje 2D struktura i heterostrukturau QE . . . . . . .. .. 27
2.8.2.1 Odredivanje konstanti elasticnosti . . . . . . .. ... ... 28
2.8.2.2  Odredivanje optickih svojstava . . . . .. ... ... ... 29
2.8.3 Ostali koriséeni softveri . . . . . . . . .. ..o 30
3 Dwvodimenzionalni materijali © heterostrukture 32
3.1 Heksagonalni bor nitrid (hBN) . . . . ... ... ..o 00000 35
3.2 2D monohalkogenidi IITA grupe . . . . . . . . . .. .. ... ... 37
3.3 Heterostrukture monohalkogenida i hBN-a . . . . . .. .. ... ... ... 40
3.4 Naprezanje u 2D materijalima . . . . . . .. .. ..o 42

Viil



4 Rezultat: 44

4.1 Modelovanje hBN/MMXV! heterostruktura i izbor vrste naprezanja . . . . 44
4.2 hBN/InTe i hBN/GaTe heterostrukture . . . . . ... ... ... ... ... 48
4.2.1 Mehanicka svojstva . . . . .. ..o Lo 52
4.2.2  Elektronska struktura. . . . . .. ..o 53
4.2.3 Opticka svojstva . . . . . . ... 55

4.3 Uticaj biaksijalnog naprezanja na hBN /InTe i hBN /GaTe heterostrukture . 58
4.3.1 Elektronska struktura. . . . . .. ... 58
4.3.2 Opticka svojstva . . . . . . ... 60

4.4 Uticaj naprezanja na hBN/InSe heterostrukture . . . . . . . .. ... ... 64
4.4.1 Elektronska struktura. . . . . .. ..o oL 66
4.4.2 Opticka svojstva . . . . . . ... 69

4.5 hBN/GaS, hBN/GaSe i hBN/InS heterostrukture . . . . .. ... .. ... 70
4.5.1 Elektronska struktura hBN/GaS, hBN/GaSe i hBN/InS . . . . . . 73
4.5.2 Opticke osobine . . . . . . . ... 80

5 Ostali rezultati istrazivanja slojevitih © 2D materijala 86
5.1 "Fortune Teller" disperzija u dvodimenzionalnim materijalima . . . . . . . 86

5.2 Slojeviti materijali iz porodica halogenida prelaznih metala i dihalkogenida 88
6 Zakljucak 91

Literatura 94

X



1 Uvod

Razvoj nauke o materijalima i fizike ¢vrstog stanja na pocetku 21. veka obelezen je
intenzivnim istrazivanjima niskodimenzionalnih materijala. Posebnu paznju naucne za-
jednice privukli su dvodimenzionalni (2D) materijali, zahvaljujuéi njihovim jedinstvenim
svojstvima i Sirokom spektru moguéih primena. Slojeviti materijali, ¢esto nazivani i kvazi-
2D materijali, sa slojevitim kristalnim strukturama povezanim slabim van der Valsovim
silama, omogudéili su istrazivacima da eksperimentisu sa pojedinacnim atomskim sloje-
vima, otvarajuéi nove puteve za fundamentalna i primenjena istrazivanja.

Uspesna sinteza grafena 2004. godine oznacila je prekretnicu u nauci materijala,
demonstrirajuéi stabilnost dvodimenzionalnih materijala u ambijentalnim uslovima, sto
je dovelo u pitanje ranije teorijske pretpostavke o njihovoj termodinamickoj nestabil-
nosti. Otkri¢e grafena podstaklo je intenzivnu potragu za slicnim 2D materijalima, pa
su neznatno kasnije otkriveni brojni drugi 2D materijali, kao $to su heksagonalni bor ni-
trid (hBN) [1, 2|, silicen [3, 4], germanen [5, 6], dihalkogenidi prelaznih metala (TMD)
[7, 8,9, 10, 11, 12|, emikseni [13, 14], monohalkogenidi IITA grupe [15, 16, 17, 18|.

Posebnu paznju u oblasti 2D materijala privukle su heterostrukture kod kojih su slojevi
razli¢itih materijala povezani slabim van der Valsovim silama. Ove strukture omogucavaju
prilagodavanje elektronskih i optickih svojstava kombinacijom slojeva sa razli¢itim karak-
teristikama, $to im daje prednost u raznovrsnim nanoelektronskim i optoelektronskim
primenama [19, 20, 21, 22|.

Monohalkogenidi IITA grupe (MMXV! gde je M = Ga, In; X = S, Se, Te) se posled-
njih godina izdvajaju kao vazni predstavnici 2D materijala, zahvaljujuéi direktnom ener-
getskom procepu, visokim vrednostima pokretljivosti elektrona i moguénosti apsorpcije
svetlosti u Sirokom spektralnom opsegu. Zbog svojih specifi¢nih elektronskih i optickih
osobina [23], paznju privlace ve¢ decenijama i u obliku tankih filmova. Na primer, FET
tranzistori sa InSe slojevima debljine 33 nm dostizu mobilnost od 1055 cm?/Vs na sobnoj
temperaturi [24], §to je retko zabelezeno kod mnogih prelaznih TMD poput MoSs ili WSe;
i uporedivo je sa vrednostima napregnutih silicijumskih MOSFET-ova [25] i tranzistora
na bazi crnog fosfora [26]. Ova porodica materijala ima i odlicna opticka svojstva. Fo-
todetektori na bazi InSe slojeva imaju dobru apsorpciju u Sirokom delu spektra, od UV
(ultraljubicasto) do bliskog IR (infracrveno), kao i visoku fotoresponzivnost i fotodetek-

ciju [24, 27]. Pokazalo se da su, kao i mnogi drugi materijali sa slojevitom strukturom i



1. Uvod

slabim meduslojnim silama, pogodni za eksfolijaciju u monoslojeve.

Monohalkogenidi IITA grupe se nesumnjivo isti¢u kao izvanredni kandidati za optoelek-
tronske aplikacije zahvaljujuci svojim jedinstvenim svojstvima. Ipak, njihova eksperimen-
talna primena suocava se sa znaCajnim izazovima, pre svega zbog izrazite mehanicke i
hemijske osetljivosti. Ovi materijali su posebno podlozni oksidaciji u kontaktu sa vaz-
duhom, pri ¢emu studije pokazuju da se strukture debljine jednog sloja gotovo trenutno
oksidisu na otvorenom [28, 29, 30, 31]. Ovaj problem se uspesno resava pasivizaci-
jom odgovarajué¢im materijalima, koji obezbeduju enkapsulaciju i mehanicku zastitu, bez
naruSavanja Zeljenih karakteristika osnovnog materijala. Heksagonalni bor nitrid (hBN)
se pokazao kao izuzetno efikasan za ovu namenu [32, 33| pruzajuéi pouzdanu zastitu i
istovremeno poboljSavajuci elektronska i opticka svojstva slojeva poput InSe i GaSe. Het-
erostrukture koje kombinuju monohalkogenide ITTA grupe i hBN posebno se isti¢u svojim
izvanrednim apsorpcionim svojstvima u Sirokom spektru, od infracrvene do daleke ul-
traljubicaste oblasti [34]. Njihove mehanicke osobine omogucavaju primenu kontrolisanog
naprezanja, Sto otvara mogucénost preciznog podesSavanja energijskog procepa i prilagoda-
vanja svojstava specificnim aplikacijama. Takve strukture imaju kljuénu ulogu u razvoju
savremene nanoelektronike, pokazujuéi potencijal za primenu u tranzistorima sa efek-
tom polja. Istovremeno, heterostrukture na bazi IITA-VI jedinjenja i grafena pruzaju
interesantne moguénosti za nove elektronske primene, ukljuc¢ujuéi podesive Sotki barijere
[35, 36, 37, 38, 39].

Cilj istrazivanja ove disertacije je pronalazenje novih heterostruktura na bazi mono-
halkogenida ITTA grupe koje su dinamicki stabilne i poseduju Zeljene karakteristike, ¢ime
bi se kvalifikovale kao odli¢ni kandidati za primene u absorberima, fotodetektorima ili
tranzistorima. Istrazivanje obuhvata analizu njihovih elektronskih i optic¢kih osobina,
kao i moguénost inzenjeringa zeljenih karakteristika mehanickim modifikacijama, prven-
stveno primenom naprezanja. Monoslojevi MM XV poseduju izuzetna elektronska i op-
ticka svojstva, ukljucujuéi visoku pokretljivost elektrona i odliénu apsorpciju u Sirokom
spektralnom opsegu, uz izuzetne elasti¢ne osobine i moguénost istezanja od preko 15%
[18, 40, 41]. Monosloj hBN-a je veé¢ prepoznat kao izuzetan materijal za zastitu od atmos-
ferskih uticaja, a zahvaljujuéi svojim elasti¢nim osobinama pruza i odli¢nu mehanicku
zastitu osetljivih M™MXV! slojeva, osiguravajuéi njihovu robusnost. Ovaj izolator sa
sirokim energijskim procepom ne uvodi znacajne kvalitativne promene prilikom formiranja
hBN/MMXV! heterostruktura, ali pojacava apsorpciju u odredenim delovima spektra.

U okviru istrazivanja ispitivana je mogucénost formiranja jedini¢ne éelije, odnosno pok-
lapanje konstanti resetki u oba monosloja, vodeéi racuna o indukovanom naprezanju koje
se javlja prilikom formiranja heterostruktura; energija vezivanja, kao i dinamicka stabil-
nost ovih struktura.

Glavni deo istrazivanja obuhvata opseznu analizu elektronskih i optickih osobina het-
erostruktura pod uticajem biaksijalnog naprezanja. Ispitivani su jac¢ina sprezanja medus-

lojeva i prenos naelektrisanja, uticaj intenziteta naprezanja na zonsku strukturu i Sirinu
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energijskog procepa, kao i na opticke osobine poput apsorpcije. Istrazivanje se oslanja
na numericke metode zasnovane na osnovnim principima kvantne mehanike - teoriju
funkcionala gustine (density functional theory - DFT). Ovaj formalizam se Siroko ko-
risti u fizici, hemiji i nauci o materijalima jer omogucava efikasno reSavanje problema
elektronske strukture, pruzajuéi optimalan balans izmedu preciznosti i potrebnih racu-
narskih resursa. Problem viSecesti¢nih sistema u fizici ¢vrstog stanja i dalje predstavlja
izazov - egzaktno reSavanje Sredingerovih jednacina za realisticne materijale sa velikim
brojem interagujué¢ih atoma i elektrona prakticno je neizvodljivo. Polazeé¢i od osnovne
ideje, da sve karakteristike sistema interagujucéih Cestica u svom osnovnom stanju zavise
iskljucivo od funkcionala gustine elektrona, DFT omoguéava elegantno resavanje problema
viSeCesti¢nih sistema, koji su do tada bili gotovo neresivi.

Disertacija je organizovana kroz Sest poglavlja. Prvo poglavlje pruza kratak uvod.
Drugo poglavlje sadrzi teorijski pregled i detalje metoda koriséenih u istrazivanju. Trece
poglavlje pruza opis dvodimenzionalnih monohalkogenida ITTA grupe i pregled postojeé¢ih
saznanja o njima. Cetvrto poglavlje je fokusirano na rezultate istrazivanja i podeljeno je u
nekoliko potpoglavlja: Rezultati istrazivanja hBN /In(Ga)Te i hBN/InSe heterostruktura,
uticaj biaksijalnog naprezanja na ove heterostrukture; rezultati istrazivanja preostalih
heterostruktura hBN-a i MM XVI Peto poglavlje daje kratak pregled preostalih rezultata
istrazivanja vezanih za 2D i slojevite materijale, ostvarenih tokom doktorskih studija na

Institutu za fiziku u Beogradu, dok Sesto poglavlje sadrzi zakljucke istrazivanja.



2 Teorya funkcionala gustine

Problem opisa viSecesti¢nih sistema ve¢ decenijama predstavlja jedno od klju¢nih pi-
tanja u fizici ¢vrstog stanja. ReSavanje éredingerove jednacine postaje veoma slozeno za
sisteme od ve¢ nekoliko Cestica, a kod realisticnih materijala sa velikim brojem atoma i in-
teragujucih elektrona, egzaktno resavanje Sredingerovih jednacina prakti¢no je nemoguce
zbog ogromnih racunarskih zahteva i kompleksnosti. Za opis elektronske strukture pos-
toje brojne numericke metode, medutim, mnoge od njih se zasnivaju na aproksimativnim
reSenjima Sredingerove jednacine i postaju neefikasne za sloZenije sisteme.

Sezdesetih godina 20. veka, kao odgovor na izazove kvantne mehanike u opisivanju
kompleksnih sistema, razvijena je teorija funkcionala gustine (engl. Density Functional
Theory - DFT). Prvi korak u ovom smeru nacinili su L.H. Tomas i E. Fermi 1927. godine
uvodedi teoriju zasnovanu na elektronskoj gustini. Tomas-Fermijeva teorija predstavljala
je pionirski pokusaj da se kvantnomehanicko ponasanje elektrona u atomima, molekulima
i ¢vrstim telima opiSe koriS¢enjem elektronske gustine. Iako prilicno jednostavna i inova-
tivna, ova teorija zanemarila je klju¢ne kvantne efekte izmene i korelacije, $to je znacajno
ogranicilo njenu primenu. Ipak, postavila je stabilne temelje za razvoj modernog DFT-a
koji se danas uspesno koristi i kontinuirano unapreduje.

Poceci DFT-a sezu u 1964. godinu, kada su Pjer Hoenberg i Valter Kon u svom radu
[42] dokazali da je elektronska gustina osnovnog stanja dovoljna za odredivanje svih svojs-
tava kvantnog sistema u osnovnom stanju. Njihove dve fundamentalne teoreme postavile
su temelje savremenog DFT-a. Klju¢na ideja DFT-a zasniva se na cinjenici da su sve
karakteristike sistema interagujuc¢ih cestica u osnovnom stanju funkcional gustine elek-
trona, n(r). Zahvaljujuéi ovome, kompleksan sistem interaguju¢ih elektrona moze se
posmatrati kao sistem neinteragujucih elektrona iste elektronske gustine, tako da se pri
odredivanju n(r) prelazi na reSavanje jednocesti¢nih jednacina.

Ovakav pristup privukao je znacajnu paznju naucne zajednice, $to je dovelo do
proSirenja moguc¢nosti DFT-a i razvoja razli¢itih funkcionala poput LDA, GGA i hib-
ridnih funkcionala. Pojava specijalizovanih softverskih paketa zasnovanih na DFT-u do-
datno je ubrzala njegovu primenu u istrazivanju materijala. Prednosti DFT-a ogledaju
se u njegovom balansu izmedu preciznosti i racunske efikasnosti, $to ga ¢ini univerzalnim
alatom za simulacije Sirokog spektra materijala. Pored toga, ova teorija ima i univerzalnu

metodolosku osnovu, buduéi da ne zahteva konstrukciju posebnih modela za svaku klasu
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materijala.

Medutim, i DFT ima odredena ograni¢enja, a posebno u opisivanju jako korelisanih
sistema, van der Valsovih interakcija i energijskog procepa u poluprovodnicima. Mnogi
prosireni modeli i korekcije razvijeni su sa ciljem da ublaze ove nedostatke, ¢ineéi DFT i
dalje vode¢im alatom u savremenoj nauci o materijalima. Zahvaljujué¢i svojoj prakti¢nosti
i rastu¢im mogucénostima modernih ra¢unara, softveri zasnovani na DFT-u se konstantno
razvijaju i unapreduju, a mnogi od njih su otvorenog koda, Sto omoguéava naucnoj za-
jednici da ih testira, prilagodava svojim potrebama i doprinosi daljem razvoju.

Ovo poglavlje posveceno je razmatranju teorije na kojoj se zasniva DFT, uz opis

kljuénih aproksimacija koje su korisé¢ene prilikom prorac¢una, kao i softvera koji je koriséen.

2.1 ViSecdesti¢ni sistemi

Realisti¢ni materijali sastoje se od velikog broja elektrona i jezgara koji medusobno
interaguju Kulonovim silama. Upravo ove interakcije dovode do slozenih problema koje
je izuzetno tesko tacno resavati. U opStem slucaju kvantnog sistema sa N elektrona i M

jezgara, talasna funkcija sistema zavisi od svih elektronskih i nuklearnih koordinata:
U =U(ry,ry,...,rn; Ry, Re, ..., Ry), (2.1)
elektronska gustina je odredena kao:
n(r) = N/ (et tn: R Ro, . Rog)Pdra. .. drydRy .. dRy  (2.2)

a hamiltonijan sistema se moze zapisati kao

[:[: Ae+ An"“?ee—i_f/en—i_vnna (23)
gde su:
) YR, 2o,
Te = — Z m Vz’? T, =— Z 2_]\4IVI (24)
i=1 € I=1

T. kineticka energija elektrona i T., kineticka energija jezgara,
2

~ 1 e ~ Z;e? ~ 1 AL
Vee=5) ————, Voo =) ———— V=< . 2.5
2247r60|ri—r-| Z47T€0|I'i—R]| 2Z4W€0|RI—RJ| (2:5)
£ J

1#£] i1 1,J

su Kulonova interakcija izmedu elektrona, Kulonova interakcija elektrona i jezgara i Ku-

lonova interakcija izmedu jezgara.



2. Teorija funkcionala gustine

Dakle, Sredingerova jednacina za viSeCesti¢ne sisteme ima oblik

N 2

e
Z2me _Z2M[ ZZ4ﬂeo|rZ—r]|

Zre? 1 VAYA
— S — vV =FE,V.
;47T60|I'i—R]|+2;47T60|R[—RJ| ot

(2.6)

"ab-initio" odnosno, "iz prvih

Odavde se jasno vidi zasto se ovakve metode nazivaju i
principa". Naime, konstante u jednacini 2.6 jesu redukovana Plankova konstanta A, masa
elektrona m., masa jezgra My, naelektrisanje elektrona e i permitivnost vakuuma ¢y, koje
su ve¢ poznate fundamentalne fizicke konstante, nezavisne od materijala koji se proucava.
Jednacina dakle, ne sadrzi bilo kakve empirijske ili fitovane parametre, pa se metodologija
kojom se polazi od njenog resavanja naziva pristupom iz prvih principa.

Jasno je da za slozene sisteme resavanje takve jednacine zahteva ogromnu rac¢unarsku
snagu, budué¢i da kompleksnost raste eksponencijalno sa brojem cestica. Znacajan deo
izazova u ovom problemu dolazi iz medusobnih interakcija elektrona Vee, jer se taj clan
ne moze jednostavno razloziti na vise nezavisnih problema.

Imajuéi u vidu slozenost egzaktnih metoda, razvijene su razne aproksimacije koje
omogucavaju resavanje problema c¢ak i u slu¢ajevima veoma slozenih sistema.

Pre razmatranja navedenih aproksimacija, jednacina 2.6 bice zapisana u malo dru-
gacijem obliku, prelaskom na atomske jedinice, koje se najcesce koriste u modelovanju

materijala. Ukoliko se za jedinicu energije uvede Ha hartri kao

2

Fi, = =27.2114 eV = 4.3597-107'% ] (2.7)

47'('6(] ap

pri ¢emu je ag radijus elektronske orbitale atoma vodonika u osnovnom stanju i iznosi
ap = 0.529177 A. Zajedno sa atomskom jedinicom mase, 1 a.u. = 9.10938291- 103 kg
i usvajanjem naelektrisanja elektrona na e = 1, ove jedinice se zovu Hartrijeve atomske

jedinice. Jednacina 2.6 sada dobija oblik koji se najcesce koristi u modelovanju materijala:

Z__ZQMT Z Ir; _rJ’ Z r; _RI| Z ’R[_RJ’ V= EioV.

(2.8)

2.1.1 Born-Openhajmerova aproksimacija

Jedan od klju¢nih koncepata u kvantnoj mehanici koji omogucava razdvajanje kre-

tanja elektrona i jezgara u molekulima i ¢vrstim materijalima jeste Born-Openhajmerova
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aproksimacija [43, 44]. Ona je uvedena 1927. godine od strane Maksa Borna i Roberta
Openhajmera i znac¢ajno je pojednostavila reSsavanje kvantnih sistema sa viSecesti¢nim
interakcijama. Osnovna ideja Born-Openhajmerove aproksimacije zasniva se na ¢injenici
da su jezgra u atomima i molekulima znacajno masivnija od elektrona (nekoliko redova
veli¢ine), pa se kre¢u mnogo sporije. Usled te razlike, kretanje elektrona i kretanje jezgara
mogu se posmatrati kao odvojeni procesi. Ujedno, kako se u ¢vrstim telima i molekulima
adsorbovanim na ¢vrstim povrSinama jezgra Cesto nalaze na prakti¢no fiksnim i poznatim
pozicijama, ona se mogu posmatrati kao “zamrznuta” u odredenim polozajima.
Pretpostavka da su jezgra dovoljno teska da se prakti¢no ne kre¢u implicira M; = oo,
pa se ¢lan kineticke energije jezgara moze zanemariti, a odbojna Kulonova sila izmedu
jezgara smatrati konstantom. Ukoliko se ova konstanta prebaci na desnu stranu jednacine

2.8 1 definiSe se

Z1Zy
E - Eto (29)
b ]; R; —Ry[’
jednacina 2.8 se svodi na
V2 Z 1 1
— — — —_—+ = —— |V = FEV. 2.10
2 2Ry o

Tada se talasna funkcija ¥ moze posmatrati kao funkcija elektronskih koordinata, ¥ =
U(ry,...,ry), a koordinate jezgara R; se posmatraju kao eksterni parametri. Dalje se

smatra da se elektroni kreéu u statickom eksternom potencijalu koji generisu jezgra:

Z R RII (2.11)

Sada se koordinate jezgara pojavljuju iskljuc¢ivo parametarski, pa se moze reSavati samo

elektronski deo:

2
IR > gy PN G5 R) = BB, @12)

Born-Openhajmerova aproksimacija je skoro nezaobilazna u savremenoj kvantnoj
mehanici i hemiji materijala, znac¢ajno smanjujuc¢i kompleksnost problema i omogucava-
juéi precizno izracunavanje elektronskih osobina. Ipak, i ova aproksimacija ima svoja
ograniCenja, i postoje razli¢iti sistemi u kojima nije validna. Jedan od njih je situacija u
kojoj su pokreti jezgara i elektrona zavisni, na primer u slucaju sistema sa veoma malim

masama jezgara (npr. vodonik).
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2.1.2 Model nezavisnih elektrona (Hartrijev model) i Hartri-

Fokova aproksimacija

Jedan od prvih pokusaja resavanja problema viseCesti¢nih kvantnih sistema pomocu
pojednostavljenog pristupa potice od Daglasa Hartrija. Hartri u svom modelu elektrone
tretira kao nezavisne i smatra da elektroni ne vide jedan drugi. Talasna funkcija se u

ovom modelu aproksimira kao proizvod jednocesti¢nih talasnih funkcija [45]:

U(ry,ry, ..., ry) = ¢1(r1) ... dn(rN), (2.13)

a umesto razmatranja Kulonove interakcije medu elektronima, smatra se da se svaki

elektron kreé¢e u srednjem polju kreiranom od ostalih elektrona:

Vi (r) = / ’:(_rz,’- (2.14)

Jednocesti¢ne talasne funkcije se tada odreduju resavanjem Hartrijevih jednacina:

=T V) + Vi) 1) = ), (215)

a ukupna energija kao zbir svij dobijenih svojstvenih energija:
E:€1—|—62—|—...EN. (216)

Ovaj model iako intuitivan i vrlo jednostavan, zanemaruje vazne kvantnomehanicke efekte
izmene i korelacije izmedu elektrona. Naime, izmena i korelacija predstavljaju nezaobi-
lazne efekte u opisu interakcija u kvantnim sistemima i javljaju se zbog kvantne prirode
elektrona. Izmena se odnosi na kvantno-mehanicki princip koji proizilazi iz Paulijevog
principa iskljucenja i simetrije talasne funkcije fermiona. Sa druge strane, korelacija
ukljucuje sve interakcije elektrona koje nisu obuhvaéene izmenom, kao Sto je elektro-
staticko odbijanje medu elektronima. Ona dakle uzima u obzir da na kretanje jednog
elektrona utice prisustvo ostalih elektrona, odnosno da je kretanje elektrona korelisano.
Neznatno kasnije, Vladimir Fok razvija unapreden metod za reSavanje viSecesti¢nih
problema, zasnovan na Hartrijevom modelu, ali uz dodate efekte izmene medu elektronima
[46]. Naime, po Paulijevom principu iskljucenja, dva elektrona ne mogu da zauzimaju isto
kvantno stanje, Sto implicira da viSecesti¢na talasna funkcija mora biti antisimetri¢na. U

sluc¢aju dva elektrona, talasna funkcija oblika

1
E

zadovoljava ovaj zahtev. U slucaju viSe Cestica, antisimetri¢na talasna funkcija ima oblik

U(ry,re) = [f1(r1)Pa(r2) — P1(r2)Pa(r1)] (2.17)
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Slejterove determinante [47]:

\IJ(I'l,I‘Q,...,’I"N):— . ) s (218)

o1(ry) ¢2(ry) -+ On(rN)

pri ¢emu je U(ry,ro,...,ry) talasna funkcija za N elektrona, ¢;(r;) jednocesti¢ne talasne
funkcije koje opisuju stanje i-tog elektrona u koordinati r;, \/LNf' normalizacioni faktor koji
osigurava pravilnu normiranost talasne funkcije, dok |-| predstavlja determinantu koja
osigurava antisimetri¢nost talasne funkcije u skladu sa Paulijevim principom iskljucenja.

Fok uvodi i dodatni ¢lan za potencijal izmene,

95 (r')9;(r)
Vx(r,r') = — LA A 2.19
X( ) Z ‘I‘ . I'/’ ( )
j
a Hartri-Fokove jednacine koje se izvode minimizacijom ukupne energije E koja odgo-
vara talasnoj funkciji osnovnog stanja, u odnosu na varijacije talasnih funkcija ¢;(r) u
Slejterovoj determinanti, poprimaju oblik:
V2
-5+ Vear(r) + Vi (r) — Vx(r)| ¢4(r) = €:d4(r). (2.20)
Hartri-Fokova aproksimacija daje znacajno bolje rezultate u fizici ¢vrstog stanja,
ukljuc¢ujuéi kvantne efekte izmene koji su vazni za precizno opisivanje elektronskih sis-
tema, ali je i dalje zanemaren vazan efekat korelacije elektrona. Takode, racunarski je
prilicno komplikovana za vece sisteme. I pored toga, Hartri-Fokov pristup je predstavljao

vaznu osnovu za razvoj naprednih metoda, kao $to je teorija funkcionala gustine.

2.2 Hoenberg-Konove teoreme

Teorija funkcionala gustine (DFT) je jedan od najuspesnijih metoda za istraZivanje
osnovnih fizickih osobina materijala. Ovaj metod pojednostavljuje problem reSavanja
éredingerove jednacine za vise Cestica redukujuc¢i ga na efektivno jednocesti¢ne i koris-
te¢i aproksimacije zasnovane na elektronskoj gustini. DFT pociva na dve fundamentalne

teoreme koje su formulisali Hoenberg i Kon [42]:

Teorema 1. Za svaki kvantni sistem interagujucih elektrona u spoljasnjem potencijalu
Vewt (1), gustina elektrona u osnovnom stanju no(r) jednoznacno odreduje spoljasnji poten-

cijal Voyi(r) do na konstantu.
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Ovo implicira da su sve osobine sistema sadrzane u gustini elektrona. Dokaz ove

teoreme zasnovan je na svodenju na apsurd:

Dokaz. Pretpostavimo da postoje dva eksterna potencijala, V_,; 1 V!

e koji se razlikuju

za viSe od na konstantu, a koji rezultuju istom elektronskom gustinom n(r). Ovi eksterni
potencijali su delovi dva hamiltonijana H i H', sa pripadaju¢im talasnim funkcijama ¥
i W' i odgovarajuéim energijama osnovnog stanja, Ey 1 Ej, respektivno. S obzirom na to
da je u pitanju isti sistem elektrona, ova dva hamiltonijana razlikuju se samo u delu koji
se odnosi na eksterni potencijal, odnosno, H=T+ Vee + ‘A/m i H =T+ Vee + ‘76/115‘ Ovde

su
. 1 N | 1
T==Y -V} Vee=2)» ——— 2.21
zi:QZ 2;‘1}—1}’ ( )

operator kineticke energije i operator Kulonove energije, respektivno. Posto W nije talasna

funkcija osnovnog stanja za hamiltonijan H’, po varijacionom principu mora vaziti
E, < (V| H'|D), (2.22)
odnosno ako zapisemo prethodnu jednac¢inu malo drugacije,
E) < (U|H'|¥) + (V| H|W) — (V| H | V), (2.23)

dobijamo
E) < (U|H — H|U)+ Ey, tj. Ey— Ey< (V| H — H|T). (2.24)

Analogno, uzimajuéi da W’ nije talasna funkcija osnovnog stanja za H, dobija se
Ey— E, < (U|H — H'|¥). (2.25)

Sabiranjem prethodne dve jednacine dobija se

0 < / n(x) (Vi — Viae)dr + / n(x) (Viar — VL) (2.26)

odnosno, 0 < 0, Sto je kontradikcija. Dakle, tvrdnja da mogu postojati dva razlicita

eksterna potencijala V_,; 1 V!

ext

koja vode do iste gustine elektrona u osnovnom stanju, n

je netacna.

Teorema 2. Za kvantni sistem interagujucih cestica moZe se definisati funkcional en-
ergije En] koji zavisi iskljucivo od gustine n(r). Energija osnovnog stanja sistema odgo-
vara globalnom minimumu funkcionala E[n], dok gustina koja minimizuje funkcional jeste

gustina osnovnog stanju sistema ng(r).

10
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Dokaz. Funkcional ukupne energije sistema definisan je kao:

Eln] = Fln] + / Vi (r)n(x) dr., (2.27)

Fln] = (V[n]|T + Vee|¥[n]), (2.28)

pri cemu T predstavlja operator kineticke energije, a Vie operator elektron-elektron in-
terakcije. Neka sistem elektrona u osnovnom stanju ima elektronsku gustinu ng(r), koja
odgovara eksternom potencijalu V.;(r). Energija osnovnog stanja ovakvog sistema je
vrednost funkcionala energije za gustinu osnovnog stanja ng(r). Po varijacionom prin-
cipu, ta energija je ocekivana vrednost hamiltonijana za talasnu funkciju osnovnog stanja
Wy:

Ey = (Wo| H|Wy) . (2.29)

Pretpostavimo da postoji gustina n'(r) # ng(r), koja odgovara talasnoj funkciji ¥'. Za
ovu gustinu, energija E[n] ne moze biti manja od energije osnovnog stanja Ey, jer ne

odgovara osnovnom stanju sistema:
By = (Wol H W) < (W] H V') = B[], (2.30)

Odavde se moze zakljuciti da bilo koja druga elektronska gustina razli¢ita od gustine
osnovnog stanja, dovodi do funkcionala energije ¢ija je vrednost veca od energije koja
odgovara gustini osnovnog stanja.

lako tvrdi postojanje ovako definisanog funkcionala energije, druga Hoenberg-Konova
teorema ne govori o tome kako se on definiSe, odnosno, ne daje resenje problema kako se
konstruse eksterni potencijal za poznatu elektronsku gustinu osnovnog stanja, pa je i sam
funkcional energije u osnovi nepoznat. Polazeci od ovih teorema, Kon i Sam 1965. godine
su konstruisuci set jednacina uveli Kon-Samov formalizam [48], koji je omogucio resavanje
problema viSecCesti¢nih sistema kroz fiktivni model neinteragujué¢ih cestica. UopSteno,

funkcional energije ovakvog sistema moze se izraziti kao:
E = Fn| =T[n] + Eew[n] + Exn] + Eyclnl, (2.31)

gde je T'[n| kineticka energija elektrona, E..;[n] energija interakcije sa spoljasnjim poten-
cijalom, Fy[n] Hartrijeva energija koja opisuje odbojnu interakciju izmedu elektrona, i
E,.[n] energija izmene i korelacije u kojoj su ukljuceni kvantni efekti. Pretpostavljeni
fiktivni sistem neinteragujuc¢ih elektrona ima istu elektronsku gustinu kao i realni sistem,

a talasna funkcija ovog fiktivnog sistema je antisimetrizovani proizvod jednocesti¢nih or-
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bitala,
N
n(r) = Z |¢s(r)|?, i zadovoljen je uslov normiranja, /n(r)dr = N. (2.32)
i=1

Po Konu i Samu, ovaj funkcional se sastoji od ¢lanova koji su ukljuc¢eni u aproksimaciju
nezavisnih elektrona, plus poslednji ¢lan, FE,.[n] koji se naziva i izmensko-korelacioni

funkcional:

E = Fln] = /n(r)Vn(r) dr — ;/qﬁj(r)%qui(r) dr + % // % dr dr’ + Even).

(2.33)
Prva tri ¢lana koja predstavljaju energiju elektrona u spoljasnjem potencijalu, kineticku
energiju i Hartrijevu energiju su poznati, a izmensko-korelacioni ¢lan je taj koji je nepoz-
nat. Ukoliko bi se mogla znati njegova tac¢na vrednost, tehnicki bi bilo moguée odrediti
egzaktnu energiju osnovnog stanja sistema E = F[n] koristeé¢i elektronsku gustinu. Ova
elektronska gustina osnovnog stanja, ng je zapravo funkcija koja minimizuje ukupnu en-
ergiju, odnosno funkcional F[n]:
dF[n)

no
Zahtev da izvod funkcionala bude jednak nuli vodi ka jednac¢inama talasnih funkcija,
¢i(r), pomocu kojih se moze konstruisati elektronska gustina, a ukoliko se postavi uslov

da su talasne funkcije ortonormirane, dobija se jednacina oblika
1
—§V2 + Vo(r) + Vau(r) + VXC(I‘):| ¢i(r) = €;¢i(r), (2.35)

Ovde V? predstavlja laplasijan, V,(r) eksterni potencijal koji potice od jezgara, Vy(r)
je Hartrijev potencijal, Vi.(r) je izmensko-korelacioni potencijal, ¢;(r) su jednocesti¢ne
talasne funkcije (Kon—éamove orbitale), dok su ¢; energije povezane sa Kon-Samovim
orbitalama. Izmensko-korelacioni ¢lan se dobija iz
0B [n]

Vie(r) = ;
on
n(r)

(2.36)

a forma ovog funkcionala nije poznata. S obzirom na to da se on ne moze egzaktno odred-
iti, vremenom su razvijane razli¢ite aproksimacije za opis ovih funkcionala - od najjednos-
tavnije aproksimacije lokalne gustine (LDA), pa sve do razli¢itih hibridnih funkcionala. U
odeljku 2.4 ¢e biti viSe re¢i o njima, uz detaljniji opis najjednostavnija, ali i najéeséa dva

koriS¢ena funkcionala: aproksimacija lokalne gustine i aproksimacija uopstenog gradijenta.
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2.3 Samousaglaseno resavanje Kon-Samovih jednacina

Kon-Samove jednac¢ine omogucavaju resavanje problema elektronske strukture u teoriji
funkcionala gustine, ali se postavlja pitanje kako se u praksi one resavaju, i kako se iz njih
dobija ukupna energija sistema. Kon-Samove jednacine su date jednac¢inom 2.35 koju

¢emo ponoviti ovde:

Neka za izmensko-korelacioni funkcional bude izabrana najjednostavnija aproksimacija
lokalne gustine, za koju je potencijal eksplicitno odreden jednac¢inom datom u 2.4. Po-

tencijali jezgara i Hartrijev potencijal su takode izrazeni poznatim jednacinama,

Z |r—R,| /‘r_r,‘ (2.38)

Kako bi se odredile svojstvene funkcije ¢;(r) i svojstvene vrednosti ¢;, potrebno je prvo
znati potencijal Vg = V,(r) + Vu(r) + Vie(r). Ovo zahteva poznavanje elektronske
gustine n od koje potencijali Vi i V. zavise. A sa druge strane, elektronska gustina zavisi
od talasne funkcije ¢; koja je nepoznata. Ova talasna funkcija dakle, zavisi od ostalih
nepoznatih talasnih funkcija ¢,.

Zbog toga resavanje Kon-Samovih jednacina zahteva iterativni postupak koji se naziva
procedura samousaglasavanja. Ovaj metod omogucava uspostavljanje samousaglasenosti
izmedu elektronske gustine i efektivnog potencijala sistema.

Postupak resavanja Kon-Samovih jedna¢ina moze se predstaviti slede¢im koracima:

1. Pretpostavlja se pocetna gustina elektrona n(®(r), koja moze biti homogena ili
proizvoljno zadata. Cesto se za pocetnu elektronsku gustinu uzima zbir gustina
koje odgovaraju izolovanim atomima koji se nalaze na pozicijama koje odgovaraju

pozicijama atoma u razmatranom materijalu.

2. Zatim se pomocu ove pocetne gustine izra¢unava efektivni potencijal Veg(r), koji se

sastoji od tri komponente:
Ver(r) = Vexe (1) + Vir(r) + Vie(r), (2.39)

gde je Ve (r) spoljasnji potencijal, Vi (r) Hartrijev potencijal, a Vi (r) izmensko-

korelacioni potencijal definisan kao:

I Exe[n]

Vie(r) = on

. (2.40)
n(r)
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3. Dalje se numericki resavaju jednocesti¢ne Kon-Samove jednacine:
-
—§V + Verr(r) | ¢4(r) = €:04(r), (2.41)

gde su ¢;(r) jednocesticne Kon-Samove orbitale, a ¢; odgovarajuce energijske vred-

nosti.

4. Elektronska gustina se zatim azurira na osnovu dobijenih orbitala:

n(r) = 3 [oi(r)P, (242)

gde N predstavlja broj elektrona u sistemu.

5. Proverava se da li nova gustina n(r) zadovoljava kriterijum konvergencije. Ako je
razlika izmedu nove i prethodne gustine manja od unapred zadatog praga An(r) < e,
proces se zaustavlja. U suprotnom, azurirana gustina n(r) se koristi kao ulaz za

sledecu iteraciju.

Kada se postigne konvergencija, dobija se elektronska gustina osnovnog stanja ng(r),

koja minimizuje funkcional ukupne energije sistema:
En] = Tyn] + Eext[n] + Euln] + FExc[n]. (2.43)

Uz ovu gustinu moguée je izracunati mnoge fizicke osobine sistema, ukljuc¢ujuéi
raspodelu naelektrisanja, raspodelu gustine stanja, energiju veze, energijske procese i
druge relevantne karakteristike materijala. Sematski prikaz algoritma samousaglasenog

reSavanja Kon-Samovih jednacina prikazan je na slici 2.1.

2.4 Izmensko-korelacioni funkcionali

U prethodnim odeljcima je pomenuto da vazan ¢lan, izmensko-korelacioni funkcional,
koji predstavlja sveukupni doprinos izmenskih i korelacionih efekata u ukupnoj energiji
sistema, nije egzaktno poznat.

Kako je analiticki oblik funkcionala Fy.[n| moguée odrediti samo za najjednos-
tavnije sisteme, poput HEG, vremenom su razvijane mnogobrojne aproksimacije koje
omogucavaju prakti¢no koris¢éenje DFT-a za izu¢avanje razli¢itih materijala. Naveséemo

nekoliko najces¢ih aproksimacija koje se u DFT-u koriste:

e Aproksimacija lokalne gustine (LDA): Ova aproksimacija se zasniva na modelu

HEG i pretpostavlja da vrednost Fy.[n] u tacki r zavisi samo od gustine n(r) u toj
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Zr
Vn(r) - ‘21: |I' a RIl

v

POCETNI IZBOR
ELEKTRONSKE GUSTINE

V2Va(r) = —4mn(r) Vie(r) = ———— ()

Vett(r) = Vet (r) + Var(r) + Vie(r)

v

[—%Vz + Veff(r)] ¢i(r) = €idi(r)

v
n(r) = 3 [4i(r)l?

v

NE

STARA GUSTINA = NOVA GUSTINA?

| on

‘ KRAJ ’

Slika 2.1: Sematski prikaz samousaglasenog postupka za reSavanje Kon-Samovih jed-
nacina.
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tacki. LDA je najjednostavnija, ali ima znacajna ograni¢enja, o kojima ¢e kasnije
biti re¢i. Ona ipak dobro funkcioniSe za sisteme sa ravnomernom elektronskom

gustinom, poput prostih metala.

e Aproksimacija uopstenog gradijenta (GGA): GGA unapreduje LDA ukljuci-
vanjem gradijenata gustine Vn(r), pa vrednost funkcionala u tacki r ne zavisi samo
od vrednosti gustine u toj tacki, ve¢ i od njenog gradijenta. Na ovaj nacin se bolje
opisuje prostorna varijacija elektronske gustine i omogucava precizniji opis slozenijih

sistema kao $to su molekuli i razli¢iti heterogeni materijali.

e Hibridni funkcionali: Ovi funkcionali kombinuju delove izmenske energije iz
Hartri-Fokovog formalizma sa GGA funkcionalima. Time se znacajno povecava
tacnost u pojedinim sistemima, a posebno u slucaju poluprovodnika i izolatora.
Neki od najpoznatijih hibridnih funkcionala su B3LYP [49], HSE03 [50], PBEO [51].

e Meta-GGA funkcionali: Meta-GGA funkcionali pored gustine i njenog gradi-
jenta, ukljucuju i druge informacije poput Laplasijana gustine ili kineticke energije
[52]. Spadaju medu najpreciznije funkcionale, ali i ra¢unarski najzahtevnije. Primeri

Meta-GGA funkcionala su B95, B98, ISM, PKZB, SCAN i mnogi drugi.

Odabir odgovarajuceg izmensko-korelacionog funkcionala je vazan, a cesto i komp-
likovan korak u modelovanju Zeljenih materijala. Oni imaju kljué¢nu ulogu u opisivanju
mnogih fizickih i hemijskih svojstava materijala, uklju¢ujuéi energiju vezivanja, energi-
jski procep u poluprovodnicima i izolatorima, interakcije u slojevitim materijalima kod
kojih su izrazene van der Valsove sile, osobine jako korelisanih sistema. U praksi je
potrebno istraziti literaturu za proracune na slicnim materijalima, a ¢esto i testirati ra-
zli¢ite funkcionale na zeljenom sistemu. Vazno je primetiti i da komplikovaniji funkcionali
ne dovode obavezno do tac¢nijih rezultata, u zavisnosti od razmatranih sistema, kao i
ispitivanih osobina. Dobro je poznato da LDA i GGA funkcionali potcenjuju energijski
procep u poluprovodnicima, a Cesto predvidaju i nulti energijski procep kod materijala
koji su izolatori. Na primer, kod jako korelisanih sistema, kao $to su Motovi izolatori,
energijski procep nije adekvatno opisan pomoc¢u LDA ili GGA, usled ¢injenice da LDA i
GGA nedovoljno ta¢no opisuju viSecesti¢ne interakcije medu elektronima, pa tako pred-
vidaju da je materijal metal, dok je u stvarnosti izolator. Sa druge strane, hibridni
funkcionali takode imaju svoja ogranic¢enja. Na primer, kod materijala sa visoko lokalizo-
vanim d ili f orbitalama, ni hibridni ni meta-GGA funkcionali ne daju precizne rezultate
i za takve sisteme pogodnije je koristiti metode kao sto su DFT+U ili teorija dinamickog
srednjeg polja (DMFT), kod kojih je efekat jakih korelacija eksplicitno ukljucen. Hibridni
funkcionali mogu imati problema i u opisivanju metala ili materijala sa veoma malim
energijskim procepom [53| - prisustvo Hartri-Fok izmenske energije ¢esto dovodi do pre-
cenjenog energijskog procepa. Cesto je PBE funkcional precizniji i u opisivanju svojstava
kao Sto su konstanta reSetke ili energija atomizacije, u odnosu na kompleksnije hibridne

funkcionale [53]. Na slici 2.2 prikazana je relativna greska konstante reSetke izrac¢unate
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4.0 PBE
PBEO
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Slika 2.2: Relativna greska izrac¢unate konstante reSetke koriste¢i PBE, PBEO, HSE03 i
B3LYP funkcionale, u odnosu na eksperimentalno dobijene vrednosti. Slika je preuzeta
iz [53].

koris¢éenjem PBE, PBEO, HSE03 i B3LYP funkcionala, u odnosu na eksperimentalno
dobijene vrednosti, za razli¢ita jedinjenja. Odavde se moze videti da u pojedinim sluca-
jevima PBE funkcional daje najpreciznije rezultate, dok kompleksniji funkcionali mogu
napraviti pogresnu procenu za do 4%. Oprez je potreban i kod van der Valsovih sis-
tema. Osim LDA i GGA, ni hibridni i meta-GGA funkcionali nisu dovoljno precizni za
opis slojevitih materijala sa slabim vdW silama medu slojevima. U ovim slu¢ajevima je
pogodnije koristiti funkcionale sa eksplicitnim uklju¢ivanjem van der Valsovih interakcija
(npr. optB88-vdW), ili standardne funkcionale uz uklju¢ene dodatne popravke. Na kraju
je potrebno napomenuti i da je nekada potrebno napraviti kompromis u skladu sa razma-
tranim sistemima - koris¢enje kompleksnih funkcionala poput hibridnih zahteva znacajno
vece racunarske resurse cak i prilikom modelovanja jednostavnijih materijala. U sluc¢aju
kompleksnijih struktura, nekada je takve proracune prakticno nemoguce izvesti. U ovom
odeljku ée preciznije biti opisane LDA i GGA aproksimacije, koje su, iako jednostavne,
uspes$ne u mnogim primenama i opsezno se koriste i dan danas. Takode, softverski paketi
kao $to je Quantum Espresso, o kome ¢e u narednom odeljku biti vise re¢i, imaju imple-
mentirane razli¢ite popravke i metode (npr. Grimme-D2 [54|, Grimme-D3 [55] korekcije
za van der Valsove sile, DET-+U [56, 57| za opisivanje jakih korelacija) koje omogucavaju

znacajno uspesnije koriséenje standardnih funkcionala poput LDA i GGA.

2.4.1 Aproksimacija lokalne gustine (LDA)

Aproksimacija lokalne gustine razvijena je 60-tih godina proslog veka [58, 59, 60|, kao
prva i najjednostavnija aproksimacija. Zapravo, gotovo sve kompleksnije aproksimacije
koje su se vremenom razvijale, zasnovane su na LDA. Centralna ideja za konstrukciju
ovakvog funkcionala vezana je za jednostavan sistem, HEG. HEG predstavlja idealizovani
kvantnomehanicki sistem u kome su elektroni rasporedeni ravnomerno u prostoru, stvara-
juci konstantnu elektronsku gustinu n. Dakle, za razliku od najjednostavnijeg modela

slobodnih elektrona, u HEG se uvodi i Kulonova interakcija izmedu elektrona. Za HEG,
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izmensku energiju je moguée egzaktno izrac¢unati, dok je za energiju korelacija potrebno
koris¢enje numerickih metoda.

LDA je zasnovana upravo na modelu HEGa, pretpostavljajuci da se gustina elektrona
sporo menja u prostoru. Kod ovog funkcionala, vrednost Ex.[n] u tacki r zavisi samo od

gustine n(r) u toj tacki. Funkcional Ey.[n| se tada mozZe izraziti kao
Bzt n] = /d37“ €xe[nn(r) = Ex + Eg, (2.44)

pri ¢emu je €,.[n] = €,[n] +€.[n] gustina izmensko korelacione energije. Ukoliko se posma-
tra sistem elektronskog gasa, sa N elektrona u zapremini V', elektronska gustina je svuda
n = N/V, a lako se moZe izvesti izraz za energiju izmene preko elektronske gustine po
sledecoj formuli: [44, 61]:

1
Ex = —2 m By, (2.45)
Energija korelacija za HEG se ne moZe jednostavno analiticki izraziti kao $to je to uéin-
jeno sa izmenskom energijom. U cilju njenog dobijanja, za ovaj model je numerickim
metodama reSavana viSeCestiéna Sredingerova jednadina [62]. Zatim su iz dobijenih rezul-
tata uklonjene kineticka, Hartrijeva i izmenska energija, koje su poznate. Ovi rezultati su

zatim parametrizovani |58, a dobijena energija korelacija se moze izraziti kao:

0.03111n7, — 0.0480 + 0.002r, Inr, — 0.0116r,, if r, < 1,
Ec=nV - (2.46)

—0.1423 )
1F1.0529,/r5+0.3334rs if rg > 1.

Ovde r; predstavlja Vigner-Zajcov radijus, definisan kao radijus sfere centrirane oko
svakog elektrona, tako da svaka sfera sadrzi ta¢no jedan elektron, odnosno prosecno ras-
tojanje izmedu elektrona u sistemu sa uniformnom elektronskom gustinom,
4 1
grg’ = (2.47)
Aproksimacije uvedene prilikom konstrukcije ovakvih izmensko-korelacionih
funkcionala su, moze se reci, drasticne. Prvo, pretpostavljeno je da funkcional u
datoj tacki zavisi od vrednosti gustine isklju¢ivo u toj tacki, usled ¢ega su mnogi
vazni efekti zanemareni. Drugo, pretpostavka da je elektronska gustina konstantna
u prostoru je ogromna idealizacija i daleko je od stvarne situacije kada su u pitanju
realisti¢ni sistemi. Ipak, ispostavlja se da za odredene vrste materijala, koris¢enje LDA
iznenadujuce dobro reprodukuje osobine materijala. Jedan od razloga je i ¢injenica da se
greske nacinjene u LDA ¢esto medusobno ponistavaju prilikom prorac¢una ukupne energije
sistema, meduatomske udaljenosti i slicno. Takode, usled viSedecenijskog iskustva u
koriséenju LDA i opseznih testiranja ovih funkcionala, poznato je u kakvim oblastima
ona pouzdano radi i kakve prednosti i ograni¢enja nosi, pa zbog svog istorijskog znacaja

i “zlatnog preseka” izmedu tac¢nosti i racunarske efikasnosti, LDA i dalje uspe$no opstaje
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kao praktican i koristan alat u modelovanju materijala.

2.4.2 Aproksimacija uopstenog gradijenta (GGA)

LDA funkcionali su i pored svog velikog uspeha sadrzali mnoga ogranic¢enja, pa je
potreba za razvojem preciznijih funkcionala bila oc¢igledna. Znacajan korak napred
postignut je krajem 1980tih godina, kada je razvijena generalizovana gradijentna aproksi-
macija (GGA) [63, 64, 65]. Ovaj funkcional zasnovan je na LDA, ali osim $to zavisi od
elektronske gustine u datoj tacki, zavisi i od njenog gradijenta. Ovi funkcionali postoje u

razli¢itim implementacijama, a generalno se definisu u sledec¢oj formi [66]:
ESCAnT nt] = /d3r n(r) ege(n’, nt, |Vl [Vt ..) (2.48)

xT

- / B n(r) B () Fy(n®, 0t [V, [ VR, ). (2.49)

Dodatak zavisnosti od gradijenta gustine doneo je znacajna unapredenja u odnosu na
LDA. To se posebno ogleda u proceni energija i duzina veze, kao i pojedinim mehanickim
osobinama, narocito kod sistema kod kojih se elektronska gustina brzo menja. Kako GGA
funkcionali nisu znacajno komplikovaniji od LDA funkcionala i zahtevaju neznatno vece
racunarske resurse, oni su i dalje medu najcesée koriséenim funkcionalima, nudeéi odlican
balans izmedu preciznosti i kompleksnosti. Najpopularnije implementacije GGA su PW91
[63] i PBE [67].

2.5 Bazis ravnih talasa

U prethodnim odeljcima opisane su Kon-Samove jednacine, kao i samousaglaseni pos-
tupak za njihovo resavanje, pomocu kog se dobija konac¢na elektronska gustina a zatim i
zeljena svojstva materijala. Prilikom implementacije metoda zasnovanih na DFT-u, jedan
od klju¢nih koraka je izbor bazisnih funkcija pomocu kojih ¢e elektronske talasne funkcije
biti predstavljene. U praksi se koriste razli¢iti bazisi medu kojima su bazis ravnih talasa,
lokalizovane atomske orbitale (LCAOQO), bazis dopunjenih ravnih talasa (augmented plane
wave method, APW'). Ovaj izbor uglavnom zavisi od vrste sistema koji se prouc¢avaju. U
fizici ¢vrstog stanja, za kristalne strukture koje su periodi¢ne i "beskonacne", najpogodniji
je bazis ravnih talasa, s obzirom na to da su svojstvene funkcije u konstantnom potencijalu

upravo ravni talasi. Stoga ¢e u ovom odeljku upravo on biti detaljnije opisan.
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U okviru Kon—gamovog formalizma, elektroni koji se kreé¢u u efektivnom potencijalu

Vers(r) zadovoljavaju jednocesti¢nu jednacinu

2

H() = |~ e+ V)] 1) = et (2.50)

Ukoliko su ova stanja normirana i zadovoljavaju grani¢ne uslove u zapremini €2, svojstvene

funkcije se mogu zapisati preko Furijeovog razvoja kao
1 .
¢i(r) = Zci,q X —exp(iq-r) = ZCW X |q), (2.51)
q \/ﬁ q

gde su c¢; ¢ koeficijenti ekspanzije talasne funkcije u bazisu ortonormiranih ravnih talasa

lg) koje zadovoljavaju

/ 1 - .
(dlq) = ) /Q dr exp(—iq’ - r)exp(iq - r) = 0q.q- (2.52)

Zamenjujudi izraz za svojstvene funkcije u jednacinu 2.50, dobija se SIedingerova jednacina

u inverznom prostoru:

> (dHla)iq =g Y (d]a)ciq = Eiciq- (2.53)

q q

Matri¢ni elementi operatora kineticke energije su

, 1 1
<q | - §V2|Q> = §|(1|25q,q’- (254)

Posto je u kristalnoj strukturi potencijal V,s¢(r) periodi¢an, njegov razvoj po Furijeovim

komponentama je

Z Vet (Gm) exp(iG,, - 1), (2.55)

pri ¢emu su G,,, vektori recipro¢ne resetke kristala, a obrnuto je

1
Ver(G) = q g Ver(r) exp(—iG - r) dr, (2.56)

gde je €. zapremina primitivne cCelije kristala. Matri¢ni elementi potencijala

(o [Ver @) = Z Veir(Gm)dq—q,G (2.57)

su razli¢iti od nule samo ukoliko se q i ' razlikuju za neki recipro¢ni vektor reSetke
G.,. Ukoliko se sada definisu q = k+ G,, i ' = k + G, koji se razlikuju za neki

vektor recipro¢ne resetke, G,,» = G,,, — G,,/, Sredingerova jednacina za bilo koje k se u
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matricnom obliku moze zapisati kao
> " o (K) i () = &i(K)cim(K), (2.58)

gde su matri¢ni elementi hamiltonijana

- h
Hop (k) = (K + G Heslk + G} =

2
1k + Gl *0mm + Ver(Gy — Gor). (2.59)

m

Prema Blohovoj teoremi, za Sredingerovu jednacinu formulisanu u 2.58, svaka od

svojstvenih funkcija za zadato k je u obliku 2.51, pri ¢emu je q ograni¢eno na q = k+G,,:

Pix(r) = Z cim(k) 1 exp(i(k + G,,) - r) = exp(ik - r) L

70 ~ Ui x(r), (2.60)

gde je 2 = N, - Q. 1definise se funkcija

1 .
Ui (r) = T ; ¢im(K) exp(iGy, - 1), (2.61)

koja ima periodi¢nost kristala.
Naravno, potpun bazisni set ravnih talasa, koji ukljucuje beskonac¢an broj ravnih ta-
lasa, nije moguce koristiti u numerickim simulacijama. Problem se resava uvodenjem tzv.

energije odsecanja (cutoff energy) E.,. koja se definise kao

h2
o k4 G < o (2.62)

Time se u recipro¢nom prostoru koristi kona¢an broj ravnih talasa unutar sfere odredenog
precnika, a preciznost se kontrolise postupnim povec¢anjem FE.,; i proverom konvergencije

rezultata.

2.6 Pseudopotencijali

Jedna od klju¢nih tehnika za pojednostavljenje proracuna elektronske strukture je
metod pseudopotencijala, a posebno je vazan prilikom koriS¢enja bazisa ravnih talasa.
Glavni razlog za njihovo uvodenje lezi u ¢injenici da elektronska talasna funkcija brzo
osciluje u blizini jezgra usled jake Kulonove interakcije. Ove brze oscilacije zahtevaju
visoku energiju odsecanja za ravne talase, Sto znacajno uvecava broj bazisnih funkcija, pa
samim tim zahteva i veée rac¢unarske resurse.

Metod pseudopotencijala koristi ¢injenicu da su elektroni blizu jezgra ("core” elek-

troni) ¢vrsto vezani za jezgro i samim tim na njih slabo utice prisustvo okolnih atoma,
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2. Teorija funkcionala gustine

A

Pseudo talasna —| i
funkcija I >, 7 !
VAV
— e

V

EEvant

Talasna funkcija —

Radijus energije

N h
odsecanja

\
/ \
\
Pseudopotencijal =

v\l

™ Elektronski potencijal

Slika 2.3: Sematski prikaz talasne funkcije i pravog potencijala (tamno zelena linija)
i pseudotalasne funkcije i pseudopotencijala (roze linija). Na udaljenosti vecoj od r,
pseudotalasne funkcije i pseudopotencijal postaju identi¢ne stvarnim.

dok su valentni elektroni oni koji imaju znacajnu interakciju sa okolinom, pa su u velikoj
meri zasluzni za razli¢ita svojstva materijala. To omogucava da se samo valentni elektroni
eksplicitno tretiraju, a talasna funkcija u oblasti jezgra postaje glatka, time smanjujuéi
broj potrebnih ravnih talasa. Istovremeno, pseudopotencijal je konstruisan tako da van
odredene sfere oko jezgra, precizno reprodukuje ponasanje kompletnog elektronskog po-
tencijala kom doprinose svi elektroni, ¢ime se fizicke i hemijske osobine atoma mogu verno
opisati. Ilustracija pseudopotencijala i talasne funkcije prikazana je na slici 2.3

Postoje razlicite klase pseudopotencijala, medu kojima su najcesée koriséeni pseudopo-
tencijali sa o¢uvanom normom (Norm conserving) [68, 69], ultrasoft pseudopotencijali
[70], 1 projektor-augmented wave (PAW) metod |71, 72].

Norm-Conserving pseudopotencijali postuju uslov da je integral kvadrata talasne
funkcije isti kao u all-electron proracunima, $to obezbeduje visoku pouzdanost za razli¢ite
elektronske konfiguracije. Ultrasoft pseudopotencijali dozvoljavaju da talasna funkcija
bude jos glatkija, smanjujuéi broj potrebnih ravnih talasa i racunarsku zahtevnost. Oni
medutim, mogu zahtevati kompleksniju formu projektora prilikom izra¢unavanja oceki-
vanih vrednosti operatora [70]. PAW metod je hibrid koji kombinuje ideju pseudopoten-
cijala sa rekonstrukcijom all-electron talasne funkcije. Ovi pseudopotencijali nude visoku
tacnost.

Zahvaljujuéi svojoj prakti¢nosti koja obezbeduje smanjenu zahtevnost po pitanju racu-
narskih resursa i dobrom odnosu izmedu tacnosti i efikasnosti, pseudopotencijali su danas
standardni alat u DFT-u. Razlicite klase pseudopotencijala koje su se vremenom razvijale

i unapredivale omogucéavaju njihovu primenu na gotovo svim tipovima materijala.
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2.7 Perturbaciona teorija funkcionala gustine (DFPT)

Dinamika kristalne reSetke igra vaznu ulogu u fizici ¢vrstog stanja, s obzirom na to
da brojna fizicka svojstva materijala zavise od vibracija reSetke: Infracrveni i Ramanovi
spektri, specificna toplota, provodljivost toplote, termalna ekspanzija, elektron-fononska
interakcija, samo su neki od primera, pa je jasno zasto je teorija koja se odnosi na dinamiku
reSetke decenijama proucavana.

Razvoj DFT-a omogucdio je napredak i na ovom polju, pa su razvijane razlic¢ite metode
za opis svojstava materijala koji se oslanjaju na dinamiku reSetke.

Veoma istaknut metod koji se danas opsezno koristi je Pperturbaciona teorija
funkcionala gustine. Ovaj metod je kao i DFT, zasnovan na ab initio principima i
omogucava izrac¢unavanje odgovora sistema na perturbativnu promenu potencijala, oslan-
jajuci se na princip linearnog odziva. Ideju su metodoloski postavili S. Baroni, P. Gi-
annozzi i A. Testa 73] 1987. godine i kontinuirano su je razvijali, a danas je njihova
implementacija 74| dostupna u okviru paketa Quantum Espresso i omogucéava precizno
izracunavanje fononskih disperzija u celoj Briluenovoj zoni, na efikasan nac¢in. U ovom
odeljku je dat kratak opis ove implementacije i pratece teorije.

Aproksimacija koja ovde igra klju¢nu ulogu je Born-Openhajmerova aproksimacija,
razmatrana u 2.1.1, koja omoguéava razdvajanje kretanja elektrona i jezgara. U okviru ove
aproksimacije, Sredingerova jednacina koja opisuje vibraciona svojstva kristalne resetke,

ima sledeéi oblik:
h 02
—E ———— + F P =& 2.
I 2M18R§+ (R) (R) =E&P(R), (2.63)

gde su € i ® svojstvene vrednosti i svojstvene funkcije, R; koordinata I-tog jezgra mase
M;, R predstavlja set svih koordinata jezgara, a F(R) energiju osnovnog stanja inter-
agujucih elektrona koji se kreéu u polju fiksnih jezgara (Cesto se ova energija naziva i

Born-Openhajmerovom energijom), ¢iji hamiltonijan ima oblik
h2 ZIG

Hpo(R) = —— R 2.64

BO( ) om i Z ’rz _ I‘]’ Z |rz RI| ( )7 ( )

gde Z; prredstavlja naelektrisanje I-tog jezgra, —e naelektrisanje elektrona, a Ex(R)

Kulonovu interakciju izmedu jezgara,

Z 212 (2.65)
2 [Rr —Ry| |

Sistem je u ravnoteznom geometrijskom polozaju kada je ispunjen uslov da su sile koje

deluju na jezgra jednaka nuli:

F;=— =0, (2.66)
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a vibracione frekvencije w su odredene svojstvenim vrednostima hesijana Born-

Openhajmerove energije [74]:

1 PER)
MM, OR0R,

Dakle, za odredivanje vibracionih svojstava sistema, kao i optimalne geometrije sis-

det

= 0. (2.67)

tema, potrebno je izrac¢unati prvi i drugi izvod energije Eny(R). Ovde se koristi Helman-
Fajnmanova teoremu |75, 76], prema kojoj je prvi izvod svojstvenih vrednosti hamiltoni-

jana H) koji zavisi od parametra A, dat kao ocekivana vrednost izvoda hamiltonijana:

OF)
P <‘1’

OH)

O\

\I/A> , (2.68)

gde U, svojstvena funkcija H) odgovara svojstvenoj vrednosti Fy: H\V, = F,\V,. U BO
aproksimaciji, koordinate jezgara se ponasaju kao parametri u elektronskom hamiltonijanu

2.64. Sila koja deluje na I-to jezgro u osnovnom elektronskom stanju je tada

F, = —8;(3) = <\I/(R) 'aHg—ﬁfR)‘ \I/(R)> , (2.69)

gde U(r,R) predstavlja elektronsku talasnu funkciju osnovnog stanja BO hamiltonijana.
Hamiltonijan zavisi od R preko interakcije elektrona i jezgara koja je u sprezi sa elektron-

skim stepenima slobode samo preko elektronske gustine, pa je prema Helman-Fejnmanovoj

F;=— / nR(r)@ng{(;) dr — 8]:(79];{(?)’ (2.70)

gde je Vgr(r) Kulonova interakcija elektrona i jezgara:

teoremi dalje:

Ze?
V(r)=—) |ri—I—R[|’ (2.71)
il

a nr(r) elektronska gustina osnovnog stanja, za zadate polozaje jezgara R. Hesijan iz

jednacine 2.67 se dobija pomocu izvoda sila po koordinatama jezgra kao:

82E(R> . 8F1 _/8%[{(1’) aVR(r)dr—l—/nR(r) 82VR(I‘>d +82EN(R)

- oR, OR, oR,0R, " " BR,0R,

= = 2.72
OR0R; R, (2.72)

Moze se zakljuciti da je za rac¢unanje hesijana BO energije potrebno izracunati i elektron-
sku gustinu ngr(r) kao i njen linearni odziv na perturbaciju pozicija jezgara, Ong(r)/0R;
[77, 78]. Matrica hesijana se najces¢e naziva matricom konstanti meduatomskih sila (in-

teratomic force constants - IFC).
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2.7.1 DFPT i linearni odziv

Prema Helman-Fajnmanovoj teoremi, prvi i drugi izvod energije osnovnog stanja imaju

sledeéi oblik:

aE . 8Vx(r)

o\ ON; na(r) dr, (2.73)
2E B 0*Vy(r) Any(r) OVy(r)
oo ) onox, n(r) dr N oA, dr (2.74)

Clan dn A(r)/OA; koji se javlja u drugom izvodu energije (jednacina 2.74) se linearizacijom

Kon-Samovih jednacina, efektivnog potencijala i elektronske gustine svodi na sledece [74]:

N/2
- 4ReZ¢ (r) A, (r) (2.75)
gde je operator A* definisan kao
OF)
AF = AN 2.
: o, (2.76)

Varijacija Kon-Samovih orbitala, A1, (r) se dobija pomocu teorije perturbacija prvog reda
[79]:

(Hscr — €,)|Av%n) = —(AVscr — A€y |Yn), (2.77)
gde je
h? 02
Hscr = 52t Vscr(r) (2.78)

neperturbovani Kon-Samov hamiltonijan,

An(r") o dvye(n)

AV =AV 2 A 2.79
) S AV T, A e

je popravka prvog reda za samousaglaseni potencijal, a
Aen = <¢n|AVSCF|¢n> (280)

varijacija svojstvene vrednosti €, Kon-Samovih jednacina. Jednacina 2.77 se naziva i
Sternhajmerova jednacina [79).

Jednacine 2.75-2.79 formiraju set samousaglasenih jednacina za perturbovani sistem,
analogno Kon-Samovim jednac¢inama.

Perturbaciona teorija funkcionala gustine u ovoj implementaciji predstavlja jedan od
najefikasnijih nacina za izra¢unavanje linearnog odziva elektronskog sistema, i ovakva

Sema linearizovanih Kon-Samovih jednacina omogué¢ava brzu i preciznu analizu fonon-
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skih spektara, kao i prouc¢avanje mnogih perturbativnih efekata u optici, magnetizmu,

elektri¢noj polarizaciji.

2.8 Quantum ESPRESSO, obrada podataka i pratedi
softver

2.8.1 Quantum ESPRESSO

Quantum ESPRESSO (80, 81] (QE) predstavlja jedan od najkoriséenijih open-source
softverskih paketa za ab-initio proracune elektronske strukture i modelovanja materijala.
Naziv ,ESPRESSO” izveden je iz engleske skrac¢enice za opEn Source Package for Research
in Electronic Structure, Simulation, and Optimization. Razli¢iti alati iz ovog paketa
omogucavaju istrazivanje sirokog spektra fizickih i hemijskih svojstava materijala, pocevsi
od osnovnih osobina, elektronske strukture, fononskih spektara, pa sve do proucavanja
transportnih koeficijenata, elektron-fononske interakcije, i procesa na povrsinama.

QE koristi bazis ravnih talasa za reprezentaciju Kon-Samovih talasnih funkcija, koje
su posebno pogodne za modelovanje periodi¢nih sistema kao $to su kristali. Softver koristi
i metod pseudopotencijala, pa zajedno ovakav pristup omogucéava dobar balans izmedu
racunarske efikasnosti i dobre tacnosti rezultata. Do sada su implementirani mnogob-
rojni izmensko-korelacioni funkcionali (od LDA i PBE, pa sve do pojedinih hibridnih
funkcionala), a postoji ogroman broj razli¢itih pseudopotencijala generisanih za QE (pseu-
dopotencijali sa o¢uvanom normom, ultrasoft, PAW...), kako u standardnom obliku, tako
i relativistickih za koriS¢enje u proracunima sa spin-orbitnom interakcijom

Osim toga, implementirane su i razli¢ite popravke i dodaci, poput korekcija za van der
Valsove sile, DFT+U formalizma i mnogih drugih.

Jedna od kljuénih prednosti Quantum ESPRESSO-a je i perturbaciona teorija
funkcionala gustine (DFPT), implementirana u modulu ph.x, razmatrana u prethodnom
odeljku.

Softver se sastoji od vise povezanih modula medu kojima su istaknuti:

e PWscf (pw.x): Glavna rutina za samousaglaSeno resavanje Kon-Samovih jed-
nacina u bazisu ravnih talasa. Koristi se za proracune elektronske gustine, ukupne
energije i optimizaciju geometrije (relaksaciju) sistema. Uz posebne specifikacije u
ulaznim fajlovima, koristi se i za proracune od kojih se kasnije obraduju podaci za

dobijanje zonske strukture.

e CP (cp.x): Kar-Parinelo molekularna dinamika, pogodna za izucavanje dinamickog
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ponasanja sistema i dobijanje uvida u stabilnost sistema i njegove reakcije na visokim

temperaturama

e PHonon (ph.x): Modul za perturbacionu teoriju funkcionala gustine, omogucava
racunanje fononskih spektara, dielektri¢nih funkcija, elektron-fonon matri¢nih ele-

menata i drugih svojstava materijala koja proisticu iz vibracija resetke.

e PWneb (neb.x): Implementacija nudged elastic band metode za odredivanje
puteva hemijskih reakcija na atomskom nivou, poput difuzije, adsorpcije, porvsin-

skih hemijskih reakcija

e PostProc (pp.x, projwfc.x, bands.x, dos.x, matdyn.x, itd.): Skup dodatnih
alata za post-procesiranje rezultata medu kojima su proracuni gustine stanja (DOS),

projekcije talasnih funkcija, mapiranje potencijala u realnom prostoru, itd.

e TDDFPT (tddfpt.x): Implementacije vremenski zavisne perturbacione teorije

funkcionala gustine

e EPW (epw.x): Racunanje elektron-fonon interakcije pomoc¢u bazisa Vanijeovih

funkcija
e Atomic: Alat za generisanje pseudopotencijala,

kao i mnogi drugi (kompletna lista moZe se nac¢i se na web stranici softvera https://www.
quantum-espresso.org/documentation/).

Kod se pokreée iz komandne linije Linux terminala, zahteva ulazne datoteke sa svim
potrebnim informacijama o sistemu i Zeljenim parametrima i zasnovan je na Fortran-ovom
namelist formatu, a na na kraju daje odgovarajuce izlazne datoteke.

Za izradu prorac¢una u ovoj disertaciji, Quantum ESPRESSO je bio najpozeljniji soft-
verski izbor. Pored toga $to je zasnovan na ravnim talasima koji su pogodni za opisi-
vanje kristalnih struktura, takode je: jedan je od najkompletnijih i najbolje odrzavanih
open-source softvera sa viSestrukim moguénostima; odli¢no optimizovan za paralelno racu-
nanje i veéina procedura se izvodi na racunarskim klasterima sa velikim brojem jezgara,
¢inedi prorac¢une efikasnijim; dostupni su razli¢iti pseudopotencijali i izmensko-korelacioni
funkcionali; postoji veliki broj softvera za vizuelizaciju i dalju manipulaciju podacima,

koji prepoznaju QE izlazne i ulazne datoteke.

2.8.2 Modelovanje 2D struktura i heterostruktura u QE

U svim prorac¢unima koris¢en je GGA funkcional u PBE implementaciji. Kao §to je

u prethodnim odeljcima objasnjeno, GGA funkcionali i pored unapredenja u odnosu na
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LDA, imaju tendenciju da precenjuju energijski procep kod poluprovodnika i izolatora.
Koris¢enje hibridnih funkcionala bi u ovom slucaju rezultovalo preciznijim prorac¢unom
energijskog procepa. Ipak, uzevsi u obzir da su ovakvi proracuni izuzetno kompleksni i za-
htevni po pitanju potrebnih ra¢unarskih resursa (izuzetno velika koli¢ina RAM memorije)
i trajanja proracuna, uz detaljnu analizu postojece literature, odabran je GGA funkcional
kao glavni. Naime, postoje¢i podaci za dvodimenzionalne monohalkogenide koji su razma-
trani u heterostrukturama, ukazuju na to da je najveca razlika u rezultatima dobijenim
koris¢enjem GGA i hibridnih funkcionala, upravo u Sirini energijskog procepa, dok su
oblici zona veoma sli¢ni, kao i ostala svojstva sistema.

QE, kao i ve¢ina drugih DFT kodova, razmatra periodi¢ne sisteme u 3D prostoru,
a jedini¢na c¢elija je ponovljena u sve tri dimenzije do beskona¢nosti. Modelovanje 2D
materijala u 3D prostoru se sprovodi tako $to se u jednom pravcu (neka je to z-osa, a
materijal je periodi¢an u zy ravni) dodaje vakuum koji obezbeduje odsustvo interakcija
medu periodi¢nim replikama slojeva modelovanog materijala. Ovaj vakuum se individu-
alno odreduje za svaki sistem, a najcéesée je to izmedu 15 A i 25 A. Tako posmatrana
jedini¢na ¢elija sa veoma velikom duzinom duz z ose, u recipro¢nom prostoru ima Briluen-
ovu zonu koja je prakti¢no dvodimenzionalna. Jedan od najrasprostranjenijih pristupa
za generisanje ravnomerno rasporedenih k-tacaka u BZ je Monkhorst-Pakova mreza.

Pre bilo kojih prora¢una (zonske strukture itd.), sve proucavane heterostrukture su
prvo relaksirane, tako da pozicije atoma budu u optimalnom polozaju koji obezbeduje
minimum ukupne energije. Optimizacija je izvrSena koriste¢i Brojden-Flec¢er-Goldfarb-
Sanov (BFGS) algoritam [82, 83, 84, 85].

Posto su kod heterostruktura vazne van der Valsove sile kojima su slojevi povezani,
koris¢ena je popravka za van der Valsovu interakciju implementirana kroz Grimme-D2
algoritam [54, 86|, koja omogucéava precizniji opis interakcija medu slojevima i njihove

udaljenosti.

2.8.2.1 Odredivanje konstanti elasti¢nosti

Za odredivanje konstanti elasti¢nosti, koriséen je kod Thermo pw [87], koji koristi QE
rutine za prorac¢une razli¢itih svojstava materijala, medu kojima su i mehanicka svojstva.
Ovaj kod ra¢una ne-nulte komponente tenzora napona za zadati set razli¢itih naprezanja,
nakon ¢ega rac¢una prvi izvod napona po naprezanju.

U 3D teoriji elasti¢nosti, tenzor napona o [N/m?] i tenzor deformacije ¢ povezani su

preko konstanti elasti¢nosti na sledeéi nacin:
Uij - C’Z-jklekl. (281)

U slucaju 2D materijala, relacija konstanticnosti i tenzora deformacije je data u
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slede¢em obliku [88]:

Ozxx Cll 012 0 Erx
& — éé — O'yy — 012 022 O Syy . (282)
Ozy 0 0 066 2€xy

Ovde su a, C' i € tenzor napona, tenzor konstanti elasti¢nosti, i tenzor naprezanja. U
slucaju heksagonalne resetke, vazi Cj; = Ca, C1a = Cyp, kao i Cgg = (C11 — C12)/2,
pa postoje samo dve nezavisne konstante elasti¢nosti. Tada su Jangov moduo, Poasonov

odnos i moduo smicanja odredeni na sledec¢i nacin:

C? Cia
E,=Cn— =2, vy=——, Guy=Ce. 2.83
Yy 1 Cll ) v Yy Cll ) Y 66 ( )

Moduo sloja za heksagonalne 2D sisteme dat je kao
N M (2.84)

2

Vazno je naglasiti da se u 2D materijalima jedinice drugacije izrazavaju. Dok su jedinice
za tenzor napona i konstante elasti¢nosti u 3D prostoru date u N/m?, prirodno je da se
koriste jedinice N/m, poSto u pravcu normalnom na ravan materijala, prakti¢no ne postoji
debljina. Cesto se formalno uvodi pojam "efektivne debljine" kako bi se 2D veli¢ine
prevele u 3D radi poredenja. Ipak, fizicki, 2D materijali nemaju realnu zapreminu u
pravcu normalnom na ravan pa je ova efektivna debljina definisana samo radi pogodnijeg
poredenja sa vrednostima za 3D materijale, a ne i fundamentalna veli¢ina. Takode, ova
efektivna debljina nije trivijalna za precizno odredivanje, ali se ¢esto uzima debljina koju
jedan sloj zauzima u jedini¢noj ¢eliji u 3D materijalu, odnosno rastojanje izmedu dva

sloja. Sve vrednosti u poglavlju sa rezultatima, iskazane su u N/m.

2.8.2.2 Odredivanje optickih svojstava

U disertaciji su ispitivane pojedine opticke osobine heterostruktura, poput komplek-
sne dielektricne funkcije i apsoropcije. Kompleksna dielektri¢na funkcija ima realni i
imaginarni deo: e(w) = er(w) + ie;(w). U okviru DFT-a, elektronske pobude se ¢esto
tretiraju kao jednocesti¢ni prelazi izmedu popunjenih i praznih Kon-Samovih nivoa, uz
dodatne aproksimacije. QE u epsilon.x modulu koristi aproksimaciju slucajne faze
(Random Phase Approzimation (RPA)) i racuna linearni odziv elektrona na pobudu za-
datu frekvencijom w. Detaljna formulacija vezana za ovu implementaciju moze se naéi u
dokumentaciji QE-a [89]. Ovakav pristup omogucéava veoma brzo i efikasno odredivanje
osnovnih optickih svojstava, ali je vazno napomenuti da zanemaruje bilo kakve eksitonske
efekte, a matri¢ni elementi uklju¢uju samo meduzonske prelaze poput vertikalnih prelaza

u kojima je talasni vektor k o¢uvan. Za preciznije rezultate potrebno je koristiti komplek-
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snije metode (GW approximation, Bethe-Salpether Equation, non-equilibrium Green’s
function theory...). U okviru ove teze, opticke osobine su izuc¢avane kvalitativno u cilju
odredivanja trenda promene za razli¢ite jaCine naprezanja. Takode, postojeca literatura
pokazuje da za monohalkogenide IIIA grupa kao i za hBN, metodi zasnovani na RPA
obezbeduju korektne rezultate dielektri¢ne funkcije u poredenju sa metodama poput GW
[90, 91, 92, 93, 94|, pa je ona odabrana za korii¢enje u prorac¢unima.

Kao izlazni fajlovi epsilon.x prorac¢una, dobijaju se imaginarni i realni deo dielek-

tri¢ne funkcije. Odatle se moze izra¢unati koeficijent apsorpcije a(w) kao:

a(w) = \/5%\/\/6%(@)) + 2 (w) — er(w). (2.85)

Indeks prelamanja i koeficijent priguSenja se mogu izraziti kao

TL(CU) _ \/|€<w)| —;‘ER(C‘))’ ]{T(W) _ \/ye(w)‘ ;ER(C“'}), (286)

odnosno za imaginarni i realni deo dielektri¢ne funkcije vazi
€r = 2nk, e =n*— k% (2.87)

a refleksija R(w) se lako moZe izraziti preko indeksa prelamanja i koeficijenta prigusenja:

— 1) + ik]?
Ronpo | 2.88
= D e (288)
odnosno ( 124 g2
n J—

2.8.3 Ostali koriséeni softveri

Za vizuelizaciju struktura koriséeni su VESTA [95] i deo QuantumATK paketa
(nekadasnji Atomistix Virtual NanoLab) [96].

VESTA (Visualization for Electronic and STructural Analysis) je sofvterski alat
otvorenog koda za vizuelizaciju kristalnih struktura, elektronske gustine, molekula, i
drugih srodnih podataka. Softver podrzava Sirok spektar formata datoteka, ima napredne
graficke moguénosti i mnostvo podesavanja.

QuantumATK je softverski paket namenjen simulacijama i modelovanju materijala na
atomskom nivou, kombinujuéi kvantno-mehanicke metode poput DFT-a. U istrazivanju
je koriséen NanoLab, graficki interfejs QuantumAtK-a, koji poseduje razli¢ite alate za

vizuelizaciju i analizu atomskih struktura, kreiranje i modifikaciju struktura, kao i izvoz
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fajlova prilagoden razli¢itim formatima odgovarajué¢ih DF'T softvera.
Za obradu dobijenih podataka, konkretno ra¢unanje apsorpcije i koeficijenta reflek-
sije, koriS¢en je programski jezik Python, dok su svi grafici pravljeni u Matplotlib-ovoj]

biblioteci u Pythonu.
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5 Dvodimenzionalnt materijali i het-
erostrukture

2D materijali i vdW heterostrukture predstavljaju jedno od najznacajnijih otkric¢a
savremene nauke o materijalima. Kod 2D materijala, debljina je ograni¢ena na jedan
ili nekoliko atomskih slojeva, dok se u ravni prostiru u makroskopskim dimenzijama.
Njihov atomski tanak oblik omogucava pojavu kvantnih efekata koji nisu prisutni u nji-
hovim trodimenzionalnim pandanima, sto rezultuje unikatnim elektronskim, optickim i
mehanickim svojstvima [97], pa je jasno da su ovi materijali doveli do potpune revolucije
u oblasti nano-nauka i omogudéili razvoj brojnih novih tehnologija. Pocevsi od otkrica
grafena, koji su 2004. godine mehanickom eksfolijacijom izolovali iz grafita Andre Geim
i Konstantin Novoselov [98], interesovanje za ovu klasu materijala neprestano raste, Sto
je inspirisalo razvoj sirokog spektra novih 2D struktura, ukljucujudéi silicen, fosforen, ger-
manen, MXene, heksagonalni bor nitrid (hBN), dihalkogenide prelaznih metala (TMD),
monohalkogenide ITTA grupe (M™MXVI M=In,Ga i X=S,Se,Te) [99, 100]. Neki od primera
kristalnih struktura 2D materijala prikazani su na slici 3.1.

Kod 2D materijala prisutna je Siroka paleta jedinstvenih fenomena koji proizilaze iz
njihove atomski tanke strukture i kvantne prirode. Od spinsko-dolinskog sprezanja u
TMD [102], preko Izingovih superprovodnika [103, 104, 105], Motovih izolatora [106],
do topoloskih izolatora [107, 108]. Tokom prethodnih nekoliko godina pronadeni su i
prvi magnetni 2D materijali kao 8to su Crls [109], FePS; [110], CroGesTeg [111] i mnogi
drugi [112, 113, 114, 115]. Primeceni su i spintronicki efekti kao Sto je Rasba cepanje u
jednoslojnim monohalkogenidima [116, 117]. Pored toga, ovi materijali ¢esto poseduju
visoku pokretljivost elektrona i Sirok opseg apsorpcije svetlosti, sto ih ¢ini pogodnim
za primenu u fotonaponskim éelijama, svetlosnim detektorima i fotokatalizatorima za
razlaganje vode [118, 119].

Osim fundamentalnih nauc¢nih istrazivanja, 2D materijali imaju znac¢ajnu potenci-
jalnu primenu u industriji, od razvoja fleksibilnih i prozirnih elektronskih uredaja do un-
apredenja performansi u energetici i senzorskim tehnologijama [117, 118]. Materijali poput
MoS, i InSe koriste se za fotodetektore visoke osetljivosti, svetlosne emitere i fotonaponske
¢elije. Njihova sposobnost da apsorbuju svetlost u sirokom spektru talasnih duzina ¢ini

ih izuzetno pogodnim za ove uredaje [118, 119]. 2D materijali, kao $to su GaTe i GeSe,

32



3. Dvodimenzionalni materijali © heterostrukture

o s O O * 0000

i1 i ' 9§ 2 ] ] CO e Qpro
Ot Qe Da D9 o+ 8@

B ° ° eodbs oo

o o o > 60 > 00

R o 0 0 ©
]

. AN WA B-oblik (Te) a-oblik (Te)

Naboran (B-oblik)
L o Q
Mo sille oﬂ » Ga )

]

(P, As, Sb, Bi) Y'Oblik (AS) o-oblik (AS)
[ - ] [ 3]

.ﬁ’ g »a o
o5 o

WA

lzvijen
A APAA AP
BB
< - i v
WO W,
K B

n[ﬂbﬂﬂb
¢ ¥ ¢ @

et vt y-oblik (Te)
(0.0 @7 s . T 8~
el o |z\(||f|51i|(ge:>§n[ﬂ;’) Fagrafen 29 Kvadratni (Se,Te) oo
Y,-Cmmm (B) ' Trakasti (8) | A, Sb,Bi, Pb) ©) oo X1
[0 ’ J‘ﬂj v 80 SD 80 s T
B eyl 4V A sas M
YAVARVAY, o : -] D [+ a, - ] 5]
’i. Yay 0.. oy p—d P o vfﬁ\v- . 8 % J o 9N B0
¢ 0. g | % q o
avaWa ’ ){{u;’kr::' oo xf oolh t(#—)(—é*—o. _'n T;SD %L“ ;_)O , %o®
Planarni ™D HD LHD 2.9 9 i e Feod
B42-Pmm2 (B) lzvijen (Ga) (AL, Ga, In, Sn) (Si, Ge, Sn) (Si, Ge) (Si, Ge) Lancani (Se,Te) Prstenast (Se)
Grupallll / /Grupa IVL IGrupa VI

Slika 3.1: Prikaz kristalnih struktura alotropskih oblika razli¢itih glavnih grupa elemen-
tarnih 2D materijala. Slika je preuzeta iz [101].

Slika 3.2: Tlustracija heterostrukture sac¢injene od nekoliko slojeva 2D materijala. Slika je
preuzeta iz [124].

omogucavaju efikasnu fotokatalizu i konverziju sunceve energije u elektri¢nu, dok njihova
stabilnost pod naprezanjem povecava trajnost u prakti¢nim primenama [117]. Magnetni
2D materijali otvaraju nove moguénosti za spintronicke uredaje poput memorija i spin-
tranzistora. Spinsko-dolinsko sprezanje u TMD-ovima moze se iskoristiti za inovativne
kvantne tehnologije [102, 112]. Visoka osetljivost povrSine omogucava 2D materijalima
primenu u hemijskim i bioloskim senzorima, gde se detektuju minimalne promene u hemi-
jskom okruZenju [118]. Biokompatibilni 2D materijali poput fosforena, imaju potencijal
za detekciju biomolekula u medicinskoj dijagnostici |97, 101]. Materijali poput grafena i
heterostruktura TMD-a i grafena ili hBN-a se isti¢u kao pogodni za fleksibilnu elektroniku
[120, 121, 122], dok mnoge heterostrukture pokazuju potencijal za primene u razli¢itim

tipovima baterija [123].

33



3. Dvodimenzionalnt materyjali © heterostrukture

Posebno mesto u oblasti 2D materijala i niskodimenzionalnih sistema zauzimaju up-
ravo vdW heterostrukture. Ovi slojeviti sistemi sacinjeni su od razli¢itih 2D materijala
slozenih u "sendvi¢" (kao $to je prikazano na slici 3.2), ¢ije slojeve povezuju slabe vdW
sile, nasuprot jakih kovalentnih veza unutar slojeva. Zahvaljujuéi takvom nacinu slaganja
i mnoStvu mogucnosti za materijale "sastojke", moguce je modelovati razli¢ite slozene
sisteme sa zeljenim elektronskim i optickim svojstvima. Vazno je istaé¢i i ¢injenicu da
formirana heterostruktura nije prost zbir materijala, ve¢ da Cesto rezultuje i potpuno
novim efektima koji nisu prisutni u materijalima od kojih je sac¢injena. Na taj nacin,
heterostrukture otvaraju izuzetno Sirok spektar mogucih primena, od fleksibilne elektron-
ike i spintronike, do nanooptickih i kvantnih uredaja. Ovakve strukture pruzaju velike
mogucénosti za razli¢ite manipulacije, pa se promenom vrste materijala, kao i njihovog
relativnog rotacionog ugla moze precizno podeSavati meduslojna interakcija, dovodeéi do
pojave mnogih fenomena poput topoloskih stanja, superprovodnosti ili egzoti¢nih eksci-
tonskih efekata.

Jedna od klju¢nih prednosti 2D materijala koja ih ¢ini posebno atraktivnim je i njihova
mogucnost prilagodavanja svojstava pomocu razli¢itih tehnika, poput primene mehanickog
naprezanja, dopiranja [125], ili kombinovanja slojeva razli¢itih materijala u heterostruk-
ture zasnovane na vdW interakcijama [20, 21, 22, 126]. Ove tehnike omogucéavaju preciznu
kontrolu elektronskih i optickih svojstava i dodatno otvaraju vrata za primene u na-
noelektronici, optoelektronici, fotonici i kvantnim tehnologijama [99, 127].Tokom posled-
njih nekoliko godina, inZenjering naprezanja je u velikom fokusu istrazivanja kao istaknut
metod za kontrolisano podeSavanje svojstava materijala ili ¢ak izazivanje novih efekata
[128, 129, 130, 131, 132]. Na ovaj na¢in se precizno mogu kontrolisati elektronska struk-
tura i energijski procep, kao i opticke osobine. Kod mnogih materijala, usled naprezanja
dolazi do tranzicije izmedu direktnog i indirektnog energijskog procepa [133], pojedini
pri odredenim ja¢inama naprezanja prelaze iz poluprovodnika u metal [134], a inZenjer-
ing naprezanja omogucava takode i modulaciju piezoelektri¢nih i piezorezistivnih efekata,
doprinoseci razvoju fleksibilnih senzora i detektora [135].

Monoslojevi MMXV! grupe se medu 2D materijalima posebno isti¢u usled svojih os-
obina. Materijali ove grupe poseduju vrlo visoku pokretljivost elektrona - pokazalo se da
monoslojevi InSe i GaSe imaju pokretljivost elektrona veé¢u od 1000 cm?/(V's) [18, 136],
Sto ih posebno izdvaja od mnogih drugih 2D materijala. Mnogi od njih poseduju i do-
bru apsorpciju u Sirokom spektralnom opsegu, a odsustvo inverzionog centra simetrije
omogucava pojavu Rasbinog efekta [116, 137, 138], Sto otvara moguénosti za njihovu
upotrebu u razli¢itim spintronickim uredajima. Jedna od vaznih oblasti gde primena ma-
terijala iz MMXV! grupe dolazi do izrazaja je fotokataliticko razlaganje vode za dobijanje
vodonika, a primenom naprezanja ili spoljasnjeg elektri¢nog polja moze se posti¢i dodatna
optimizacija efikasnosti solarne konverzije [139, 140].

Ova porodica materijala takode ima znacajan potencijal za kombinovanje sa drugim 2D

materijalima, odnosno formiranje heterostruktura. Heterostrukture ovih materijala cesto
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formiraju heterospojeve tipa II, pogodnih za razvoj visokoefikasnih fotonaponskih ¢éelija i
fotodetektora [118, 141]. Primer su heterostruktura GaSe i InSe ili InTe sa materijalima
poput grafena ili MoS, pogodne za razli¢ite senzore i svetlosno-aktivne uredaje [15, 118,
142]. Monohalkogenidi IITA grupe kombinovani sa grafenom ili slicnim materijalima koji
imaju Dirakovu disperziju formiraju i éotkijeve spojeve koji se dodatno mogu kontrolisati
primenom naprezanja ili spoljasnjeg elektri¢nog polja [36, 143, 144, 145, 146, 147].

Pored brojnih izvanrednih osobina, M™MXV! su podlozni oksidaciji pri izlaganju vaz-
duhu [28, 29, 148, 149]. Na primer, u slucaju GaSe, oksidacija rezultuje formiranjem
tankog sloja na povrsini, sacinjenog od GasSes, GayOs i amorfnog selena [150, 151].
Problem oksidacije je posebno izrazen kada su u pitanju tanki slojevi ili monoslojevi pa
predstavlja izazov za dalju manipulaciju ovih struktura i ogranicava njihove primene u
ambijentalnim uslovima.

Zbog toga je pasivizacija ovih materijala adekvatnim zaStitnim slojem od sustinskog
znacaja za dalja istrazivanja i buduéu primenu. Zagtitni sloj mora biti pazljivo odabran
tako da spreci hemijske reakcije na povrsini materijala, koje bi mogle degradirati njegove
elektronske i opticke karakteristike. Istovremeno, ovaj sloj ne sme znacajno uticati na
svojstva monohalkogenida, poput elektronske strukture ili mobilnosti elektrona, kako bi
se o¢uvala njihova funkcionalnost u predvidenim primenama.

Materijal koji se posebno istakao za upotrebu u ove svrhe je hBN [152, 153, 154, 155,
156, 157, 158, 159, 160]. Ovaj atomski tanak izolator Sirokog energijskog procepa pose-
duje sirok spektar izvanrednih svojstava koje ga ¢ine idealnim kandidatom za mehanic¢ku
i hemijsku zastitu osetljivih tankih slojeva - od visoke transparentnosti, preko dobre ter-
malne provodnosti, izuzetnih mehanickih osobina, do odli¢ne stabilnosti na temperatu-
rama do 1000°C i slabom reaktivno$éu sa mnogim hemijskim supstancama, a konstantan
napredak na polju fabrikacije 2D materijala omoguéava i proizvodnju visokokvalitetnih
filmova hBN-a na dimenzijama reda centimetra [161]. Istrazivanja takode pokazuju i da
je efikasan kao pasivizator kod MMXV1-a [162, 163].

U narednim potpoglavljima bi¢e dat pregled kristalne strukture, najvaznijih osobina i

postojec¢ih saznanja o hBN-u i MMXV! koji se koriste u istrazivanju u disertaciji.

3.1 Heksagonalni bor nitrid (hBN)

hBN pripada grupi slojevitih materijala, po kristalnoj strukturi veoma slican grafenu.
Opisuje ga heksagonalna resetka sac¢injena od atoma bora i azota koji su naizmeni¢no
smesteni u sacasto] resetki, kao Sto je prikazano na slici 3.3. Kao i kod sli¢nih vdW ma-
terijala, atomi unutar slojeva povezani su jakim kovalentnim vezama, dok su slojevi medu-
sobno povezani vdW interakcijama, $to omoguéava laku eksfolijaciju hBN-a u monoslo-

jeve. Konstanta redetke hBN-a je slitna kao kod grafena i iznosi a = 2.49 — 251 A
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b) A

Slika 3.3: (a) Kristalna struktura sloja hBN-a gledano normalno na sloj. Primitivna celija
je oznaCena punom crnom linijom. (b) odgovarajuc¢a Briluenova zona.

[164, 165, 166, 167|. Zbog sli¢nosti sa grafenom, uklju¢ujuéi kristalnu strukturu ali i
mnoge druge osobine, ovaj materijal se Cesto naziva i "beli grafen" (slojeviti hBN ima
belu boju, dok u monosloju ima odli¢nu transparentnost).

Zahvaljujué¢i jakim kovalentnim vezama izmedu atoma bora i azota, hBN poseduje
visoku hemijsku stabilnost, otporan je na oksidaciju i koroziju u razli¢itim hemijskim
sredinama i na visokim temperaturama koje prelaze 1000 °C [168, 169, 170], sto je od
sustinskog znacaja za pasivizaciju i zastitu osetljivih materijala.

Osim toga, hBN se isti¢e i po izvanrednim mehani¢kim osobinama. Jangov moduo
hBN-a iznosi oko 275 N/m, a moduo sloja oko 175 N/m, $to je konkurentno grafenu koji
poseduje Jangov moduo od 340 N/m, odnosno moduo sloja od 206 N/m [171, 172, 173].
lako poseduje izuzetnu ¢vrstoéu u ravni, hBN ima dobru fleksibilnost na savijanje [172].
Ova kombinacija ¢vrstoce ali i fleksibilnosti, ¢ini ga idealnim za primene u kojima je
potrebno pruziti dodatnu zastitu materijalima, ili potrebnu ¢vrsto¢u ukoliko se koristi
kao mehanicka podloga za druge 2D materijale.

Jos jedno od vaznih svojstava koje hBN poseduje je visoka termalna provodnost, koja
u monosloju dostize vrednosti od 751 W/mK na sobnoj temperaturi, §to je medu najvisim
rezultatima zabelezenim kod izolatora i poluprovodnika - preciznije, ve¢e vrednosti imaju
samo dijamant i kubni bor nitrid [174|. Zahvaljujuéi svojim termickim i mehani¢kim
svojstvima, hBN se koristi i u nanokompozitima u cilju poboljSanja toplotne provodljivosti
i mehanicke otpornosti, u uredajima za odvodenje toplote, kao i u zastitnim slojevima za
metale u korozivnim sredinama [164].

Monosloj hBN-a je po svojoj elektronskoj strukturi izolator Sirokog direktnog en-
ergijskog procepa koji iznosi oko 6 eV [164, 165, 175]. Vrednosti izra¢unate pomocu
DFT-a variraju u opsegu od 4.5 €V do 6 eV u zavisnosti od koriséenog funkcionala
[176, 177, 178, 179, 180, 181] i uglavnom su od 4.5-4.7 eV kada se koriste LDA i GGA
funkcionali, a oko 6 eV koriste¢i hibridne funkcionale. Na slici 3.4 prikazana je zonska
struktura hBN-a za monosloj, za debljine od dva do pet slojeva, kao i za beskonacan broj

slojeva hBN-a, izra¢unati koriséenjem HSE hibridnog funkcionala [182].
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Slika 3.4: Zonska struktura hBN-a u monosloju, debiljine od 2 do 5 slojeva i u masivnom
hBN-u. Slika je adaptirana iz [182]

hBN je transparentan za vidljivu svetlost, dok izrazenije apsorpcione pikove ima u
UV opsegu - najjaca apsorpcija je na talasnim duzinama izmedu 200-220 nm. Stoga je
pogodan kako za UV fotodetektore, tako i kao zastitni sloj usled svoje transparentnosti u

vidljivom opsegu.

3.2 2D monohalkogenidi IITA grupe

Monohalkogenidi IIIA grupe (InS, InSe, InTe, GaS, GaSe, GaTe) pripadaju grupi
slojevitih van der Valsovih kristala, kod kojih su slojevi povezani van der Valsovim silama.
Jedan sloj ovih materijala sastoji se od cetiri sloja atomskih ravni, rasporedenih prema
redosledu X-M-M-X, gde X ¢ine halkogeni atomi (S, Se, Te) a M su atomi IIIA grupe,
Ga i In. Atomi u sloju su povezani jakim kovalentnim vezama: Svaki atomi halkogena
povezan je sa najbliza tri M atoma u ravni iznad ili ispod njega, a M atomi sa najbliza
tri halkogena atoma iz susedne ravni i M atomom naspram njega. Kristalna struktura
materijala ove porodice prikazana je na slici 3.5.

Konstante resetke jednoslojnih MM XV! poredane od najmanje do najveée se u liter-
aturi krecu u vrednostima od 3.61—3.64 A za GaS, 3.80—3.84 A za GaSe, 3.91-3.95 A
za InS, 4.06—4.19 A za InSe, 4.12—4.13 A za GaTe i 4.36—4.40 A za InTe [15, 16, 18,
93, 183, 184, 185, 186]. Debljine njihovih slojeva su 4.63—4.65 A, 4.80—4.82 A, 5.19 A,
5.37 A, 4.99-5.02 A 1 5.56-5.86 A, za GaS, GaSe, InS, InSe, GaTe i InTe, respektivno
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Slika 3.5: Kristalna struktura jednoslojnih monohalkogenida ITIA grupe. Atomi halkogena
prikazani su zutom bojom, a atomi IITA grupe ljubi¢astom.

[15, 16, 93, 187]. MMXV! su u monoslojevima poluprovodnici sa indirektnim energijskim
procepom. Na slici 3.6, prikazane su zonske strukture GaS, GaSe, GaTe, InS, InSe i
InTe monoslojeva, racunate u [15] koris¢enjem HSEO06 funkcionala. Energijski procep
ima vrednosti od 3.29, 2.77, 2.13, 2.63, 2.30 i 2.07 eV za GaS, GaSe, GaTe, InS, InSe i
InTe, respektivno. Neznatno manje vrednosti dobijene koris¢enjem hibridnih funkcionala
prikazane su i u referencama [183], [93] i [187]. Kod svih struktura, vrh valentne zone
pozicioniran je izmedu I' i M tacke, dok se dno provodne zone kod GaS i GaTe nalazi
u M tacki, a kod InS, InSe, InTe i GaSe je smesteno u I' tacki. Zonska struktura ovih
struktura dobijena koris¢enjem LDA i PBE funkcionala je kvalitativno sli¢na kao i kada
se koriste hibridni funkcionali. Oblici zona su skoro nepromenjeni, kao i njihovi polozaji
u valentnoj zoni, a najveca razlika se uocava u smanjenom energijskom procepu za oko
1 eV [187]. Vrednosti energijskog procepa u ovom sluc¢aju krecu se u opsegu 2.35—2.64
eV, 1.80—2.13 eV, 1.42—1.53 eV, 1.66—1.95 eV, 1.39—1.69 eV i 1.33—1.69 eV, za GaS,
GaSe, GaTe, InS, InSe i InTe, respektivno [136, 184]. Vrednosti energijskog procepa kao i

konstante resetke, sumirane su u tabeli 3.1. Ve¢ je spomenuto da je u ovim materijalima

Tabela 3.1: Konstanta resetke, debljina sloja, energijski procep racunat pomocéu HSE
funkcionala, kao i energijski procep racunat sa LDA i PBE funkcionalima. Vrednosti su
prikupljene iz [15, 16, 18, 93, 136, 183, 184, 184, 185, 186, 187|.

a (A) d(A)  EFSE (V) EJPVPPE (V)
GaS 3.61-3.64 4.63—4.65 3.29 2.35—2.64
GaSe 3.80—3.84 4.80—4.82 277 1.80—1.87
GaTe 4.12—4.13 4.99—5.02 2.13 1.42—1.47
InS 3.91-3.95 5.19 2.63 1.64—1.76
InSe  4.06—4.19 5.37 2.30 1.17—1.40
InTe 4.36—4.40 5.56—5.86 2.07 1.33—1.43

zabeleZena izuzetno visoka pokretljivost elektrona [18, 24, 136] koja prelazi 1000 cm?/(Vs).
Pored toga, MMXV! poseduju i izvrsne opticke karakteristike. Naime, veé¢ina ¢lanova ove
porodice poseduje znac¢ajnu apsorpciju u vidljivom i UV spektru, sa vrednostima koefi-

1 1

cijenta apsorpcije od preko 10* cm™!, a u odredenim delovima UV spektra do 10% cm™

[91, 94, 188, 189].
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Slika 3.6: Elektronska struktura jednoslojnih (a) GaS, (b) GaSe, (c¢) GaTe, (d) InS, (e)

InSe, (f) InTe, dobijena koriséenjem HSEO06 hibridnog funkcionala. Slika je preuzeta i
adaptirana iz [15].
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Ono $to ih, medutim, posebno istice su i njihova mehanicka svojstva. Usled dobrog
odnosa ¢vrstoce i fleksibilnosti, jednoslojni MM XY mogu da podnesu preko 15% biaksi-
jalnog naprezanja [41] i preko 25% uniaksijalnog naprezanja |18, 40|, Sto pruza impresivne
mogucénosti za manipulaciju njihovim osobinama.

Ove izuzetne mehanic¢ke osobine pruzaju mogucnost za preciznu kontrolu i podesa-
vanje razli¢itih svojstava ovih materijala putem naprezanja, koje moze znacajno uticati
na njihove osobine. Do izrazaja posebno dolazi biaksijalno naprezanje (u vidu istezanja ili
sabijanja), kojim se ne naruSava simetrija i tip kristalne resetke, a koje moze indukovati
znacajne promene svojstava materijala. Osim kontrolisane promene Sirine energijskog pro-
cepa, naprezanjem se moze izazvati i prelazak sa indirektnog u direktni energijski procep
[190, 191], 8to zajedno sa promenom Sirine energijskog procepa omogucéava poboljsanje ap-
sorpcionih svojstava materijala [192]. Pokazano je da biaksijalno naprezanje jednoslojnog
GaTe izaziva znacajne promene u energijskom procepu, pri ¢emu se istezanjem smanjuje
Sirina procepa, a kompresijom povecava opticka apsorpcija u UV delu spektra [192]. Uz
znacajne promene u Sirini energijskog procepa, zabelezeno je i pove¢anje fotoluminiscen-
cije u GaSe [189, 193] i InSe [40, 190].

Osim elektronskih i optickih svojstava, naprezanjem se mogu pojacati i termoelek-
tri¢ne performanse, $to je zabeleZzeno u InTe slojevima [194], interesantan efekat se za-
paza kod InSe, kod koga se prilikom primene uniaksijalnog naprezanja od preko 27% duz
cik-cak lanca indukuje fazni prelaz i InSe iz heksagonalne strukture prelazi u strukturu
sa kvadratnom resetkom konstante a = b = 5.32 A [40], koja je termodinamicki stabilna,

a po elektronskoj strukturi je metalna.

3.3 Heterostrukture monohalkogenida i hBN-a

Kao s§to je prikazano, ¢lanovi M™MXV! grupe poseduju izuzetna svojstva koja ih ¢ine
pogodnim za brojne primene u savremenoj tehnologiji. Medutim, njihova primena je ¢esto
ograni¢ena zbog izrazite podloznosti oksidaciji, koja se javlja pri kontaktu sa vazduhom.
U tom kontekstu, hBN se isti¢e kao kljuc¢ni zastitni materijal. Njegova sposobnost da pa-
sivizira povrgine MMXV! slojeva znac¢ajno doprinosi oéuvanju njihovih svojstava, dok is-
tovremeno pruza mehanicku stabilnost. Sa svojom visokom transparentnoséu u vidljivom
delu spektra i Sirokim energijskim procepom, hBN heterostrukturama omogucava da
zadrze svoje elektronske i opticke karakteristike, istovremeno ih Stitec¢i od spoljasnjih uti-
caja. Zbog svega navedenog, ispitivanje heterostruktura zasnovanih na hBN-u i M™XV!
predstavlja vazan korak ka razvoju naprednih materijala sa Sirokim spektrom primena

Prethodna istrazivanja su potvrdila teorijski i eksperimentalni potencijal hBN /InSe
heterostrukture, koja je razmatrana u teorijskim studijama [34, 195, 196], dok su eksperi-

mentalno demonstrirane heterostrukture sac¢injene od slojeva InSe i GaSe, enkapsuliranih
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Slika 3.7: Koeficijent apsorpcije hBN /InSe heterostrukture (puna crvena linija), InSe
(isprekidana plava linija) i hBN-a (isprekidana zelena linija), za polarizaciju u ravni (levo)
i polarizaciju normalnu na ravan (desno). Slika je preuzeta iz [195].

izmedu slojeva hBN-a [162]. Ove studije postavile su osnovu za dublje razumevanje uloge
hBN-a kao zaStitnog sloja u stabilizaciji i unapredenju svojstava 2D materijala. Dodatno,
ukazale su na potrebu za sistematskim istrazivanjem novih kombinacija koje ukljucuju
hBN kako bi se ostvarile optimalne performanse u razli¢itim aplikacijama.

Rezultati ovih istrazivanja ukazuju na viSestruke prednosti hBN /InSe heterostruktura.
Eksperimentalno potvrdene heterostrukture pokazale su da hBN efikasno §titi InSe slojeve
od oksidacije i da takve strukture dugo ostaju stabilne u ambijentalnim uslovima [162].
Pred toga, hBN doprinosi i poboljsanju njihovih svojstava.

Uocen je porast apsorpcije u odredenim delovima spektra u heterostrukturama, u
poredenju sa pojedinacnim slojevima [34, 195], usled doprinosa hBN-a apsorpciji svet-
losti, kao i promenama u zonskoj strukturi. Na slici 3.7 prikazani su koeficijenti apsorp-
cije u hBN/InSe HS, kao i pojedina¢nih slojeva hBN-a i InSe. Ovi rezultati ukazuju na
potencijalnu primenu ovakvih HS u naprednim optoelektronskim uredajima kao $to su
fotodetektori i solarne celije, gde se zahteva visoka apsorpcija. Pored optickih svojstava,
zapazen je i znacajan porast pokretljivosti elektrona. Ispostavlja se da prisustvo hBN-a
doprinosi poveé¢anju mehanicke stabilnosti i smanjenju uticaja akustickih fonona na rasi-
panje elektrona [196]. Ova svojstva ¢ine hBN/InSe heterostrukture posebno pogodnim
za primenu u naprednim nanoelektronskim i optoelektronskim uredajima. S obzirom na
znacajna poboljSanja koja donosi kombinovanje InSe i hBN-a u HS, istrazivanja su usmer-
ena na identifikaciju drugih potencijalnih kombinacija zasnovanih na hBN-u i monohalko-
genidima. Prva ideja istrazivanja bila je ispitivanje novih potencijalnih heterostruktura

koje bi pruzile poboljSane osobine i omogudile njihovu primenu u naprednim nanoelek-
tronskim i optoelektronskim uredajima, dok je glavni cilj istrazivanje uticaja mehanickog

naprezanja na elektronska, opticka i mehanicka svojstva ovih HS.
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3.4 Naprezanje u 2D materijalima

U ovom poglavlju su predstavljeni primeri koji ilustruju znacaj i efikasnost primene
naprezanja u 2D materijalima. Naprezanje ima znacajnu ulogu u savremenim istrazivan-
jima materijala, kako na fundamentalnom nivou, tako i u razvoju inovativnih tehnologija.
Kontrolisanom primenom naprezanja moguce je znacajno unapredenje elektronskih i op-
tickih svojstava materijala, uz istovremenu preciznu kontrolu njihovih karakteristika. To
omogucava pobudivanje razli¢itih kvantnih fenomena koji su kljucni za razumevanje os-
novnih fizickih procesa u ovim materijalima. Pored toga, naprezanje omogucava opti-
mizaciju mehanickih svojstava materijala i indukovanje faznih prelaza, sto je od posebnog
znacaja za razvoj novih funkcionalnih materijala sa proSirenim moguénostima primene.

Jedan od najperspektivnijih pravaca u istrazivanju materijala je razvoj oblasti ,strain-
tronike® (,,straintronics), koja se fokusira na koris¢enje naprezanja za manipulaciju elek-
tronskim, magnetnim i drugim svojstvima 2D i niskodimenzionalnih materijala [132, 197].
2D materijali ¢esto imaju visok Jangov moduo elasti¢nosti u kombinaciji sa dobrom flek-
sibilno$¢u van ravni, $to im daje znacajnu prednost u oblasti inZenjeringa naprezanjem.
Primena naprezanja u 2D materijalima ima viSestruki potencijal za najrazli¢itije primene.
Ova oblast donosi inovativne pristupe dizajnu energetski efikasnih i naprednih uredaja,
kao Sto su senzori, memorijski elementi i fleksibilni elektronski sistemi. Od skoro je u
fokusu istrzivanja primena naprezanja za skladistenje energije, fotokatalizu i elektrolizu:
Spomenuto je da se naprezanjem moze kontrolisati Sirina energijskog procepa i pojacati
apsorpcija svetlosti, ¢ime se mogu optimizovati fotokataliticke reakcije. Sli¢no, naprezan-
jem se indukuju i razli¢ite promene u elektronskoj strukturi materijala koje mogu dovesti
do optimizacije adsorpcije i bolje kataliticke aktivnosti [198].

Naprezanje se u materijalima moze uvesti na razli¢ite nacine, u zavisnosti od ciljeva is-
trazivanja ili tehnickih zahteva primene. Klju¢ne vrste naprezanja uklju¢uju uniaksijalno,
biaksijalno i triaksijalno naprezanje. Uniaksijalno naprezanje podrazumeva deformaciju
duz samo jednog pravca, dok biaksijalno ukljuc¢uje simetricnu deformaciju u dva pravca
kristalne resetke, pri ¢emu jedini¢na ¢elija materijala ravnomerno menja veli¢inu, ¢uvajuéi
svoj oblik i simetriju. Triaksijalno naprezanje se primenjuje duz tri pravca pod uglom
od 60° i moze proizvesti interesantne efekte, poput pseudo-magnetnih polja u grafenu
[199, 200].

Glavni fokus ovog istrazivanja je na biaksijalnom naprezanju, koje ima poseban znacaj
za 2D materijale i tanke filmove. Simetri¢no naprezanje u oba pravca omogucava precizno
podeSavanje Sirine energijskog procepa i potencijalne prelaze izmedu indirektnog i direk-
tnog procepa, Sto je od izuzetnog znacaja za optoelektronske primene, ukljucujuéi lasere i
fotodetektore. Osim toga, biaksijalno naprezanje moze stabilizovati odredene faze materi-
jala iindukovati fazne prelaze koji doprinose razumevanju kvantnih fenomena i otvara nove

pravce fundamentalnih istrazivanja. Utica]j biaksijalnog naprezanja na piezoelektri¢na i
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termoelektricna svojstva pruza dodatne moguénosti za razvoj inovativnih uredaja, kao
Sto su generatori energije, fleksibilni senzori ili sistemi za skladistenje energije.

Tehnike za uvodenje biaksijalnog naprezanja su raznovrsne i prilagodene su speci-
ficnim zahtevima materijala. Jedan od najc¢esée koriséenih pristupa je epitaksijalni rast
tankih filmova na podlogama sa razli¢itim parametrima kristalne resetke, pri ¢emu razlika
u konstantama reSetke indukuje homogeno naprezanje. Mikroelektromehanicki sistemi
(MEMS) omogucavaju preciznu kontrolu naprezanja putem primene sila na uzorak, dok
fleksibilni nosaci obezbeduju ravnomerno naprezanje u svim pravcima. Hidrostaticki pri-
tisak se koristi za uvodenje izotropnog naprezanja, a kapilarne sile deluju tokom procesa
suSenja rastvora materijala u te¢noj fazi. Postoje i mnoge druge tehnike poput manip-
ulacije defektima, kao Sto je supstituciono dopiranje, koje omogucéava uvodenje lokalizo-
vanih naprezanja.

Sve navedene prednosti biaksijalnog naprezanja, u kombinaciji sa raznovrsnim
tehnikama njegove implementacije ga pozicioniraju kao vazan metod u istrazivanju i
razvoju materijala, kako u okviru fundamentalnih istrazivanja u fizici ¢vrstog stanja, tako
i u razvoju primena u okviru sve znacajnije oblasti straintronike. Potencijalne primene
obuhvataju napredne elektronske, fotonske i fleksibilne tehnologije, pruzajué¢i temelj za

dalji tehnologki razvoj.
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4 Rezultati

Cetvrto poglavlje ove doktorske disertacije obuhvata istrazivanje HS zasnovanih na
monohalkogenidima IITA grupe i hBN-u, kao i uticaj biaksijalnog naprezanja na njihova
elektronska i opticka svojstva.

Poglavlje je podeljeno u nekoliko potpoglavlja. U potpoglavlju 4.1 razmatran je nacin
formiranja jedini¢ne ¢elije HS i opisana njihova kristalna struktura, uz prikaz detalja pro-
racuna koriSéenih u istrazivanju. Potpoglavlje 4.2 se bavi novim hBN /InTe i hBN/GaTe
HS, koje do sada nisu bile ispitivane, a rezultati su objavljeni u publikaciji [201]. U
potpoglavlju 4.3 ispituje se uticaj biaksijalnog naprezanja na ove dve HS, a rezultati is-
trazivanja objavljeni su u [173]. Potpoglavlje 4.4 se odnosi na naprezanje u hBN/InSe
HS, koje su prethodno bile teorijski i eksperimentalno ispitivane u svom osnovnom obliku.
Rezultati ispitivanja uticaja naprezanja na njihove elektronske i opticke osobine, dobijeni
tokom ovog istrazivanja, rezultovali su publikacijom [202]. U poslednjem potpoglavlju,
4.5 razmatraju se preostale HS iz porodice hBN /MMIXVT

4.1 Modelovanje hBN/M™"XV! heterostruktura i izbor
vrste naprezanja

Kao sto je navedeno u poglavlju 2, kristalnu strukturu hBN i MX slojeva karak-
terise heksagonalna jedini¢na celija sa Dgj, simetrijom. Konstanta reSetke hBN-a iznosi
a = 2.515A, dok se konstante resetke MX monoslojeva kreéu od 3.64A (GaS) do 4.37 A
(InTe). Nacin konstrukcije jedini¢ne ¢elije i poklapanje konstanti reSetki osnovnih mater-
ijala igraju kljuénu ulogu u istrazivanjima HS primenom DFT-a.

Sa jedne strane, vazno je minimizovati indukovano naprezanje medu slojevima,
posebno ako je cilj dodatna modifikacija ovakvih struktura (npr. primenom naprezanja
koje dovodi do dodatnog istezanja). Sa druge strane, manja jedini¢na celija ne samo da
smanjuje potrebne racunarske resurse i vreme izvrSavanja proracuna usled manjeg broja
atoma u jedini¢noj ¢eliji.

Sa stanovista numerickih prorac¢una, strukture sa viSom simetrijom su jednostavnije i
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Slika 4.1: Prikaz razli¢itih mogucénosti za formiranje jedini¢ne celije HS - odnos broja
atoma u ¢eliji i indukovanog naprezanja medu slojevima.

brze za proracune. Naime, QE, kao i mnogi drugi DFT softveri koristi simetriju kristalne
strukture kako bi identifikovao ireducibilnu Briluenovu zonu (IBZ). IBZ predstavlja na-
jmanji deo recipro¢ne reSetke, koji se zahvaljuju¢i simetrijskim operacijama ponavlja u
ostatku Briluenove zone. Za zadatu strukturu, softver prepoznaje simetrijske operacije
translacije, rotacije i inverzije koje ima zadata struktura. Na osnovu njih se odreduje IBZ.
Sa prakti¢nog aspekta, jednostavnije i simetri¢ne strukture su cesto lakse za fabrikaciju
zbog boljeg rasporeda atoma u slojevima i manje mogucnosti za stvaranje defekata, kao
i obezbedivanje konzistentnosti svojstava u razli¢itim serijama proizvedenih uzoraka. A
posebno je vazno spomenuti i da mnoge karakteristike materijala poput zonske strukture
i raspodele elektronskih stanja, karakteristicnih oblika elektronske disperzije, optickih
prelaza, direktno zavise od simetrije kristala, pa se njenim narusenjem mogu izgubiti i
degradirati vazna svojstva materijala . Na slici 4.1 prikazan je odnos izmedu broja atoma
u jedini¢noj ¢eliji i indukovanog naprezanja medu slojevima za razli¢ite moguénosti kon-
strukcije razmatranih HS. MozZe se uociti da najmanji broj atoma u jedini¢noj c¢eliji moze
biti 8, ali moze dosti¢i i preko 500.

Kod HS istrazivanih u okviru ovog rada, posebno su znacajne tri strukture: hBN /InTe,
hBN/GaTe i hBN/InSe. Kod ovih struktura moguce je konstruisati jedini¢nu ¢eliju koja
se sastoji od sloja osnovne jedini¢ne celije InTe, GaTe ili InSe i sloja hBN superéelije
dimenzija v/3 x v/3 jedini¢ne ¢elije hBN-a, kao §to je prikazano na slici 4.2.

HS sa ovakvim izborom jedini¢ne celije zadrzavaju heksagonalnu kristalnu strukturu
i sadrze samo 10 atoma po jedini¢noj ¢eliji, uz zadovoljavaju¢e vrednosti indukovanog
naprezanja medu slojevima koje ne prelaze 6%. Posebno su samerljivi materijali u
hBN/InTe HS - sa konstantama resetke od a = 4.37A za InTe i a = 4.35A za hBN, in-
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InTe/GaTe/InSe

Slika 4.2: Izbor jedini¢nih ¢elija za konstrukciju hBN /InTe, hBN /InSe i hBN /GaTe HS

dukovano naprezanje u ovoj HS iznosi samo 0.8% na sloj InTe i 0.3% na sloj hBN. Ovakav
pristup omogucéava modelovanje i hBN /GaTe i hBN /InSe HS, uz nesto veée naprezanje
medu slojevima, ali i dalje u okviru relativno niskih vrednosti koje ne ugrozavaju stabil-
nost strukture. Slozenija situacija kod preostale tri HS prikazana je na slici 4.3.

Tako u sluéaju hBN/InS i hBN/GaSe HS, optimalan izbor supercelije sadrzi 26 atoma,
pri ¢emu naprezanja ne prelaze 1%. Nasuprot tome, hBN/GaS HS zahteva 34 atoma u
jedini¢noj ¢eliji, uz naprezanje od oko 3%. Ove HS takode su opisane heksagonalnom
kristalnom resetkom. Jedini¢na celija hBN/GaS sacinjen je od sloja supercelije hBN-
a sa konstantom reSetke 3apgy 1 sloja supercelije GaS sa konstantom reSetke 2ag.s i
nema rotacije izmedu ova dva sloja. Preostale dve HS, hBN/GaSe i hBN/InSe sastoje
se od supercelije hBN-a sa konstantom resetke anpn VT i supercelije InSe odnosno GaSe
konstante resetke a(ry, /Ga)ge\/g i rotirana je u odnosu na svoju osnovnu ¢eliju za 10.89°.

Fokus u ovom istrazivanju je na primeni biaksijalnog naprezanja u modelovanim het-
erostrukturama, koje omogucava ocuvanje simetrije kristalne resetke, sto je od velike
vaznosti za hBN/MMXV! HS. Ujednacena modifikacija elektronskih i optickih osobina u
svim pravcima koja omoguéava precizniju kontrolu energijskog procepa, interakcije izmedu
slojeva i doprinosi o¢uvanju mehanicke stabilnosti HS, od klju¢nog je znacaja za istrazi-

vanje ovih heterostruktura.

Detalji numerickih proracuna

Svi proracuni su izvrSeni koriS¢enjem softverskog paketa Quantum KEspresso, uz
primenu izmensko-korelacionog funkcionala PBE i norm-conserving pseudopotencijala.

Nakon testiranja konvergencije, izabrane su energije odsecanja (cut-off energy) od 86
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Slika 4.3: Izbor jedini¢nih ¢elija za konstrukciju hBN/InTe, hBN /InSe i hBN/GaTe HS
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Ry za hBN/InSe i hBN/GaSe HS, dok su za preostale HS koris¢ene energije odsecanja
od 80 Ry. Za odabir k-tacaka u inverznom prostoru primenjena je Monkhorstova Sema
sa podelom 16x16x1 za proracune geometrijske optimizacije i ukupne energije, dok su
za proracune koji zahtevaju finiju podelu (poput projektovane gustine stanja i optickih
karakteristika) kori§¢ene mreze gustine 48x48x1 ili 64x64x1. Zonska struktura izrac¢unata
je na 440 k-tacaka po I' — M — K — I putanji u BZ.

Posto QE podrazumeva beskonacan kristal sastavljen od jedini¢nih celija, simulacija
dvodimenzionalne strukture postignuta je dodavanjem vakuuma od 20 A duz z-ose, kako
bi se eliminisale interakcije periodi¢nih replika. Za geometrijsku optimizaciju parametara
reSetke i pozicija atoma unutar jedini¢ne celije koriséen je BFGS algoritam, sa maksi-
malnim dozvoljenim meduatomskim silama od 10~° RyA_l. Takode, posto standardni
funkcionali poput GGA ne uklju¢uju van der Valsove sile, u prora¢unima je ukljucena
Grimme-D2 korekcija radi tacnijeg izracunavanja parametara reSetke. Opticke osobine
dobijene su pomocu epsilon.x koda koji koristi aproksimaciju sluéajne faze (RPA) i deo

je softverskog paketa QE.

4.2 hBN/InTe i hBN/GaTe heterostrukture

U slu¢aju hBN/InTe i hBN/GaTe HS koje su modelovane jedini¢nom ¢elijom od 10
atoma, postoje tri moguc¢a medusobna polozaja slojeva: H-top, B-top, i N-top. Kod
H-top rasporeda, In ili Ga atom se nalazi u centru hBN Sestougaonika. B-top pozicija
podrazumeva da se In ili Ga atom nalazi direktno iznad B atoma hBN sloja, dok se
kod N-top pozicije In ili Ga atom nalazi iznad N atoma hBN sloja. Sematski prikaz
ovih rasporeda slojeva prikazan je na slici 4.4. Kod prethodno ispitivane hBN /InSe HS,
pokazano je da je H-top slaganje najpovoljniji nac¢in rasporeda slojeva, iako su sve tri
konfiguracije eksperimentalno izvodljive sa negativnim energijama adsorpcije od -53.3, -
53.2,1-38.6 meV po atomu. Takode, razlike u zonskoj strukturi izmedu ovih konfiguracija
ili nema, ili su zanemarljivo male [34].

Za hBN/InTe i hBN/GaTe HS, koje do sada nisu istrazivane, analizirane su pomenute
tri moguce konfiguracije slojeva. Da bi se potvrdila stabilnost ovih struktura i pokazala

njihova moguca realizacija, izracunate su energije adsorpcije prema sledecoj formuli:

1

Eb = N(EHS - EIn(Ga)Te - EhBN): (41)

Gde su Eyg, Ercayre 1 Eppy ukupne energije hBN/In(Ga)Te HS, In(Ga)Te monosloja i
hBN sloja, respektivno, dok je N broj atoma u jedini¢noj celiji HS. Ukoliko je arsorpcija
termodinamicki povoljnija, energija celog sistema je niza od zbira energija pojedinac¢nih

slojeva, odnosno energija adsorpcije je negativna, a Sto je ve¢a njena apsolutna vred-
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Slika 4.4: Razli¢ite moguénosti slaganja slojeva HS u zavisnosti od polozaja In/Ga atoma
u odnosu na hBN sloj: (a) H-top, (b) B-Top.
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Tabela 4.1: Parametri reSetke, distanca izmedu hBN i InTe odnosno GaTe sloja i energije
vezivanja za razlic¢ite nacine slaganja kod hBN/InTe i hBN/GaTe HS.

hBN/InTe
H-top  N-top  B-top
alA] 4346 4.337  4.337

d[A] 3429 3523 3.479
Ey[meV] -26.964 -25.549 -25.963

hBN/GaTe
H-top  N-top  B-top
a[A] 4309 4309 4311

d[A] 3451 3516  3.503
EymeV] -25.562 -24.176 -24.661

nost, to je arsorpcija jaca. Energije adsorpcije za H-top, N-top i B-top konfiguracije, kao
i optimizovani parametri resetke i rastojanje izmedu hBN i InTe, odnosno GaTe sloja,
prikazane su u tabeli 4.1. Sli¢no kao i kod hBN /InSe HS, H-top konfiguracija se pokazala
kao najstabilnija, sa najvec¢om energijom adsorpcije po atomu i najnizom ukupnom en-
ergijom. Takode, treba napomenuti da su i ostale konfiguracije podjednako ostvarive,
jer imaju negativne energije adsorpcije. Dalje se moze zakljuciti da zonska struktura
prakti¢no ne zavisi od tipa slaganja, Sto je prikazano na slici 4.5. Sve tri konfiguracije,
H-top, N-top i B-top, pokazuju veoma slicne zonske strukture, sto ukazuje na to da ra-
zli¢iti nacini slaganja slojeva ne uticu znacajno na elektronske osobine ovih HS. U daljem
istrazivanju koriséen je H-top nacin slaganja slojeva, koji se izdvaja kao najpovoljniji u
pogledu ukupne energije i energije vezivanja.

Kako bismo potvrdili dinamic¢ku stabilnost hBN /InTe 1 hBN/GaTe HS, izracunata je
i njihova fononska disperzija, prikazana na slici 4.6. Doprinos razli¢itih atoma oznacen je
bojama kao na legendi. Moze se videti da u disperziji nema negativnih frekvencija koje
bi ukazivale na potencijalnu nestabilnost strukture. Male negativne vrednosti u okolini I
tacke se mogu uociti, a koje su posledice numerickog problema koji se ¢esto javlja prilikom
proracuna fonona u 2D materijalima. Moze se takode zakljuciti da niskoenergijski modovi
poticu prvenstveno od Te atoma, a zatim od In i Ga, Sto je oc¢ekivano usled ¢injenice da

su ovi atomi znacajno tezi od B i N atoma.
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Slika 4.5: Zonska struktura (a) hBN/InTe i (b) hBN/GaTe za razli¢ite tipove slaganja
slojeva.
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Slika 4.6: Fononska disperzija (a) hBN/InTe i (b) hBN/GaTe HS.
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Tabela 4.2: Konstante elasti¢nosti, Jangov moduo, Poasonov koeficijent, moduo smicanja
i moduo sloja za InTe, GaTe, hBN, hBN /InTe, hBN /GaTe strukture. Vrednosti su date
u N/m.

InTe GaTe  hBN hBN/InTe hBN/GaTe

Cyp 4536 65.62 290.77 338.30 340.00
Cy2 11.76 1530  63.93 72.08 75.48
Ces 16.52 2516 113.42 132.94 132.26
E, 4231 62.05 276.41 322.94 323.24
Uy 026 0.23 0.22 0.21 0.22
Gy 16.52 2516 113.42 132.94 132.26
v?P 2856 40.46 177.35 205.19 207.74

4.2.1 Mehanicka svojstva

Za istrazivanje naprezanja u materijalima, vazno je prvo ispitati mehanicke osobine
materijala. Detaljan opis metoda proracuna konstanti elasticnosti i analiza njihovog
medusobnog odnosa predstavljeni su u potpoglavlju 2.8.2.1. S obzirom na to da do sada
nema publikovanih rezultata sa osobinama elasti¢nosti InTe i GaTe monoslojeva, izracu-
nali smo i njihove konstante elasti¢nosti. Dobijene konstante elasti¢nosti za jednoslojne
InTe i GaTe su u opsegu drugih III-VI monohalkogenida [203]. Konstante C; = 45.36
N/m i Cj = 11.76 N/m za InTe su bliske konstantama jednoslojnog InSe, dok su
C11 = 65.62 N/m i Cjy = 15.30 N/m za GaTe blizu rezultatima za jednoslojni GaSe. Kako
bismo potvrdili verodostojnost rezultata, izracunali smo i konstante elasticnosti hBN-a, a
dobijene vrednosti su takode u skladu sa literaturom [171, 172]. Konstante elasti¢nosti i
moduli se znac¢ajno povec¢avaju u formiranim HS. Konstante C; and C}5 za hBN/InTe su
C11 = 3383 N/miCjy =72.08 N/m; Cy; =340 N/m i C15 = 75.48 za hBN/GaTe, i moze
se primetiti da su njihove vrednosti otprilike sli¢ne zbiru pojedina¢nih konstanti svakog
sloja u HS. Jangov modul je poveéan na 323 N/m u HS, §to dostize vrednosti bliske Jan-
govom modulu grafena (342-366 N/m), a prati ga i moduo sloja od 205-207 N/m u HS,
dok je za moduo sloja grafena u opsegu 206-212 N/m [171, 204]). Ovo ukazuje na visoku
otpornost na jednosmernu kompresiju kao i na istezanje. Rezultati sugerisu da prisustvo
hBN sloja u nasim HS ne samo da $titi osetljive slojeve monohalkogenida od oksidacije,
veé takode pruza efikasnu mehanicku zastitu, ¢ineéi sistem robustnijim i otpornijim na

deformacije.
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Slika 4.7: Projektovana gustina stanja za (a) hBN, InTe i hBN/InTe HS, (b) hBN, GaTe i
hBN/GaTe HS. Udeo hBN-a i InTe odnosno GaTe slojeva, prikazani su crvenim i plavim
nijansama kao na legendi.

4.2.2 Elektronska struktura

Prema rezultatima proracuna, InTe i GaTe imaju indirektne energijske procepe od
E, =138 eV iFE, = 1.75 eV, respektivno, dok hBN poseduje veliki direktni energijski
procep od 4.63 eV. Ovi rezultati se dobro poklapaju sa prethodnim teorijskim studijama
koje koriste PBE funkcional [16, 94, 180, 192|. Prethodne studije na sli¢nim materijalima,
ukljucujuci InSe, pokazale su da koris¢enje hibridnih funkcionala kao $to je HSE ne menja
zonsku strukturu kvalitativno, dok se najznacajnija razlika odnosi na veéi energijski pro-
cep. Velika razlika u energijskom procepu izmedu InTe/GaTe monoslojeva i hBN-a, kao
i njihov medusobni polozaj, ¢ine ove HS heterospojevima I vrste. Ovo se takode moze
potvrditi uvidom u gustinu stanja monoslojeva hBN, InTe/GaTe, i njihovih HS, kao §to
je prikazano na slici 4.7.

Na slikama 4.8 i 4.9 prikazane su zonske strukture hBN/InTe i hBN/GaTe HS,
razlozene po razlicitim atomskim stanjima. Radi lakSeg poredenja, zonske strukture
monoslojeva InTe i GaTe su prikazane uporedo.

Monoslojevi InTe i GaTe su, kao Sto je prethodno pomenuto, poluprovodnici sa indi-
rektnim energijskim procepom, pri ¢emu se maksimumi valentne zone nalaze u blizini I’
tacke, dok su minimumi provodne zone u M tacki za GaTe i I" tacki za InTe (iako se u
ovom slucaju energija u I' tacki veoma blisko poklapa sa energijom u M tacki). Nakon
formiranja HS, energijski procep se menja, kao i oblici dna provodne zone. U obe HS,

minimum provodne zone se nalazi u I' tacki.

53



4. Rezultati

®) 6 —— 1~
InTe —
B2p o|
NB T AT N
In5s @ :%0
In4d ® | 3 -2F .
Te 5s S
1|Te5p @ '4\ N
-6 -6
r M K r I M K r

Slika 4.8: Zonska struktura (a) hBN/InTe HS, (b) jednog sloja InTe. Debljina linije
oznacava doprinos odredenog stanja/atoma u zonskoj strukturi.
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Slika 4.9: Zonska struktura (a) hBN/GaTe HS, (b) jednog sloja GaTe. Debljina linije
oznacava doprinos odredenog stanja/atoma u zonskoj strukturi.
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Prilikom formiranja hBN/InTe HS, energijski procep je neznatno povecan, sa 1.38
eV u InTe monosloju na 1.54 eV u HS. Ova promena nije znacajno vidljiva u zonskoj
strukturi, s obzirom na to da su zone u okolini Fermi nivoa sli¢cne onima u jednoslojnom
InTe. Stanja u okolini Fermi nivoa formirana su gotovo potpuno od InTe, konkretno od
stanja Te atoma, dok se doprinos hBN-a uocava ispod -2 eV i iznad 3 eV, sli¢no kao u
jednoslojnom hBN-u.

Znagajnija razlika uocava se kod hBN/GaTe HS. Energijski procep jednoslojnog GaTe
iznosi 1.75 eV, dok je kod HS smanjen na 0.79 eV. U blizini I" tacke hBN /GaTe HS, uoc¢ava
se viSe meSanih stanja na oko -1 eV, koja dolaze od 5p stanja Te atoma i 2p stanja N
atoma, kao rezultat interakcije izmedu hBN i GaTe slojeva. Dodatno, valentna zona je
znacajno pomerena navise, razdvaja se od prethodno grupisanih stanja u okolini I' tacke
za vise od 0.5 eV, ¢ime se znac¢ajno smanjuje energijski procep.

Kako Sirina energijskog procepa direktno uti¢e na opticke osobine poput apsorpcije,
ova promena primeéena kod hBN/GaTe moze biti veoma znacajna sa stanovista primena

u optoelektronici.

4.2.3 Opticka svojstva

Ocekujudi sliénu situaciju kao kod hBN/InSe HS, koje su se istakle po velikoj apsorpciji
u Sirokom delu spektra, izra¢unate su apsorpcione funkcije za hBN/InTe i hBN/GaTe
HS. Polazeé¢i od kompleksne dielektri¢ne funkcije, dobijene u okviru RPA aproksimacije,
apsorpcioni koeficijent izracunat je po formuli 2.85. Apsorpcioni spektri ovih HS, zajedno
sa spektrima njihovih jednoslojnih komponenti, prikazani su na slikama 4.10 i 4.11.

Ovi prorac¢uni omogucavaju poredenje optickih karakteristika HS i osnovnih materi-
jala koji ih ¢ine, Sto je kljuno za razumevanje potencijalnih primena ovih struktura u
optoelektronici. Apsorpcioni spektri pruzaju uvid u efikasnost apsorpcije svetlosti i mogu
pomodi u identifikaciji talasnih duzina na kojima materijali pokazuju pojacanu opticku
aktivnost. Apsorpcioni spektri hBN/InTe i hBN/GaTe pokazuju kombinovane karakter-
istike svojih osnovnih materijala. Primecuje se da su vrhovi apsorpcije u HS pomereni u
odnosu na monoslojeve, usled modifikacije elektronskih stanja u zonskoj strukturi. Obe
HS poseduju izvrsna apsorpciona svojstva, pokrivajuci vidljivi i UV deo spektra, pri ¢emu
apsorpcija hBN/GaTe HS obuhvata i IR deo spektra. U obe HS, apsorpcioni vrhovi su
uglavnom visi i 8iri od onih kod monoslojeva InTe i GaTe, sto ukazuje na poboljsanu
apsorpciju u odredenim delovima spektra. Posebno se isti¢e hBN/GaTe, kod koje je ap-
sorpcija u niskoenergetskom opsegu znacajnije povec¢ana, Sto moze biti veoma korisno za
primene koje zahtevaju efikasnu apsorpciju niskoenergetske svetlosti. S obzirom na to da
PBE funkcionali potcenjuju energijski procep, ocekivano je da bi proracuni koris¢enjem

HSE hibridnih funkcionala pomerili apsorpcione spektre ka visim energijama, $to bi moglo
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Slika 4.10: Apsorpcija jednoslojnih hBN i InTe, kao i hBN/InTe HS, za polarizacije u
ravini (@) 1 normalno na ravan (a,,).
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Slika 4.11: Apsorpcija jednoslojnih hBN i GaTe, kao i hBN/GaTe HS, za polarizacije u
ravini (@, ) i normalno na ravan (a,,).
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Slika 4.12: Reflektansa (a) hBN/InTe i (b) hBN/GaTe HS, za polarizacije u ravni (o)
i normalno na ravan (a,,).

dovesti do smanjenja apsorpcije u IR i vidljivom delu spektra.
Najveéi pikovi apsorpcije javljaju se u obe strukture pri energijama oko 6 eV, §to je
povezano sa InTe odnosno GaTe slojem, kao i pri 11 i 14 eV, gde najveci doprinos dolazi

od hBN sloja, sa vrednostima koje dostizu ¢ak 8 x 105 cm™!.

Zbog manjeg energijskog
procepa u hBN/GaTe HS, apsorpcija u niskoenergetskoj oblasti od 1-2 €V je poja¢ana u
poredenju sa apsorpcijom u hBN/InTe strukturi. Ipak, ova razlika nije velika, $to je u
skladu sa ¢injenicom da zonske strukture hBN/InTe i hBN /GaTe nisu zna¢ajno razlicite u
kvalitativnom smislu. Naime, smanjenje energijskog procepa kod hBN/GaTe u najveéem
delu potice od jedne izdvojene zone u blizini Fermi nivoa, koja je pomerena navise.

U energijskom opsegu od 3 do 15 eV, obe HS pokazuju izuzetne vrednosti apsorpcije,
koje se kreé¢u u rasponu od 2 x 10° do 8 x 10° cm™!. Ova karakteristika ih ¢ini odli¢nim
kandidatima za primene u optoelektronici, posebno kao apsorberi u bliskom i dalekom UV
spektru, i potencijal za primenu ovih HS u visokoefikasnim fotodetektorima i solarnim
¢elijama je znacajan.

Analizom apsorpcije za «,, i «,, polarizacije, moze primetiti znacajna anizotropija
apsorpcije, ukazujuéi na razli¢ite preferencijalne orijentacije apsorpcije svetlosti u ovim
materijalima.

Dodatna potvrda njihove efikasnosti dolazi iz proracuna reflektanse, koji su prikazani
na slici 4.12.

Kao sto je prikazano, reflektanse obe HS ne prelaze 30% u bilo kom delu spektra,
Sto ukazuje na to da se znacajan deo svetlosti apsorbuje, a samo mali udeo se reflek-
tuje. Posebno su niske reflektanse u niskoenergijskom opsegu, gde iznose oko 10%, &§to
potvrduje da se veéina svetlosti u ovom delu spektra efikasno apsorbuje. Za obe HS,

pikovi reflektanse su izrazeni na odredenim energijama, ukazujuéi na rezonantne prelaze
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unutar struktura.

S obzirom na kvalitativnu sli¢nost zonskih struktura i apsorpcionih funkcija, reflek-
tanse hBN/InTe i hBN/GaTe HS su takode slicne. Medutim, postoje male razlike u
z-polarizaciji kod hBN /GaTe HS, gde se uo¢ava smanjenje vrha reflektanse na oko 2.5 eV,
Sto dovodi do toga da reflektansa u celom opsegu od 0 do 5 €V ostane ispod 10%. Ova
karakteristika dodatno potvrduje potencijal ovih HS za primene u optoelektronici, gde je
niska reflektansa pozeljna za efikasnu apsorpciju svetlosti. Slicno kao i kod apsorpcije,
uocljiva je razlika izmedu komponenti reflektanse u zavisnosti od polarizacije. Reflek-
tansa za z polarizaciju generalno pokazuje nize vrednosti u nizim energijskim opsezima
u poredenju sa R,,, Sto moze biti indikativno za razli¢ite odzive materijala na elektri¢no

polje usmereno duz razli¢itih osa kristalne resetke.

4.3 Uticaj biaksijalnog naprezanja na hBN/InTe i
hBN/GaTe heterostrukture

4.3.1 Elektronska struktura

Ispitivanje naprezanja fokusirano je na uniformno biaksijalno naprezanje, koje ne
dovodi do narusenja simetrije i tipa kristalne resetke, a moze dovesti do znac¢ajnih prom-
ena u elektronskoj strukturi materijala. Razmatrane su vrednosti naprezanja od -5%
(kompresija) do +5% (istezanje), sa korakom od 1%.

Kao $to je u prethodnom potpoglavlju navedeno, hBN/InTe i hBN/GaTe HS su
poluprovodnici indirektnog energijskog procepa od E, = 1.53 eV i B, = 0.76 eV, re-
spektivno, pri ¢emu se maksimum valentne zone nalazi u blizini I' tacke, a minimum
provodne zone u I' tacki. Naravno, sa primenjenim naprezanjem, dolazi do znacajnih
promena ne samo u Sirini energijskog procepa, ve¢ i u obliku odredenih zona.

Na slici 4.13 prikazana je zonska struktura hBN/InTe HS projektovana po atomskim
stanjima, za vrednosti naprezanja od -5% do +5%. Prvo se uocava znacajna prom-
ena energijskog procepa, koji se uopsteno gledano, povec¢ava sa primenom kompresivnog
naprezanja, a smanjuje prilikom istezanja. Prilikom uvodenja kompresivnog naprezanja,
valentna zona postepeno pada ka nizim energijama kako se kompresija povecava, pri cemu
se za kompresije jace od 3%, spusta ispod grupe zona smestene na oko -0.5 eV u I' tacki.
Vrh valentne zone tada prelazi u T tacku. Sto se tice provodne zone, uocljive su znacajne
promene. U osnovnom, relaksiranom stanju, minimum provodne zone je u I' tacki, a
dno doline u M tacki je na vrlo pribliznoj energiji. Uvodenjem kompresivnog naprezanja,

dolina u okolini I' tacke se odrzava na priblizno istim energijama, ali se uocava znacajan
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hBN/InTe

Slika 4.13: Zonska struktura hBN/InTe HS projektovana po atomskim stanjima, za ra-

zli¢ite vrednosti naprezanja, od -5% do 5%.
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pad u energiji M-doline, prilikom ¢ega se minimum provodne zone premesta u M tacku
za naprezanja od -2% i intenzivnija. Ovaj komplikovan odnos valentne i provodne zone
rezultuje u energijskom procepu koji se povecava do E, = 1.69 eV za -2% kompresivnog
naprezanja, nakon ¢ega se polako smanjuje do 1.39 eV, za -5% naprezanja.

U slucaju pozitivnog naprezanja, tj. istezanja, promene su znatno jednostavnije. Va-
lentna zona se pomera ka visim energijama, a dno provodne zone u I' tacki opada u
energiji, Sto dovodi do konstantnog smanjenja energijskog procepa, koji dostize 0.7 eV za
+5% naprezanja.

Do sli¢nih zakljucaka se dolazi se i analizom zonske strukture hBN/GaTe za razli¢ita
naprezanja, iako je u ovom sluc¢aju odnos naprezanja i zona u okolini Fermi nivoa jednos-
tavniji. Valentna zona ne podleZe znacajnijoj promeni oblika - sa kompresivnim naprezan-
jem ona se spuSta ka nizim energijama, a prilikom istezanja njena energija raste. Dno
provodne zone se pomera ka viSim energijama sa porastom intenziteta kompresivnog
naprezanja, dok dno M doline ostaje na relativno sli¢nim energijama. Na -4% naprezanja,
energije dna I' i M doline su prakti¢no izjednacene, odakle dno provodne zone prelazi u
I' tacku. Situacija je obrnuta u slucaju istezanja, pa se tako energija vrha valentne zone
pomera ka visim energijama, a dno provodne zone u I' tacki, vidno se spusta ka Fer-
mijevom nivou, $to dovodi do znacajnog smanjenja energijskog procepa, koji na +5%
naprezanja iznosi samo 0.24 eV.

Promene energija dolina u provodnoj zoni koje se uocavaju u zonskim strukturama
pri razli¢itim vrednostima naprezanja su bile ocekivane, s obzirom na to da su sli¢ne
uoc¢ene u jednoslojnim InTe i GaTe pod dejstvom biaksijalnog naprezanja [187, 192, 205].
Daljom analizom projektovane gustine stanja, prikazanom na slici 4.15 za obe strukture,
primecuje se da stanja najbliza Fermi nivou poti¢u uglavnom od In odnosno Ga i Te stanja.
Konkretno, najvisa stanja u valentnoj zoni su rezultat doprinosa Te stanja, dok se najniza
stanja provodne zone sastoje od In ili Ga, i Te stanja. Moze se dakle zakljuciti, da se
promene u obliku dna provodne zone deSavaju usled uticaja naprezanja na InTe odnosno
Ga'Te sloj, a ne kao svojstvo formirane HS. Ova saznanja isti¢u vaznost teorijskih studija
vezanih za naprezanje u HS i njegov efekat na elektronska i opticka svojstva, pruzajuci

vazne informacije neophodne za modifikaciju njihovih svojstava na Zeljeni nacin.

4.3.2 Opticka svojstva

Na slikama 4.16 i 4.17, prikazane su apsorpcione funkcije hBN/InTe i hBN/GaTe HS
za razli¢ite vrednosti naprezanja od -5% do +5%, za polarizaciju u ravni (ag,) i normalno
na ravan («,). Apsorpcione funkcije jasno pokazuju kako promene u naprezanju uti¢u na
opticke osobine materijala, koje su rezultat promene Sirine energijskog procepa i drugih

varijacija u zonskoj strukturi. Kompresivno naprezanje dovodi do blagog Sirenja pikova i
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Slika 4.14: Zonska struktura hBN/GaTe HS projektovana po atomskim stanjima, za

razli¢ite vrednosti naprezanja, od -5% do 5%.
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Slika 4.15: Projektovana gustina stanja hBN/InTe i hBN/GaTe HS za razlicite vrednosti
naprezanja.

62



4. Rezultati

x10° hBN/InTe

-5%
-4%
-3%
-2%
-1%
0%
+1%
+2%
+3%
+4%
+5%

Energija (eV)

Slika 4.16: Apsorpcija hBN/InTe HS za vrednosti primenjenog naprezanja od -5% do
+5%, oznacene razli¢itim bojama, od crvene (za -5%) ka plavoj (+5%). Inset u grafiku
prikazuje uve¢anu oblast vidljivog dela spektra.

njihovog pomeranja ka visim energijama, dok sa povec¢anjem istezanja dolazi do pomer-
anja pikova ka nizim energijama. Ovo je karakteristika uocena u obe HS, koja je u veliko]
meri oc¢ekivana, uzevsi u obzir trend promene energijskog procepa prilikom naprezanja.
Vidljiva promena, uo¢ena kod hBN/InTe, ogleda se u formiranju izrazenog pika na oko
3 eV, znacajno izrazenija u z polarizaciji. Ovaj pik se mozZe pripisati znacajnom sman-
jenju energije dna provodne zone u M dolini, a gotovo se ne moZe uo¢iti u hBN/GaTe HS
u istim uslovima naprezanja. Na graficima je vidljivo da intenzitet apsorpcije znacajno
raste posebno u podrucjima sa izrazenim pikovima - oni postaju izrazeniji i ostriji. Ovo
ukazuje na znacaj inzenjeringa naprezanja za fino podesavanje optickih osobina HS, §to je
posebno znacajno u razli¢itim primenama poput fotodetektora i drugih optoelektronskih
uredaja. Takode, razlike u promenama apsorpcije kod oy, i o, komponenata prilikom
naprezanja, ukazuju na anizotropiju materijala u apsorpciji svetlosti, sto moze biti in-
dikacija razli¢itih mehanizama interakcije svetlosti sa elektronskim stanjima u razlic¢itim
kristalnim orijentacijama.

Na isti na¢in kao i kod relaksiranih HS, izracunate su reflektanse, za vrednosti
naprezanja u analiziranom opsegu. One su prikazane na slikama 4.18 i 4.19. Reflek-
sija 1 dalje ne prelazi oko 0.3 u bilo kom delu spektra i pri bilo kojoj vrednosti naprezanja,
a uglavnom se krece ispod 0.2, ukazujuci na dobru efikasnost u apsorpciji svetlosti. Ono
Sto se moze primetiti je trend promene reflektivnosti, koji je takav da prati promene u
apsorpciji, pa se sa pove¢anjem intenziteta apsorpcije, uocava i blagi porast reflektanse.

Ipak, ove promene nisu kvantitativno znacajne da na bilo koji nac¢in umanjuju kvalitet
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Slika 4.17: Apsorpcija hBN/GaTe HS za vrednosti primenjenog naprezanja od -5% do
+5%, oznacene razli¢itim bojama, od crvene (za -5%) ka plavoj (+5%). Inset u grafiku
prikazuje uve¢anu oblast vidljivog dela spektra.

struktura po pitanju Zeljenih optickih karakteristika.

Kona¢no, moze se zakljuciti da primena naprezanja u ovim strukturama pruza
neverovatnu mogucénost precizne manipulacije ne samo elektronskim veé¢ i optickim svo-
jstvima, Sto je posebno znacajno za primene u fotodetektorima, laserskim rezonatorima

ili opti¢kim filterima.

4.4 Uticaj naprezanja na hBN /InSe heterostrukture

hBN/InSe HS su prethodno ispitivane u nekoliko teorijskih studija [34, 206].
Prethodna studija pokazuje da je i kod hBN /InSe HS, energijski najpovoljniji H-top naé¢in
slaganja [34], kod koga su In atomi pozicionirani ispod centara hBN-ovih Sestougaonika,
pa se u ovom istrazivanju polazi od H-top strukture. Pre manipulacije naprezanjem, HS je
prvobitno kompletno relaksirana, optimizujuci parametre resetke, kao i pozicije atoma un-
utar jedini¢ne celije. U relaksiranoj konfiguraciji, konstanta resetke hBN/InSe HS iznosi
a = 4.29 A, sto dovodi do 1% naprezanja na sloj hBN-a i 6% naprezanja na sloj InSe.
Dobijene vrednosti su sli¢ne kao i u sluéaju hBN/GaTe struktura, gde se takode uocava
znacajna razlika u napregnutosti slojeva-komponenata, a potice od razlic¢itih karakteris-

tika elasticnosti materijala. Konkretno, konstante elasti¢nosti i moduli hBN-a su priblizno
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Slika 4.18: Reflektansa hBN/InTe HS za vrednosti primenjenog naprezanja od -5% do
+5%, oznacene razli¢itim bojama, od crvene (za -5%) ka plavoj (+5%). Inset u grafiku
prikazuje uve¢anu oblast vidljivog dela spektra.
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Slika 4.19: Reflektansa hBN/GaTe HS za vrednosti primenjenog naprezanja od -5% do
+5%, oznacene razli¢itim bojama, od crvene (za -5%) ka plavoj (+5%). Inset u grafiku
prikazuje uve¢anu oblast vidljivog dela spektra.
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tri puta vecéi nego u InSe, pa kako se InSe sloj deformise lakSe, on je podlozan vec¢em pri-
lagodavanju u formiranoj HS. Rastojanje izmedu hBN i InSe sloja iznosi 3.29 A.

Kao i kod hBN/InTe i hBN/GaTe, naprezanje koje je primenjivano je uniformno
biaksijalno, uzevsi u obzir vrednosti od -6% (kompresija) do +6% (istezanje).

Sa primenjenim naprezanjem, menja se i geometrijska konfiguracija atoma u resetki.
Rastojanje izmedu slojeva se smanjuje do 3.26 A za -6% naprezanja, a neznatno poraste
do 3.30 A za +6%. Menjaju se i duzine In-Se i In-In veza, koje se skrac¢uju prilikom
kompresije, a izduzuju prilikom istezanja, kao i ugao In-Se-In, koji se smanjuje prilikom
kompresije, odnosno §iri prilikom istezanja. Ocekuje se da ovakve varijacije u geometriji
reSetke i duzinama veza, izmedu ostalog dovode do promene u elektronskoj strukturi ovih

materijala, pruzajuéi detaljnija saznanja o efektu naprezanja.

4.4.1 Elektronska struktura

U relaksiranom stanju, izracunati energijski procep hBN/InSe HS iznosi E, = 0.56
eV i on je vidno manji nego u hBN/InTe i hBN/GaTe HS, $to moZe biti prednost u
optoelektronskim primenama u kojima je vazan IR /vidljivi deo spektra. U cilju provere
rezultata, izrac¢unat je i energijski procep jednoslojnog InSe, za koji je dobijena vrednost od
1.49 eV, sto se dobro slaze sa prethodno dobijenim rezultatima koji koriste PBE i njemu
slicne funkcionale [40, 191, 207]. S obzirom na to da se primenom standardnih GGA
funkcionala energijski procep u poluprovodnicima i izolatorima potcenjuje, procenjena
greska je u rangu od 0.6 eV do 0.9 eV. Naime, prema postojecoj literaturi [34], energijski
procepi dobijeni koris¢enjem hibridnih funkcionala iznose 2.37 €V i 1.16 €V za jednoslojni
InSe i hBN/InSe HS, respektivno.

Projektovana zonska struktura hBN/InSe za razli¢ite vrednosti naprezanja, prikazana
je na slici 4.20. Sli¢no kao i kod prethodno razmatranih HS, valentnu zonu ¢ine dom-
inantno stanja In i Se atoma, a energijski procep se Siri sa pove¢anjem kompresivnog
naprezanja i smanjuje uz istezanje. Energija vrha valentne zone u I' tacki smestena izmedu
I' i M tacke blago raste prilikom istezanja, dok istovremeno energija dna provodne zone
u I tacki opada u energiji, pri ¢emu za 6% naprezanja, energijski procep gotovo isc¢ezava.
Kod kompresivnog naprezanja, energija dna provodne zone kontinualno raste, dok se u
valentnoj zoni uocava efekat koji prethodno nije primeéen u hBN/InTe i hBN/GaTe HS.
Naime, vrh valentne zone koji primarno ¢ine stanja Se atoma blago opada, ali se istovre-
meno stanja u okolini I' tacke koja su u nenapregnutoj strukturi uoc¢ena na oko -0.8 eV, i
koja primarno poticu od N atoma hBN-a, izdvajaju navise. Pri naprezanju od -4%, ova
stanja se po energiji izjednacavaju sa stanjima Se atoma, odakle preuzimaju ulogu vrha
valentne zone, pa u ovom slu¢aju vrh provodne zone vise ne potice od InSe sloja, veé

hBN-a.
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Slika 4.20: Zonska struktura hBN/InSe HS za vrednosti primenjenog naprezanja od -6%
do +6%, projektovana po atomskim stanjima.
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Slika 4.21: Projektovana gustina stanja razdvojena po razli¢itim stanjima atoma u
hBN/InSe, za vrednosti primenjenog naprezanja od -6% do +6%, oznacenih kao u legendi.

Bolji uvid u kompoziciju stanja pruza projektovana gustina stanja, prikazana na slici
4.21. Uocava se da u opsegu od -4% do +6% naprezanja, u okolini Fermi energije domi-
nantno ucestvuju stanja In i Se atoma, a prvenstveno Se p stanja ispod Fermi nivoa. Za
naprezanja od -4% do -6%, vrh valentne zone uglavnom ima karakter p stanja N atoma.

Zavisnost promene energijskog procepa od jac¢ine naprezanja, predstavljena je na slici
4.22, za sve tri heterostrukture: hBN/InTe, hBN/InSe i hBN/GaTe. Moze se uociti
da je trend promene E; vrlo sli¢an kao kod hBN/GaTe, tj da se menja skoro linearno
u celom opsegu naprezanja, za razliku od hBN /InTe kod koga se ispod -2% naprezanja
procep ponovo smanjuje. Takode se moze primetiti da od pomenute tri HS, hBN/InSe ima
najmanji energijski procep pri bilo kom intenzitetu naprezanja, sto mu moze omoguciti

prednost sa stanovista optoelektronskih aplikacija.
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Slika 4.22: Zavisnost energijskog procepa od intenziteta naprezanja za hBN/InSe (lju-
bi¢asta linija sa rombovima), hBN /InTe (plava linija sa kruznim markerima) i hBN/GaTe
(zelena linija sa kvadrati¢ima).

4.4.2 Opticka svojstva

Prethodna studija hBN /InSe [34] isti¢e izvanredne opticke karakteristike ovog mater-
jjala, konkretno visoku apsorpciju u Sirokom delu spektra, sli¢no kao i kod hBN/InTe
i hBN/GaTe HS. Fokus ovog istrazivanja je na modifikaciji ovih osobina pomoc¢u pri-
menjenog naprezanja, koje bi dovelo do dodatnog poboljSanja apsorpcione funkcije, kao i
mogucénosti preciznije kontrole njenih karakteristika. Na nacin opisan u poglavlju 2.8.2.2,
izracunata je apsorpcija hBN/InSe HS, prikazana na slici 4.23, za obe polarizacije. Rezul-
tati su sliéni kao i kod prethodne dve HS. Potvrdena je izvanredna apsorpcija u veoma
sirokom delu spektra za strukturu bez primene naprezanja, u kojoj pikovi apsorpcije
prelaze 8 x 10° cm ™!, a apsorpcija postoji veé¢ od IR opsega. Za wxy polarizaciju, apsorp-
cija je posebno izrazena u opsegu od 4 €V do 9 eV sa vrednostima oko 4 x 10% cm™*.

Primenom naprezanja, moZze se uociti nekoliko znacajnih promena i poboljSanja u
apsorpciji. U opsegu od 6 do 11 eV, apsorpciona funkcija se blago pomera ka visim
energijama prilikom primenjenog kompresivnog naprezanja, ali se istovremeno njen inten-
zitet pojacava sa veéim naprezanjima. Nasuprot tome, kod istog naprezanja, u opsezima
od 5 eV do 6 eV kao i 12 do 16 €V, apsorpcija se smanjuje. Prilikom istezanja, u ovim
opsezima situacija je obrnuta i pik apsorpcije na 14 €V se §iri i pomera ka 12 eV, dok se
apsorpcija u opsegu od 6 €V do 11 eV smanjuje. Kod z polarizacije situacija je slicna.
Apsorpcija se prilikom kompresivnog naprezanja pojacava u oblastima od 2 eV do 5 €V,
kao i u pikovima na oko 5.5 eV do 6.5 eV, dok se oblast od 10 ¢V do 17 ¢V pomera ka
viSim energijama. Apsorpcija u vidljivom delu spektra pojacana je prilikom istezanja u
xy polarizaciji, dok se u z polarizaciji, apsorpcija na energijama crvenih do zutih nijansi
pojacava prilikom istezanja, a od zelene do ljubicaste raste prilikom kompresije.

Ove promene se mogu pripisati promeni energijskog procepa, kao i kompleksnom pon-
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Slika 4.23: Apsorpciona funkcija hBN/InSe HS za vrednosti primenjenog naprezanja od
-6% do +6%, oznacene razli¢itim bojama, od crvene (za -6%) ka plavoj (+6%). Inset u
grafiku prikazuje uve¢anu oblast vidljivog dela spektra.

asjanju oblika i pozicija odredenih zona, a posebno dna provodne zone i vrha valentne
zone.

Izra¢unata je i reflektansa hBN /InSe HS radi uvida u efikasnost apsorpcije svetlosti,
prikazana na slici 4.24. MozZe se uociti da maksimalna vrednost reflektanse ne prelazi 0.2,
kao i da je u najveé¢em delu niza od 0.1, Sto pokazuje izuzetno dobru apsorpcionu moé
ovih struktura. Reflektivnost se u najvecem delu opsega pojacava prilikom kompresije,
a smanjuje prilikom istezanja. Interesantan je detalj u xy polarizaciji, gde se kod veéih
intenziteta istezanja, reflektivnost intenzivno povec¢ava na veoma niskim energijama (IR

opseg), §to se moze pripisati iS¢ezavanju energijskog procepa na +5% i +6% naprezanja.

4.5 hBN/GaS, hBN/GaSe i hBN/InS heterostrukture

U odeljku 4.1 opisan je na¢in modelovanja hBN/GaS, hBN/GaSe i hBN/InS HS, a
njihova kristalna struktura prikazana je na slici 4.25. Sve tri HS su relaksirane pre daljih
prora¢una i primene naprezanja, kako bi se dobile optimalne konstante resetke i polozaji
atoma u jedini¢noj ¢eliji. Nakon relaksacije, dobijene su konstante resetki od a = 7.44 A
za hBN/GaS, a = 6.61 A za hBN/GaSe i a = 6.59 A za hBN/InS. Zatim je primenjeno

uniformno biaksijalno naprezanje od -6% do +6%, sa korakom od 2%, nakon ¢ega su
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Slika 4.24: Reflektansa hBN/InSe HS za vrednosti primenjenog naprezanja od -6% do
+6%, oznacene razli¢itim bojama, od crvene (za -6%) ka plavoj (+6%). Inset u grafiku
prikazuje uve¢anu oblast vidljivog dela spektra.

Slika 4.25: Prikaz hBN/GaS, hBN/GaSe i hBN/InS HS, normalno na ravan. Jedini¢na

¢elija je oznacena crnom linijom.
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Slika 4.26: Guzvanje hBN-a prilikom kompresivnog naprezanja u (a) hBN/GaS i (b)
hBN/GaSe i hBN/InS. Prikazan je slucaj sa 6% kompresivnog naprezanja.

strukture ponovo relaksirane optimizacijom pozicija atoma u ¢eliji.

Ono §to je uoceno kod ove tri HS prilikom naprezanja, znacajno se razlikuje u pogledu
geometrije u odnosu na hBN/InSe, hBN/InTe i hBN/GaTe HS. Nakon optimizacije
napregnutih HS, pri kompresiji dolazi do "guzvanja" sloja hBN-a, sto je prikazano na slici
4.26, gde se formiraju periodi¢ne kupaste formacije koje su izdignute. Kod hBN/GaS
najvise su izdignuti Sestougaonici hBN-a koji su smesteni tako da su N atomi skoro
neposredno iznad S/Se atoma, dok su kod hBN/GaSe i hBN/InS na najvecoj visini B
atomi smesteni iznad centara Sestougaonika GaSe/InS slojeva, sa susedna tri N atoma
koji su skoro neposredno iznad S/Se atoma. Efekti guzvanja su pri veéim kompresivnim
naprezanjima izuzetno izraZeni, pa na -6% naprezanja razlika izmedu najnizeg i najviseg
atoma u sloju hBN-a dostize gotovo 1 A, dok su pri -2% minimalni. Kod nenapregnutih
HS ovaj efekat je gotovo zanemarljiv, iako se ni tada ne postize idealna ravna konfiguracija
hBN-a, kakva se primecuje kod hBN/In(Ga)Te i hBN/InSe.

Kod prethodno razmatranih HS kod kojih su svi atomi MM XV! slojeva smesteni tacno
u centrima Sestougaonika hBN-a, nikakvo guZzvanje nije uoc¢eno. Ovo jasno ukazuje
na znacaj izbora materijala sa pogodnom samerljivoséu konstanti reSetki, kako bi se
omogucila konstrukcija minimalnih jedini¢nih ¢elija heterostruktura. Guzvanje sloja do-
duse, ne znaci da struktura nije stabilna - sve konfiguracije su uspes$no relaksirane tako
da su meduatomske sile manje od 107° RyA_l, a postoje i mnogi drugi 2D materijali
i heterostrukture koji imaju talasaste i naborane strukture. Medutim, kod ispitivanih
struktura koje po prirodi jesu idealno ravne, u eksperimentalnoj realizaciji formiranje
ovih korugacija bi potencijalno dovela do problema u fabrikaciji strukture, ukljucujuéi
veéu mogucnost pojave razli¢itih defekata prilikom fabrikacije. IzraCunata je energija
adsorpcije za sve tri HS u relaksiranom, kao i napregnutom stanju. Sve vrednosti su

negativne i kre¢u se u opsegu od -17 do -28 meV, ukazujuéi na to da je za sve vrednosti
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Slika 4.27: Energija vezivanja hBN/GaS, hBN/GaSe i hBN/InSe HS pod razli¢itim in-
tenzitetima naprezanja.

naprezanja energetski povoljnije da se HS formira, iako se jace vezivanje slojeva ostvaruje
kod hBN/InTe i hBN/GaTe HS kod kojih se energija adsorpcije krecée u opsegu od -23
do -30 meV. Dinamicka stabilnost koja ukljuc¢uje na primer uticaje vibracija resetke HS,
ispituje se racunanjem fononske disperzije za svaku konfiguraciju. Medutim kvalitetni
prorac¢uni fononskih disperzija za strukture od oko 30 atoma su rac¢unarski vrlo zahtevni i
njihovo trajanje se meri u mesecima i ¢esto su praceni problemima nedovoljne numericke
tac¢nosti. Uzevsi sve to u obzir, prora¢uni fononskih disperzija iz prakti¢nih razloga nisu
sprovedeni.

Formiranje samih heterostruktura u optimizovanom i nenapregnutom stanju, ne dovodi
do znacajnih promena u geometrijskoj konfiguraciji ovih struktura. Uocava se trend
blagog smanjenja debljine MMXV! slojeva, za oko oko 0.1 A, kao i neznatno skracivanje
In—In odnosno Ga—Ga veza.

U narednim sekcijama bi¢e analizirana elektronska i opticka svojstva hBN/InS,

hBN/GaS i hBN/GaSe HS i efekti koji proizilaze primenom naprezanja.

4.5.1 Elektronska struktura hBN/GaS, hBN/GaSe i hBN/InS

Zonska struktura za razli¢ite vrednosti naprezanja, prikazana je na slikama: 4.29 za
hBN/GaSe, 4.28 za hBN/GaS$ i 4.30 za hBN/InS.

U odnosu na odgovarajuée MMXV! slojeve, energijski procep u nenapregnutim HS se
ne menja znacajno: kod hBN/GaS sa 2.35 eV opada na 1.95 eV, kod hBN/InSe 1.66 na
1.72 eV, a kod hBN /GaSe prakti¢no nepromenjen i iznosi 1.77 eV.

Razmotri¢emo prvo hBN/GaSe HS, koja po zonskoj strukturi najvise podseé¢a na
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Slika 4.29: Zonska struktura hBN/GaS HS
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Slika 4.30: Zonska struktura hBN/InS HS, za razli¢ite vrednosti naprezanja od -6% do

6%.
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4. Rezultati

zonsku strukturu hBN /InTe i hBN /GaTe ali sa veéim energijskim procepom. Ono $to je
¢ini znacajno drugacijom su stanja N atoma koja su prisutna na veé -1 eV kod hBN /GaSe.
Vrh valentne zone i dalje dominantno potice od stanja atoma M™XV! sloja, odnosno od p
stanja Se atoma, Sto se moze videti i na projektovanoj gustini stanja prikazanoj na 4.31, i
nalazi se izmedu I' i M tacke kao i izmedu I' i K tacke (energije su gotovo identi¢ne u ove
dve tacke), osim za -4% i -6% naprezanja, gde vrh valentne zone prelazi u I' tacku. Dno
provodne zone je u I' tacki i ¢ine ga stanja Ga i Se atoma, a pri naprezanjima od -4%
i -6%, dolina u M tacki opada sa energijom i njena vrednost je vrlo bliska energiji dna
provodne zone. Energijski procep prilikom kompresivnog naprezanja raste do 2.11 eV za
intenzitet naprezanja od -6%, a najmanji je za +6% naprezanja i iznosi samo 0.65 eV.

Razmotrimo zonsku strukturu hBN/GaS. Ono sto je kod ove HS drugacije od svih
prethodno razmatranih HS je medusobni poloZaj stanja koja poti¢u od hBN-a i MMXVI
sloja. Dok su stanja B i N atoma prethodno istrazivanih HS bila udaljena od Fermijevog
nivoa, u ovom slucaju, vrh valentne zone pozicioniran u I' tacki ¢ine p stanja N atoma,
a energetski blisko su i p stanja S atoma, Sto se moze videti u gustini stanja prikazanoj
na slici 4.33. Dno provodne zone jasno je pozicionirano u I' tacki a glavni doprinos
imaju stanja Ga i S atoma. Sa primenom kompresivnog naprezanja, vrh valentne zone
u I' tacki se dodatno razdvaja od stanja S atoma, a ona se priblizavaju grupi parova
degenerisanih stanja S atoma, smestenih na oko -2 eV, pa su vrh valentne zone i njena
okolina dominantno poreklom od N atoma. Kompresijom se menja i oblik provodne zone
i medusobni poloZzaj zona iznad Fermijevog nivoa, pa na -6% dno provodne zone prelazi
u K tacku. Energijski procep raste sa ve¢im kompresivnim naprezanjem i za -6% ima
vrednost od 2.45 eV. Istezanjem strukture primecuje se suprotan efekat, gde vrh valentne
zone iz ' tacke prelazi na pozicije izmedu I' i K tacke i izmedu I' i M tacke, gde su
dominantno stanja poreklom od S atoma. Istovremeno se spusta dno provodne zone u
I' tacki kome doprinose Ga i S stanja a energijski procep se smanjuje sve do 0.66 eV na
+6% naprezanja.

Sli¢no je i sa hBN/InS HS. Razlika u zonama ispod Fermijevog nivoa je i ovde znaca-
jna. Valentna zona u sloju InS ima izrazene doline u M i K tackama koje su znatno nizih
energija u odnosu na stanja u I' tacki, dok su vrhovi valentne zone izmedu I' i M tacke
i izmedju K i I' tacke. Ova zona je u HS potisnuta stanjima N atoma koja formiraju
vrh valentne zone u K tacki, dok je oblik ove zone prili¢no ravan. Dno provodne zone i
dalje se nalazi u I' tacki, ali je energija doline u M tacki prilicno bliska. Kada se primeni
kompresivno naprezanje, zona formirana od N stanja se dodatno izdvaja, usled ¢injenice
da energija najvise zone sa doprinosom p stanja S atoma opada sa porastom kompre-
sivnog naprezanja. Ova pojava je uocljivija posmatranjem projektovane gustine stanja
za razli¢ite vrednosti naprezanja, prikazane na slici 4.33, gde se vidi da za naprezanja od
-6% vrh valentne zone ¢ine p stanja N atoma u K tacki, kao i p stanja S atoma u I' tacki.
Istovremeno opada energija doline u M tacki provodne zone, pa su za naprezanja od -4%

i -6% dna provodne zone u I' i M tacki, gotovo istih energija. Energijski procep hBN /InS
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Slika 4.31: Projektovana gustina stanja hBN/GaSe HS za razli¢ite vrednosti naprezanja
od -6% do +6%. Razli¢ita stanja atoma oznacena su linijama i povrSinama kao u legendi.
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Slika 4.32: Projektovana gustina stanja hBN/GaS HS za razli¢ite vrednosti naprezanja
od -6% do +6%. Razli¢ita stanja atoma oznacena su linijama i povr§inama kao u legendi..
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za naprezanje od na -6% dostize 2.01 V. Kada se struktura isteze, stanja u vrhu valentne
zone koja poti¢u od N atoma, ne menjaju znacajno svoju energiju, ali se relativno ravna
zona kojom dominiraju p stanja S atoma energijski podize, izjednacavajuci energiju stanja
izmedu I'i M i I' i K tacaka, sa energijom vrha valentne zone koju formiraju stanja N
atoma. Vrh provodne zone u I' tacki se prilikom istezanja dodatno spusta i izdvaja od

ostalih stanja, a time se energijski procep smanjuje na 1.16 eV za naprezanje od +6%.

4.5.2 Opticke osobine

Znacajnije promene u zonskoj strukturi sa primenom naprezanja donose i izmene u
optickim osobinama. Iako se zonska struktura znacajnije menja po pitanju udela stanja u
okolini Fermijevog nivoa, ni u jednoj od razmatrane tri HS ne dolazi do znacajnih razlika

u apsorpciji usled promene naprezanja. Apsorpciona funkcija hBN/GaSe HS je prikazana

1 u najveéem delu spektra

karakteristican je i za ovu HS, a pojedini pikovi dostizu i 8 x 10° cm™!.

na slici 4.34. Visok koeficijent apsorpcije koji prelazi 10° cm™
Kompresijom
hBN/GaS dolazi do pojacanja apsorpcije u opsegu od 6 do 15 eV za polarizaciju u ravni,
kao i do novoformiranog pika na oko 4 eV za polarizaciju normalnu na ravan, koji raste

! za naprezanje od -6%, ali kompresija istovremeno degradira apsorpciju

na 8x10° cm™
u vidljivom delu spektra. Istezanjem se apsorpcija u vidljivom opsegu pojacava, kao i u
opsegu od 11 do 15 €V za polarizaciju u ravni. Izrac¢unati koeficijent refleksije prikazan
na slici 4.35 se kreée od 0.1 do 0.3, ukazujuéi na to da se najvise 30% upadne svetlosti
reflektuje.

hBN/GaS i hBN/InS imaju vrlo sli¢nu apsorpcionu funkciju, prikazanu na slikama
4.36 1 4.37, respektivno. Tako se u zonskoj strukturi ovih HS vidi znac¢ajna promena ispod
Fermijevog nivoa, gde pri kompresivnom naprezanju stanja N atoma dominiraju vrhom
valentne zone, osim malo izrazenijeg pika na oko 4 eV, ne postoje drasti¢nije promene
u odnosu na prethodno razmatrane strukture. Ovo sugeriSe na to da hBN-ov udeo u
zonskoj strukturi u okolini Fermijevog nivoa, nema znacaja za apsorpciju. Apsorpciona
funkcija i dalje ima slican oblik kao kod prethodno razmatranih struktura, a vrednosti
koeficijenta apsorpcije imaju znacajne vrednosti koje su oko 5 x 10° cm™! u UV opsegu,
a nesto nize u vidljivom delu spektra. Pri kompresiji se apsorpciona funkcija pomera ka
viSim energijama, a pojedini pikovi su pojacani - u oblasti od 4—5 eV, apsorpcija je po-
jacana za polarizaciju normalnu na ravan, kao i u oblasti od 7 do 13 eV, ali zato potpuno
degradira u vidljivom delu spektra usled povecanja energijskog procepa. Istezanjem se
apsorpcija u vidljivom opsegu pojacava, a drugih znacajnih promena nema, osim blagog
pomeranja apsorpcione funkcije ka nizim energijama. Iz izra¢unate refleksije, prikazane
na slikama 4.38 i 4.39, uocava se da ni kod ovih HS vrednost koeficijenta refleksije go-

tovo da ne prelazi 0.2, osim pikova na 4—6 eV za polarizaciju u ravni i na 13-16 €V za
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Slika 4.33: Projektovana gustina stanja hBN/InS HS za razli¢ite vrednosti naprezanja od
-6% do +6%. Razli¢ita stanja atoma oznacena su linijama i povrSinama kao u legendi.
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Slika 4.34: Apsorpciona funkcija hBN/GaSe HS za vrednosti primenjenog naprezanja od
-6% do +6%, oznafene bojama kao u legendi. Inset u grafiku prikazuje uvecanu oblast
vidljivog dela spektra.
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Slika 4.35: Koeficijent refleksije hBN /GaSe HS za vrednosti primenjenog naprezanja od
-6% do +6%. Umetnuti grafik prikazuje uvecanu oblast vidljivog dela spektra.
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Slika 4.36: Apsorpciona funkcija hBN/GaS HS za vrednosti primenjenog naprezanja od
-6% do +6%, oznacene bojama kao u legendi. Umetnuti grafik prikazuje uve¢anu oblast
vidljivog dela spektra.
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Slika 4.37: Apsorpciona funkcija hBN/InS HS za vrednosti primenjenog naprezanja od

-6% do +6%, oznacene bojama kao u legendi. Umetnuti grafik prikazuje uvecanu oblast
vidljivog dela spektra.
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Slika 4.38: Koeficijent refleksije hBN/GaS HS za vrednosti primenjenog naprezanja od
-6% do +6%. Umetnuti grafik prikazuje uvecanu oblast vidljivog dela spektra.

polarizaciju normalnu na ravan, pa i ove strukture imaju znacajan potencijal za razlicite

optoelektronske primene.

Na kraju se moze zakljuciti da sve razmatrane HS poseduju pozeljne elektronske i op-
ticke osobine i da njihovo formiranje omoguéava Zeljeni efekat ojacanja i zastite MMXV!
slojeva, uz oc¢uvanje ili poboljSanje tih osobina. Ove strukture takode pokazuju znacajan
potencijal za preciznu kontrolu svojstava primenom biaksijalnog naprezanja, Sto otvara
mogucénosti za njihovu upotrebu u razli¢itim nanoelektronskim i optoelektronskim ureda-
jima. ITako svih Sest razmatranih HS imaju sli¢ne karakteristike, hBN/InTe, hBN/GaTe i
hBN/InSe se izdvajaju kao najperspektivnije zbog odli¢nog slaganja konstanti resetki sa

konstantom reSetke hBN-a.
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Slika 4.39: Koeficijent refleksije hBN/InS HS za vrednosti primenjenog naprezanja od -6%
do +6%. Umetnuti grafik prikazuje uveéanu oblast vidljivog dela spektra.
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5 Ostali rezultati istrazivanja slojevi-
tith 1 2D materyala

Tokom rada na doktorskoj disetaciji, istrazivani su joS i slojeviti i 2D materijali koji
¢e biti predstavljeni u ovom poglavlju. Najveéi broj ovih istrazivanja je kombinacija
numerickog i eksperimentalnog istrazivanja, a teorijski doprinos u ovim istrazivanjima
ukljucuje proracune vezane za dinamiku kristalne resetke, koji su od klju¢nog znacaja za
lakse razumevanje i tumacenje spektara dobijenih Ramanovom spektroskopijom. Istrazi-
vanja su rezultovala publikacijama koje su navedene u ovom poglavlju. Iako nisu direktno
vezane za temu doktorske disertacije, rezultati pruzaju Siri uvid u ponasanje slojevitih

sistema.

5.1 "Fortune Teller" disperzija u dvodimenzionalnim
materijalima

U istrazivanju i analizi elektronske disperzije u materijalima, simetrija ima klju¢nu
ulogu. Ona omogucava predvidanje specificnih karakteristika u elektronskoj strukturi,
poput polozaja i prirode tacaka preseka energijskih zona u Briluenovoj zoni, $to je od
izuzetnog znacCaja za razumevanje fundamentalnih svojstava materijala, uklju¢ujuci nji-
hova elektronska, opticka i magnetna svojstva. Simetrijska analiza na elegantan nacin
pruza generalizovane zakljucke o odredenim karakteristikama elektronske strukture koji
vaze u svim kristalnim resetkama odredene simetrije, a zasnivaju se na univerzalnim za-
konima simetrije i nezavisni su od specificnih aproksimacija i metoda proracuna. Koris¢en-
jem metoda teorije grupa, mogu se identifikovati novi tipovi kvazicestica i elektronskih
disperzija koje ¢esto nisu ocigledne iz direktnih proracuna.

[ako simetrijska analiza predvida moguce disperzije i generalne karakteristike u elek-
tronskoj strukturi, metode poput DFT-a omoguéavaju precizne numericke proracune
zonske strukture, gustine stanja, ali i stabilnosti materijala, pa se kombinacijom ove

dve metode moze pruziti detaljan uvid u svojstva materijala, otvarajué¢i vrata daljem
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Slika 5.1: Zonska struktura BilOy sloja bez i sa SOC, u blizini S i Y tacaka. Uklju¢enjem
SOC u prorac¢une, FT disperzija u S tacki prelazi u nodalne linije, a degenerisana Dirakova
disperzija u Y tacki prelazi u F'T disperziju.

teorijskom i eksperimentalnom istrazivanju novih materijala.

Istrazivanja kolege dr Vladimira Damljanovi¢a otkrivaju dve nove vrste elektronskih
disperzija, nazvanih "poppy flower" (PF) i "fortune teller" (FT) u dvodimenzionalnim
materijalima. Ove disperzije nastaju zahvaljujuéi specificnim simetrijski zasti¢enim meh-
anizmima u materijalima sa spin-orbitnom interakcijom (SOC). Kolaboracija sa dr Daml-
janovi¢éem kombinuje metode teorije grupa sa DFT proracunima kako bi se istrazili uslovi

i materijali koji podrzavaju ove disperzije, a rezultovala je publikacijom:

Damljanovi¢, V., Natasa Lazi¢, Andrijana éolajié, J. Pesi¢, Bozidar Nikolic,

and Milan Damnjanovi¢. "Peculiar symmetry-protected electronic dispersions
in two-dimensional materials." Journal of Physics: Condensed Matter 32, no.

48 (2020): 485501.

U radu se opisuju simetrijska ograni¢enja potrebna za postojanje PF i FT disperz-
ija. Pronalazi se deset slojnih grupa koje podrzavaju PF disperziju, dok se F'T disperzije
javljaju u dve grupe, a u odredjenim sluc¢ajevima opstaju i bez SOC. Analiziraju se karak-
teristike gustine stanja, pokazujuci interesantnu karakteristiku materijala sa FT disperz-
ijom, koja ima konstantnu gustinu stanja blizu Fermijevog nivoa. Pored toga, istrazuje
se robusnost ovih disperzija pod uticajem narusSavanja simetrije, pokazujuc¢i na primer,
kako deformacije mogu izazvati prelaze iz Dirakovih u PF disperzije. Deo rada bavi se
ispitivanjem realisti¢nih materijala koji bi posedovali ovakav tip disperzija. Kao kandi-

dat, identifikovan je i slojeviti BilO, materijal kod koga su pomoé¢u DFT-a istrazivane
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elektronske osobine i moguc¢nost postojanja monosloja ovog materijala u realnosti. DF'T
simulacije sugeriSu na stabilnost atomski tankog sloja BilO4 i potvrduju postojanje FT
disperzije u elektronskoj strukturi. Ova stanja su udaljena od Fermijevog nivoa za 0.9 eV,
a potrebna su dalja ispitivanja kako bi se karakteristike ovog materijala promenile tako da
se Fermijev nivo pomeri na odgovaraju¢u energiju. Trodimenzionalna zonska struktura
BilO4 u okolini S 1Y tacaka, racunate bez SOC i sa uklju¢enom SOC je prikazana na slici
5.1.

5.2 Slojeviti materijali iz porodica halogenida
prelaznih metala i dihalkogenida

Poslednjih godina, slojeviti materijali na bazi halogenida prelaznih metala (poput Crlg,
VI3 i CrSiTey) i dihalkogenida (Fez_,GeTes) privlace posebnu paznju zahvaljujuéi jedin-
stvenim magnetnim, elektronskim i vibracionim svojstvima. Ovi materijali omogué¢avaju
istrazivanje slozenih spin-fononskih i elektron-fononskih interakcija, $to ih ¢ini odli¢cnom
platformom za proucavanje osnovnih fizickih fenomena i potencijalnim kandidatima za
primene u spintronici.

Magnetni slojeviti materijali, medu kojima su Crls, VI3 i CrSiTe;s predstavljaju ide-
alne sisteme za istrazivanje spin-fononskih interakcija i kratkodometnog uredenja. Ovi
materijali ispoljavaju jaku zavisnost magnetnih i fononskih svojstava od temperature i
strukturnih defekata. Na primer, CrSipgGegoTes karakterisu slozeni efekti defekata na
spin-fononske interakcije, a manifestuju se kroz promene u fononskim modovima, detek-
tovane Ramanovom spektroskopijom. Interesantno je i da materijali poput VI3 pokazuju
izrazeno kratkodometno magnetno uredenje ¢ak i iznad temperature prelaza u feromag-
netno stanje, Sto ukazuje na prisustvo jakih korelacija izmedu spina i reSetke. Pored toga,
¢lanovi ovih porodica materijala u dvodimenzionalnoj formi su medu prvim pronadenim
2D magnetnim materijalima, $to ukazuje na poseban znacaj istrazivanja ovih materijala.

Jos jedan od slojevitih materijala ove porodice koji se isti¢e je MnSisTeg koji ispol-
java dugodometno antiferomagnetno uredenje i karakterisu ga slozene interakcije izmedu
kristalne resetke i magnetnog momenta. Ovaj materijal je od posebnog interesa zbog
jake spin-fononske interakcije. Medu dihalkogenidima prelaznih metala, 1T-TaS, je poz-
nat po velikom broju faznih prelaza koji su povezani sa talasima gustine naelektrisanja
(CDW). Ovaj materijal pokazuje jake korelacije izmedu naelektrisanja i kristalne resetke,
dok eksperimentalni podaci ukazuju na izrazenu ulogu fononskih modova u stabilizaciji
CDW faze. Specificna svojstva 1T-TaS, ga ¢ine interesantnim za potencijalne aplikacije
u kvantnim rac¢unarima.

U istrazivanju materijala iz ove porodice, sprovedenih na Institutu za fiziku, primarno
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su koris¢ene tehnike Ramanove spektroskopije i DFT proracuni. Rezultati su objavljeni

u slede¢im publikacijama:

e Djurdji¢-Mijin, S., A. Solajic’, J. Pesi¢, M. Séepanovi¢, Y. Liu, A. Baum, Cedomir
Petrovic, N. Lazarevi¢, and Z. V. Popovi¢. "Lattice dynamics and phase transition
in Crlj single crystals." Physical Review B 98, no. 10 (2018): 104307.

Fokus istrazivanja je na ispitivanju dinamike reSetke i strukturnih faznih prelaza
u Crl; kristalima pomoéu Ramanove spektroskopije i teorije funkcionala gustine,
sa glavnim ciljem analiziranja vibracionih svojstava i detektovanja faznih prelaza.
Rezultati istrazivanja daju doprinos razumevanju strukturnih i vibracionih svojstava

Crl;, koji ima znacajan potencijal za primene u spintronickim napravama.

e Milosavljevié, A., A. éolajié, J. Pesi¢, Yu Liu, Cedomir Petrovic, N. Lazarevi¢, and
Z. V. Popovi¢. "Evidence of spin-phonon coupling in CrSiTes." Physical Review B
98, no. 10 (2018): 104306.

Istrazivanje je fokusirano na spin-fononsko sprezanje u CrSiTes, sa ciljem ispitivanja
interakcije vibracija resetke i magnetnog uredjenja ovog slojevitog feromagnetnog
poluprovodnika. Ramanovom spektroskopijom je utvrdena specifi¢na asimetrija Eg,
moda na niskim temperaturama povezana sa kratkodometnim magnetnim korelaci-

jama, ukazujuéi na postojanje jake spinsko-fononske interakcije u ovom materijalu.

e Milosavljevié, A., A. Solajic’, S. Djurdji¢-Mijin, J. Pesi¢, B. Visi¢, Yu Liu, C. Petro-
vic, N. Lazarevié¢, and Z. V. Popovi¢. "Lattice dynamics and phase transitions in
Fes_,GeTey." Physical Review B 99, no. 21 (2019): 214304.

U ovom radu, ispitivani su dinamika resetke i fazni prelazi u Fez_,GeTe,, kako bi se
analizirala svojstva fonona i identifikovale anomalije koje su povezane sa magnet-
nim faznim prelazima u ovom materijalu. Anomalije u energijama fonona se mogu
pripisati spinsko-fononskom sprezanju povezanim sa feromagnetnim-paramagnetnim

faznim prelazom dok je poreklo druge i dalje nepoznato.

e Djurdji¢ Mijin, Sanja, AM Milinda Abeykoon, Andrijana Solaji¢, Ana Milosavljevi,

Jelena Pegi¢, Yu Liu, Cedomir Petrovic, Zoran V. Popovic, and Nenad Lazarevi¢.
"Short-range order in VI3." Inorganic Chemistry 59, no. 22 (2020): 16265-16271.

Jos jedan od perspektivnih slojevitih materijala usled postojanja magnetizma u
svojoj nisko-dimenzionoj strukturi je VI5. Rezultati ovog istrazivanja ukazuju na
koegzistenciju kratkodometnog uredenja P31c i dugodometne R3 faze, a takode i na

postojanje jakog spinsko-fononskog sprezanja kao i kod Crls.

e Milosavljevié, Ana, Andrijana éolajié, Bojana Vigi¢, Marko Opacié¢, Jelena Pesi¢,

Yu Liu, Cedomir Petrovic, Zoran V. Popovi¢, and Nenad Lazarevi¢. "Vacancies
and spin—phonon coupling in CrSiygGe0.1Te3." Journal of Raman Spectroscopy 51,
no. 11 (2020): 2153-2160.
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Istrazivanje se bavi efektima Supljina i spinsko-fononskog sprezanja u vdW feromag-
netnom jedinjenju CrSigsGe0.1Tes. Pokazano je da 10% Supljina na Si/Ge mestima
redukuje Kirijevu temperaturu, a ponasanje fonona na temperaturama oko 200K
ukazuje na postojanje jakog spinsko-fononskog sprezanja. Rezultati pruzaju nova

saznanja o efektima dopiranja i magnetnim efektima.

e Djurdji¢ Mijin, S., A. Baum, J. Bekaert, A. Solaji¢, J. Pesi¢, Y. Liu, Ge He et
al. "Probing charge density wave phases and the Mott transition in 1T-TaS, by
inelastic light scattering." Physical Review B 103, no. 24 (2021): 245133.

U ovom radu ispituju se CDW faze i Motovi prelazi u 1T-TaS,. Identifikovane
su tri CDW faze i izmeren Motov procep od 170-190 meV koji pokazuje temper-
aturski zavisno ponasSanje u C-CDW fazi. Rezultati istrazivanja pruzaju detaljan
uvid u strukturna i elektronska svojstva ovog materijala koji su vazni za razumevanje

fenomena CDW i Motovog izolatora.

e Lazarevi¢, N., A. Baum, A. Milosavljevié¢, L. Peis, R. Stumberger, J. Bekaert,
A. Solajic’ et al. "Evolution of lattice, spin, and charge properties across the phase
diagram of FeSe;_,S,". Physical Review B 106, no. 9 (2022): 094510.

Ispitivana su vibraciona i spinska svojstva FeSe;_, S, materijala. Rezultati istrazi-
vanja ukazuju na jako sprezanje vibracionih, spinskih, i elektronskih stepena slo-

bode, pruzajuéi nova saznanja o nematic¢nosti u superprovodnicima na bazi gvozda.

e Djurdji¢ Mijin, S., A. Solaji¢, J. Pesi¢, Y. Liu, Cedomir Petrovic, M. Bockstedte,
A. Bonanni, Z. V. Popovié¢, and N. Lazarevi¢. "Spin-phonon interaction and short-
range order in Mn3SisTeg." Physical Review B 107, no. 5 (2023): 0543009.

Istrazivanje obuhvata studiju vibracionih svojstava i spinsko-fononskog sprezanja u
Mn;3SisTeg. I u ovom materijalu je detektovano jako spinsko-fononsko sprezanje, a
uocena su tri fazna prelaza na 142.5 K, 190 K i 285 K, najverovatnije povezana sa

kratkodometnim magnetnim uredenjem.

Ova istrazivanja pruzaju detaljan uvid u slozenu povezanost vibracija resetke, di-
namike spina i elektronskih svojstava u slojevitim magnetnim materijalima. Koristeci
Ramanovu spektroskopiju zajedno sa teorijom funkcionala gustine, otkrivaju se razli¢iti
interesantni fenomeni poput spinsko-fononskog sprezanja, uticaja magnetnog uredenja na
dinamiku resetke i faznih prelaza. Ova saznanja su od velike vaznosti za razumevanje fun-
damentalnih aspekata magnetizma, superprovodnosti i drugih kvantnih fenomena u 2D
i slojevitim materijalima. Takvi materijali imaju veliki potencijal za razli¢ite primene u
magnetoelektronici, spintronici, kvantnom rac¢unarstvu i skladistenju podataka, pa svako
novo istrazivanje ovih materijala doprinosi boljem fundamentalnom razumevanju kvantnih

efekata a takode vodi korak napred ka dizajniranju novih inovativnih uredaja.
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Glava 6 Zakljucak

U disertaciji su predstavljeni rezultati istrazivanja uticaja mehanickog naprezanja na
elektronske, mehanicke i opticke osobine novih heterostruktura zasnovanih na hBN i
MMXVT slojevima, koristeéi teoriju funkcionala gustine. Dvodimenzionalni monohalko-
genidi IITA grupe isti¢u se svojim izvrsnim elektronskim i optickim osobinama, ukljucu-
juci visoku pokretljivost elektrona i apsorpciju u Sirokom spektralnom opsegu, dok njihova
mehanicka fleksibilnost omoguéava prilagodavanje svojstava pomoc¢u naprezanja i otvara
moguénosti za primenu u fleksibilnoj elektronici. Medutim, kako su ovi materijali skloni
oksidaciji pri kontaktu sa vazduhom, njihova upotreba u uredajima, kao i mogucénost
daljeg eksperimentalnog ispitivanja su ograni¢ene. U tom kontekstu, atomski tanak sloj
hBN-a se pokazao kao izvrsno reSenje, pruzajuci efikasnu pasivizaciju i mehanicku zastitu,
uz o¢uvanje, a u nekim aspektima i pobolj$anje elektronskih i optickih svojstava MMXVI
slojeva.

Kako bi se maksimalno iskoristio potencijal ovih struktura, ispitivana je primena
naprezanja na ove heterostrukture, u cilju optimizacije i precizne kontrole njihovih os-
obina. Biaksijalno naprezanje se pokazalo kao posebno efikasan pristup koji omogucava
kontrolisano i ravnomerno Sirenje ili sabijanje kristalne resetke, uz o¢uvanje njenog oblika
i simetrije. Na ovaj nacin, svojstva heterostruktura, poput Sirine energijskog procepa,
mogu se linearno menjati bez narusavanja intrinzi¢nih elektronskih i optickih karakter-
istika koje su direktno povezane sa simetrijom materijala, poput specifiénih elektronskih
disperzija i optickih prelaza.

Prethodni eksperimentalni rezultati potvrdili su efikasnost zastite tankih filmova InSe
i GaSe hBN-om, dok teorijske studije ukazuju na izuzetne karakteristike hBN /InSe het-
erostruktura, ukljucujuéi visoku apsorpciju u vidljivom i UV delu spektra, kao i znac¢ajno
poboljsanu pokretljivost elektrona u InSe i GaSe usled integracije sa hBN slojem. Ova
saznanja ukazuju na vaznost daljeg istrazivanja kako bi se identifikovali sli¢ni materijali
sa visokim potencijalom za primenu u savremenim tehnologijama.

U istrazivanju su ispitivane hBN /InTe, hBN/GaTe, hBN /InSe, hBN /GaSe, hBN/InS
i hBN /GaS heterostrukture, koje osim pomenute hBN /InSe, nisu prethodno razmatrane.

Od razmatranih Sest heterostruktura, najoptimalnije su pokazale hBN/InTe,
hBN/GaTe i hBN/InSe, ¢ije jedini¢ne celije sadrze samo 10 atoma, ¢ime se znacajno

smanjuju racunarski zahtevi i kompleksnost modeliranja. Kristalna resetka ovih het-
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erostruktura sastoji se od sloja In(Ga)Te ili InSe i supercelije hBN sloja konstante resetke
V3 x \/§ahBN rotirane za 60°. Istrazivanja su pokazala da su ove strukture stabilne i da
nacin slaganja slojeva (H-tip, B-tip ili N-tip) nema znac¢ajan uticaj na njihova elektronska
svojstva, ukupnu energiju sistema ili energiju vezivanja.

Formiranjem ovih heterostruktura dolazi do znacajnog poboljSanja mehanickih osobina
u poredenju sa izolovanim slojevima monohalkogenida, pri ¢emu Jangov modul dostize
vrednosti uporedive sa grafenom. Elektronska svojstva ovih struktura pokazuju umerene
do male energijske procepe: 1.54 eV za hBN/InTe, 0.79 eV za hBN/GaTe i 0.56 eV za
hBN/InSe, $to ih ¢ini pogodnim za razli¢ite optoelektronske primene. Opticka svojstva
ovih heterostruktura takode su znacajno unapredena, pri ¢emu apsorpcioni koeficijent

! a u najvisim pikovima ¢ak prelazi 8 x 10° cm™1. Ove

dostiZe redove veli¢ine 10° cm™
strukture pokazuju Sirok spektar apsorpcije, pokrivajuéi vidljivi i UV deo spektra, sto ih
¢ini izuzetno atraktivnim za primene u optoelektronskim uredajima poput fotodetektora
i solarnih ¢elija.

Biaksijalno naprezanje pokazalo se kao moc¢an alat za preciznu kontrolu i modifikaciju
svojstava ovih heterostruktura. Kod hBN/InTe i hBN/GaTe heterostruktura, energi-
jski procep raste sa kompresijom (npr. 1.69 eV pri -2% kompresivnog naprezanja kod
hBN/InTe), dok se pri istezanju smanjuje (0.7 €V pri +5%). Kod hBN/GaTe, energijski
procep opada na svega 0.24 eV pri istezanju od +5%, $to dodatno naglasava potencijal za
podesavanje elektronskih svojstava.

Opticke osobine ovih heterostruktura pokazuju znacajnu zavisnost od naprezanja.
Kod hBN/GaTe, apsorpcija u niskoenergetskom opsegu (1-2 e€V) se povecava, dok kod
hBN/InTe kompresivno naprezanje pojacava apsorpcione pikove na oko 3 eV u z polar-
izaciji. Kod hBN/InSe, naprezanje omogucava preciznu kontrolu apsorpcionih karakter-
istika u Sirokom spektru energija. Kompresivno naprezanje povecava apsorpciju u UV
opsegu, dok istezanje pojacava apsorpciju u infracrvenom i vidljivom delu spektra.

Mehanicke osobine, kao $to su konstante elasti¢nosti i otpornost na deformacije,
potvrduju robustnost ovih struktura. Prisustvo hBN sloja pruza dodatnu mehanicku
stabilnost i zastitu od oksidacije, ¢ineé¢i ih pogodnim za prakti¢ne primene u zahtevnim
uslovima.

Kod slozenijih struktura poput hBN/GaS, hBN/GaSe i hBN/InS, primena kompre-
sivnog naprezanja dovodi do formiranja periodi¢nih naboranih struktura hBN sloja. Tako
ove deformacije ne narusavaju stabilnost struktura, mogu biti izazovne u eksperimentalnoj
realizaciji. Uprkos tome, ove heterostrukture zadrzavaju dobre opticke osobine i visoke
apsorpcione koeficijente u UV opsegu.

Sveobuhvatna analiza uticaja naprezanja na heterostrukture zasnovane na hBN i
MMXVT slojevima ne samo da potvrduje njihovu izvanrednu prilagodljivost i potencijal
za primene u fleksibilnoj elektronici, fotonici i optoelektronici, ve¢ pruza i kljucne uvide u
fundamentalnu vaznost naprezanja kao univerzalnog alata za inZenjering osobina dvodi-

menzionalnih materijala. Ovo istrazivanje pokazuje da biaksijalno naprezanje omogucava
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precizno podeSavanje elektronskih i optickih svojstava ovih heterostruktura, otvarajuéi
vrata novim mogucénostima u razvoju tzv. straintronike — revolucionarne oblasti koja se
oslanja na kontrolu materijala putem mehanickih deformacija.

Naprezanje, kao dinamicki i visoko kontrolisani parametar, potvrduje se kao klju¢ni
koncept za dizajniranje funkcionalnih materijala sa prilagodenim osobinama. Rezultati
ovog istrazivanja ne samo da pruzaju znacajne smernice za eksperimentalnu realizaciju
ovih heterostruktura, ve¢ postavljaju i ¢vrstu teorijsku osnovu za buducéa istrazivanja. Ovi
zakljucci su relevantni i za Siru porodicu 2D materijala, naglasavaju¢i da razumevanje
i kontrola naprezanja moze igrati centralnu ulogu u kreiranju nove generacije uredaja
visokih performansi.

Istrazivanje je sprovedeno sa ciljem obezbedivanja osnova za dalja teorijska i eksperi-
mentalna istrazivanja ovih do sada neidentifikovanih struktura, koja ¢e voditi ka integraciji
ovih materijala u tehnologije budué¢nosti. hBN/MMXVT heterostrukture se izdvajaju ne
samo po svojoj jedinstvenoj kombinaciji elektronskih, optickih i mehanickih osobina, veé
i po sposobnosti da odgovore na specificne zahteve fleksibilnih i funkcionalnih primena u
modernoj tehnologiji. Ovi rezultati ukazuju na izuzetan potencijal naprezanja kao fak-
tora koji ne samo da prilagodava osobine materijala, ve¢ ih fundamentalno unapreduje,
pruzajuc¢i moguénosti za istrazivanja koja ¢e oblikovati nauku i tehnologiju u godinama
koje dolaze.

Ovaj rad jasno demonstrira da je kontrolisano naprezanje ne samo alat za podesa-
vanje svojstava, ve¢ i osnovni princip za projektovanje novih funkcionalnih materijala,
¢ime postaje jedan od stubova savremenih istrazivanja u oblasti fizike ¢vrstog stanja,
nanotehnologije i nauke o materijalima. Straintronika, zasnovana na ovim principima,

nije samo pravac razvoja, veé i vizija buduc¢nosti.
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