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Heterostructures based on graphene and two-dimensional films of nanostructured, ferromagnetic, transition metal oxides
are promising for the development of new multifunctional materials for memory cells, quantum computer elements,
Li-battery anodes, (photo) catalysts, supercapacitors, transistors, sensor materials, solar panels, fuel cells, electrochromic
devices. A large volume of publications devoted to graphene and heterostructures based on it is and mainly their synthesis
processes of hybrid structures. The methods of theoretical investigation of the optical properties of two-dimensional film
materials, despite their diversity, require improvement. Consequently, the article presents methods of theoretical
investigation of the optical properties of two-dimensional hybrid film structures in combination with ab-initio method.
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INTRODUCTION

The discovery of semi-metallic graphene, which is a
two-dimensional allotropic modification of carbon
formed by a carbon layer one atom thick, created a
powerful theoretical and experimental prerequisite for
the development of two-dimensional film materials
(2DLM). Each film contains a cell with a covalent bond
providing a stable configuration of the structure.
Hexagonal BN (boron nitride) called white graphene is a
close analogue of graphene with a similar geometric
structure, in a primitive cell of which each carbon atom
is replaced by boron and nitrogen. Hexagonal BN being
a wide-band insulator is used as thin tunnel barriers
[1, 2], sealing materials [3] and nondefective dielectrics
[4]. Currently, experimental work is being developed on
synthesizing films with controlled electronic properties
with a combination of carbon, nitrogen and boron.

Another group 2DLM - transition metal dichalco-
genides (TMD) contains a variety of film materials with
tunable electronic properties and different band gap
widths. It is generally denoted AB,, where A metal is
mainly molybdenum or tungsten, and B is chalcogenide
(sulfur, selenium or tellurium), which are exfoliated from
natural ores or synthesized by chemical vapor deposition.
Along with molybdenum and tungsten, stable compo-
unds with zirconium, ruthenium, tantalum, titanium, nio-
bium and nickel are used. Of the many compositions, the
well-studied compositions MoS;, MoSe;, WS, and WSe;
have a configurable band gap of ~1-2 eV with carrier
mobility of 100 cm?-V1-s71 at room temperature [5].

Black phosphors or phosphorene (in the form of a
monofilm) have high anisotropic properties and a tunable
band gap from 0.33 eV to 1.5 eV with carrier mobility of
1.00 cm?-V1-s71 at room temperature [6].

Two-dimensional transition metal oxide films (TMO)
are currently important both in fundamental research and
in technological applications due to their wide range of
material properties from semiconductors, metals to
superconductors. However, a material with fixed proper-
ties may not have universal application. Due to the
unique crystal structures, physical and chemical proper-
ties, 2D TMO can be efficiently configured using various
strategies such as size reduction, intercalation, hetero-
structure, doping and gating. The structures created by
the combination of two or more atomically thin graphe-
ne-like materials change the properties of the initial
structures, and a material with new hybrid properties
appears, which opens up new paradigms for the develop-
ment of new materials and nanodevices. Strong covalent
bonds ensure the planar stability of 2D crystals, and the
connection between different layers is provided by van
der Waals interactions. Hence, such heterostructures are
called van der Waals vdW heterostructures.

Heterostructures based on graphene and two-
dimensional films of nanostructured transition metal
oxides are promising for the development of new multi-
functional materials for memory cells, quantum compu-
ters, anodes of Li-batteries, (photo)catalysts, super-
capacitors, transistors, sensor materials, solar panels, fuel
cells, electrochromic devices. A large volume of publica-
tions devoted to graphene and heterostructures based on
it is practically devoted to the study of the features of the
synthesis processes of hybrid structures. The combina-
tion of graphene and two-dimensional nanostructured
transition metal oxides will lead to fundamentally new
and unidentified processes, patterns at the interface of
structural elements, creating a new base for multifunctio-
nal materials in the nanoscale range.
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The creation of two-dimensional (2D) materials has
been promising since the invention of graphene. Two-
dimensional transition metal oxides films (TMO) are
currently important both in fundamental research and in
technological applications due to their wide range of
material properties from semiconductors, metals to
superconductors. However, a material with fixed proper-
ties may not have universal application. Due to the
unique crystal structures, physical and chemical proper-
ties, 2D TMO can be efficiently configured using various
strategies such as size reduction, intercalation, hetero-
structure, doping and gating. Due to the flexible
adjustment of the properties of 2D TMO, they become
attractive candidates for various applications, including
electronics, optoelectronics, catalysis and energy.

However, all these 2D films are simple semi-
conductors or semi-metals in which charge is the
dominant degree of freedom. Other functional properties,
such as magnetism and polarity, due to other degrees of
freedom (for example, spin, orbit and lattice), are usually
inactive or insignificant in these systems, which limits
the scope of their application. Although many ab initio
calculations and some precise experiments have claimed
that magnetism in 2D materials is induced by surface
relief, boundary conditions, doping, defects, or a displa-
ced electric field, these types of magnetism are somewhat
external. Despite enormous efforts, these types of exter-
nal magnetism caused by external factors are still
hindered by their weak magnetization, low operating
temperature, poor reliability and uncontrollability. We
review the recent progress and challenges, and offer our
perspective on the exploration of 2DLM-based vdWHs
for future application on oxygen evolution reaction
(electrode/catalyst functionalities) and optoelectronics.

Brief review of theory of experimental methods

of studying vdwW

Two-dimensional Van der Waals (vdW) graphene-
TMO materials have multielectronic effects in 2D layers
that create unstable collective states. Due to this, ferro-
magnetic ordering of spins was observed in 2D soft
ferromagnets at low Curie temperatures. The inclusion of
stable collective states will expand the technological
application of this class of materials.

Experimentally [7, 8] it was revealed that in transition
metal oxides (TMO) in combination with graphene at the
interface of the structure forms new and promising
magnetic, electronic and optical properties. In low-
dimensional structures, the localization region of wave
functions is tens of nanometers, the matrix elements of
the interband transitions have the same dimension as the
width of the structure. This in turn enhances the optical
response in such structures as opposed to 3D structures.
Since 2 materials of the system are one atom, their
surface conductivity tensor is described in xy planes as

Y xx yxy
7/:
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Here the z-axis components disappear, which
Y2 =Vx =7y, =0. Considering  magneto-optical

effects [9-11], the surface conductivity tensor is

represented as
y= [ YL VH } @
T 7L

where y, longitudinal conductivity and y, The Hall
conductivity was defined by the Kubo formalism [12].
At room temperature and in the mid-infrared region, the
longitudinal conductivity and y,, Hall conductivity is

related with the Drude model [13] by the following
expressions:
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where r=% — scattering time (I'— the rate of

attenuation of plasmons), a, ~ eB,vZ I u_ cyclotron
frequency (electron charge e, B, component on the axis
z of magnetic field), v ~10°m/s Fermi speed,
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For frequencies above the mid-infrared region, the
main expression of [8] longitudinal and Hall conductivity
are not simplified in the Drude model. In the case of

magnetostatic  simplification (B, =0), longitudinal

conductivity y, = %intra = Zinter DeCause of the intra-
cavitary ( 7, ) @nd interpolar y;.., contribution
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Interband conductivity is formed from direct inter-
band electronic transitions. It is not taken into account at
room temperature and frequencies below the mid-
infrared zone, since it is much smaller than the interband
contributions. It is expressed in integral form:

e2| [w 4iwG(s)-G(w/2)
Yinter (W) 4h G 2 + T ) WZ _452 S ' (6)

G(s) sinh[A1s/(kgT)]
~ cosh[ g, /(kgT)]+cosh[7s/(kgT)]
in optical properties are described they are treated as

surfaces. When exposed to an electric field, a nonlinear
optical response is manifested. For the first time, the
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nonlinear optical response in solids and liquids was
investigated by J. Carom.

In many computational electromagnetic methods, it is
more convenient to work with volumetric equivalents of
surface quantities. In practice, volumetric conductivity is
used instead of surface conductivity y, =7,/ he .

where hy; the effective thickness is 2DLM. The electro-

magnetic properties of such materials are also described
by the dielectric permittivity ¢ which is related to
conductivity with the following expression;
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where f,, w, and ¢, oscillation strength, resonant

frequency and spectral width.
Along with linear optical properties, nonlinear optical
properties of low-dimensional structures by the nonlinear

surface conductivity tensor »{™ (Q,w) , where Q= nw
and n=2,3,.... The surface conductivity tensor of the
third harmonic of graphene is expressed as:

hw
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Van der Waals (vdW) heterostructures consist of two-
dimensional (2D) materials and functional different
structures (transition metal oxides, organic molecules,
layered metal oxides, layered double hydroxides, layered
metal chalcogenides, layered metal carbides and etc)
which have been intensively studied for development
optoelectrical properties [9]. If the functional structures
are appropriately designed, this enables manipulation of
the electronic structure and optical properties of 2D
materials [10]. To determine the effectiveness of mixed-
dimensional heterostructures, it is important to under-
stand the nature of charge and energy transfer processes
across the semiconductor interface at fundamental
timescales. It was discussed the recent findings on
photophysical processes within three different vdW
heterostructures: 1) conjugated polymer/MoS2 organic/
2D heterostructures [11]; 2) polymer: fullerene/MoS2
organic/2D heterostructures in the presence of a plasmo-
nic metasurface [12]; and 3) ReS2/MoSe? type-11 2D/2D
heterostructures [13-16]. In the organic/2D hetero-
structures investigated, ultrafast charge transfer from
MoS?2 to the conjugated polymers occurred within 9 ps,
and in some cases, in under 120 fs. The charge generation
yield was improved by over a factor of 6 at ultrafast time
scales in the presence of a plasmonic metasurface. In the
ReS2/MoSe2 heterostructure, we show that resonant
energy transfer dominates over charge transfer from
ReS2 to MoSe2, even without a charge-blocking inter-
layer. vdW heterostructure Hybrid Materials with diffe-
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rent energy application purposes with anisotropic 2D
nanosheets of layered inorganic solids (layered metal
oxides, layered double hydroxides, layered metal
chalcogenides, layered metal carbides, and graphene)
attract research interest therefore of their multifunctional
nanohybrids applicable for renewable energy techno-
logies [17-20]. The monolayered 2D nanosheets of
inorganic solids can be synthesized by soft-chemical
exfoliation reaction of the pristine layered materials.
A great diversity in the chemical compositions, crystal
structures, and defect structures of inorganic nanosheets
provides this class of materials with a wide spectrum of
physical properties and functionalities. The inorganic
nanosheets can be used as powerful building blocks for
exploring high performance hybrid electrodes and
catalysts with the help of interface and defect enginee-
ring. These materials can play a role as active
components, additives, and substrates for improving the
energy performance of hybridized species. In this talk,
several practical examples of interface-/defect-enginee-
red 2D inorganic nanosheet-based hybrid materials with
electrode/catalyst functionalities will be presented
together with the discussion about the relationship
between chemical bonding nature and functionalities.
Perovskite structures are promising materials for energy
purpose systems and with combination with graphene
used for as solar collectors, with their complexity
structure and electronic and optoelectronic properties its
required investigation as electrode/catalyst materials.

Computational methods for 2DLMs

Calculations will be performed within the framework
of density functional theory (DFT) [21], DFT+U,
[22, 23] in the software that perform quantum-chemical
calculations. One of them VASP software package. The
study uses an integrated approach that includes the search
and preparation of nanoclusters of the systems under
consideration, descriptions and characterization of the
structure and size by additional computational methods,
calculation of electronic properties, visualization of the
results obtained, as well as comparison of computational
and experimental data. However, the accuracy of DFT
depends on the correct choice of the exchange-
correlation functional [24-27]. The theoretical study of
the relaxation of the geometry of the structure and
electronic excitation is a developing task. Computational
ab initio methods have proven to be a reliable tool in the
study of spectral dynamics. The brief explanation of the
computational method of identifying optical properties of
2D structures given in Figure.

As seen from the scheme relaxed structures taken
from the computational 2D materials database (C2DB)
[24] and on next step calculated electronic band energies
and wave functions with DFT calculations. Also
performed calculations to obtain the optical vibrational
modes. The momentum and electron-phonon matrix
elements that taken from electronic states and phonon
modes analyzed and stored. At the end of calculations for
a considered excitation frequency and input/output
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polarization vectors the Raman spectrum is calculated.
Experimentally Raman spectroscopy is mainly used to
reveal composition, structure and layer thickness of 2D
materials. Authors [29] performed computational
identifying 733 2D materials from C2DB for Raman
spectrum and compare them with experimental data for
15 known monolayers [30]. By them illustrated dates in
article for MoS; (H-phase) and WTe, (T -phase).
Calculated spectra dates show precious agreement with
experiments for the Raman peak positions [31].

C2DB
Relaxed structures

A
Band energies eq and
wavefunctions Ink»

Zone-center phonons 1 and
electron-phonon potentials

Electron-phonon matrix elements Momentum matrix elements

k|0, VES Imk> {nk |p| mikc)

l l

Raman spectrum I(w)

Excitation frequency wis and
polarization vectors Uia, Uout

Figure. Computational method scheme of the calculation
Raman tensor of 2D materials

At the moment, this method is in the early stages of
development. Thus, now there are no commercial and
public programs on which it would be possible to calcu-
late the spectral dynamics. Preliminary steps have been
implemented in programs in the form of conventional
additions that import information about molecular dyna-
mics and the electronic structure for these configurations
from standard quantum software packages of quantum
chemistry and then build spectral dynamics based on
these inputs. In modern modeling methods, photo-
excitation or injection of charge carriers puts the system
into a nonequilibrium state causing spectral dynamics,
which is described by solving the corresponding
nonstationary Schrodinger equation or the Liouville-
Neumann equation for a reduced density matrix with
certain approximations. This atomistic method involves
interactions of electronic degrees of freedom with lattice
vibrations. The implemented method describes dissipa-
tive quantum dynamics of electrons by combining a
density matrix for open systems of electronic excitations
at the semiconductor-metal interface. This combination
of methods has the potential to describe a wider range of
phenomena with higher accuracy [32-33].

Studying the energy of oxide materials, one can
imagine photoinduced catalysis as a sequence of elemen-
tary atomistic interactions between electrons, lattice
vibrations, and external illumination. In these reactions,
the electronic system is not isolated. The initial goal is to
study the interaction of electronic excitation with lattice

vibrations. The atomistic electronic structure approach is
important for studying bounded systems with reduced
symmetry (inhomogeneous systems, surfaces with
defects, nanoparticles), since standard approaches are
unable to investigate periodic structures. The available
atomistic treatments of the interactions of electrons with
iononic skeletons suggest a “continuous” calculation of
the non-adiabatic interaction. We found a slight differen-
ce between the estimates of the interaction energy
obtained by the two methods. Using this methodology,
we expect to significantly reduce the required numerical
and time resources and speed up the computational
procedure.

The problem of the band gap width is caused by the
local nature of the exchange energy (within LDA or
GGA). The Hartree-Fock approximation ignores correla-
tion, but includes exact exchange, whereas DFT approxi-
mates electronic exchange and correlation, which leads
to the so-called exchange-correlation functional. Hybrid
exchange-correlation functionals, such as those construc-
ted by Purdue et al. [34], which combine the exchange
correlation of GGA with the exact exchange of HF, seem
to be suitable for semiconductors.

Perspectives

The development and research of nanoscale van der
Waals heterostructures from (2D) films of transition
metal oxides (OPM) and layered structures based on
them as promising materials for micro-, nano- and
optoelectronics is a rapidly developing direction in
science. Theoretical at the atomic level, 2D films are
being developed from epitaxial ultrathin oxide layers on
various substrates with varying amounts of film to study
their chemical properties and structure.

The theoretical predestination of the electron-optical
and magnetic properties of the above materials will allow
us to characterize the structures of defects in transition
element oxides and develop methods for controlling them
in the process of manufacturing electronic devices with
the required properties.

Despite of the tremendous quantity of research
activities of 2DLMs with variable electronic properties
and the unique ability to exfoliate and restack 2DLMs
hybride structures as vdW nowadays required detailed
study for materials engineering and device design. By
combining 2D semiconductors with low dimensional
materials, mixed-dimensional heterostructures benefit
from the advantageous properties of their constituent
components. Recently researches devoted to TMO,
organic molecules, layered metal oxides, layered double
hydroxides, layered metal chalcogenides, layered metal
carbides and etc. Perovskite structures with complexity
of structure is perspective objects for studying for
combination with graphene like low dimensional systems
for creation the van der Waals hybrid heterostructures.
Therefore, the task of development and research of
hybrid van der Waals structures based on pervskite is still
open. To determine the effectiveness of analogy mixed-
dimensional heterostructures, it is important to under-
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stand the nature of charge and energy transfer processes
across the semiconductor interface at fundamental time-
scales. In further researches we aimed to study different
perovskite structures with combination low dimensional
systems like graphen.

These studies were funded by the Ministry of Science

and Higher Education of the Republic of Kazakhstan in
the framework of grant funding “Development and rese-
arch of new multifunctional vdW structures of 2D films
based on transition metal oxides” (IRN — AR14972694).
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€Kl eJueM Il TUIeHKaIaphl XKaJl JIEMEHTTEpl, KBAHTTHIK KOMIIBIOTED 3JEMEHTTEpi, JIUTUH-HOHbI Oarapesi aHOATApHI,
(poto) xaramuzaropmap, CynepKOHAEHCATOPIIAp, TPAH3UCTOPJAP, CEHCOPJBIK Marepuaiiap, KyH IaHelbJIepi, OThIH
AJIEMEHTTEPI, IEKTPOXPOMIBIK KYPBUIFbLIAP YIIIH jKaHa Kol (hYHKIMSIBI MaTepualAapsl d3ipieyre HepcreKTHBAbI
Oo0JBI TaOBUIABL. 3epTTEYIEPIiH YIIKEH KoJeMi rpadeH MeH OHBIH HETi3iHJeTi reTepoOKYphUIBIMIapFa jKOHEe HeTi3iHeH
onapibpl THOPUITI KyphUIBIMAApAAH CHHTE3ley INpoleciHe apHanraH. Exi emmemil IUIeHKa MaTephajgapbIHBIH
ONTHKAIBIK KACHETTEPIH TCOPHSUTBIK 3€PTTEY 9MIiCTEpi, ONIAPIBIH OPTYPILIIriHe KapaMacTaH, XKEeTUIHIPYai KaXKeT eTesi.
OcpUtaiiima, Makanana ab-initio omiciMeH OipiKTipiTeH €Ki enmeMal THOPUATI TIEHKa KYPBUIBIMIAPBIHBIH O THKAIIBIK
KAaCHETTEPiH TCOPHSIIBIK 3ePTTEY dAiCTePi KeNTipPiITeH.

Tyiiin ce30ep: cemepoKYpbLILIMOAGp, €Ki OueMOi MAMepuaioap, memeH onuemoi KypolibiM, Omneni Memail OKCuo-
mepi, Ban 0ep Baanvc mamepuanoapur.

ONTUYECKHUE CBOMCTBA HU3KOPA3MEPHBIX CUCTEM:
METOJAbI TEOPETUYECKOI'O UCCJIIEJOBAHUSA 2D MATEPHUAJIOB

I'.A. Kanraraii?, 5.M. Caranosa?, ®.V. Adyosa?, H. Koiiabix?,
A.Y. AdyoBa?, C.A. Hypkenos®), A.II. JKapkbimoekona?

D Kaszaxckuii nayuonanvnwlii Kenckuii nedazozuueckuii ynusepcumem, Anmamot, Kazaxcman
2 Espazuiickuii nauuonanvuotii ynueepcumem um. JI. H. I'ymuneeéa, Acmana, Kazaxcman
%) Mexcoynapoonsiii ynueepcumem Acmana, Acmana, Kazaxcman

I'eTrepocTpyKTypbl Ha OCHOBE rpad)eHa U JBYMEPHBIX IUICHOK HAHOCTPYKTYPHUPOBAHHBIX ()ePPOMArHUTHBIX OKCHJIOB Iie-
PEXOJHBIX METAJIOB MEPCIIEKTHUBHBI JUI pa3paO0TKH HOBBIX MHOTO(YHKIIMOHAIBHBIX MAaTepHAIOB ISl SJIEMEHTOB I1a-
MSTH, HJIEMEHTOB KBAHTOBOT'O KOMIIBIOTEPA, aHOJIOB JIMTUI-MOHHBIX Oatapel, (GoTo) KaTanu3aTopoB, CynepKOHCH CA-
TOPOB, TPAH3UCTOPOB, CEHCOPHBIX MATEPHAIOB, COJHEYHBIX IaHeNel, TOIUIMBHBIX 3JEMEHTOB, HJIEKTPOXPOMHBIX yCT-
povictB. bonbmioit 06beM myOnuKanuii MocBsIeH rpadeHy U reTepoCTPyKTypaM Ha ero OCHOBE H, TJIABHBIM 00pa3oM,
IpoIieccaM UX CHHTE3a W3 THOPHIHBIX CTPYKTYP. MeTOAbI TEOPETHIECKOTO NCCIIESIOBAHNS ONTHIECKUX CBOMCTB IBYMEp-
HBIX IIJICHOYHBIX MaTepHaJIOB, HECMOTPS Ha UX pa3HooOpasue, TpeOyIoT coBepieHCcTBOBaHUS. Clie0BaTEeNbHO, B CTaThe
MIPECTaBIICHBI METOBI TEOPETUIECKOTO HCCIICAOBAHI ONITHIECKHUX CBOWCTB IBYMEPHBIX THOPHIHBIX TUIEHOYHBIX CTPY-
KTYp B COYETaHUHU C MeTOoI0M ab-initio.

Knrouegvie cnoea: cemepocmpykmypbi, 08yMepHble MAMEPUAbl, HUSKOPASMEPHASL CMPYKMYPA, OKCUObI NEPexoOHbIX
Memannos, mamepuanvl Ban oep Baanvca.

40



