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New perspective 1.4 nm thick spin-polarized triple heterostructures based on graphene sandwiched between two
vanadium ditelluride monolayers (VTe,/graphene/VTe,) were studied using ab initio DFT technique. Both
possible trigonal prismatic (H-VTe,) and octahedral (T-VTe,) VTe, phases were considered to design and study
graphene-based heterostructures. It was shown that the interaction with graphene changes the electronic
structure of 2D T-VTe, from metallic to half-metallic, making T phase perspective to be used for magnetic tunnel
junctions. The electronic subsystem of graphene fragment is slightly hole doped. Calculated tunnel magne-

toresistance ratio for the favorable heterostructure configuration estimated within the Julliere model is 220%,
which opens a way to use VTe,/graphene/VTe, as prospective magnetic tunnel junction in novel spintronic
nanodevices based on tunnel magnetic resistance and spin transfer torque effects.

1. Introduction

Spintronics attracts ever-increasing scientific interest due to the
possibility for further enhancement of modern electronic devices [1,2].
This can be achieved through complement or even replacement of the
charge degree of freedom by electrons’ spin for data transfer, processing
and storage. The first spin devices that have found their application in
electronics as disk read-and-write heads were the magnetic junctions
based on giant magnetoresistance effect (GMR) [3]. A logical devel-
opment of magnetoresistive devices and their manufacture technology
was a demonstration of tunneling magnetoresistance (TMR) at room
temperature in epitaxial magnetic tunnel junctions (MTJs) with MgO
barrier fabricated by molecular beam epitaxial growth [4-6]. The TMR
effect value more than 100% allows one to use such MTJs not only to
create magnetic field sensors and reading heads of hard drives but also
to make magnetoresistive random access memory (MRAM) [7]. The
discovery of spin transfer torque effect (STT) [8] makes MTJs more
attractive to produce different spintronic devices, including MRAM [9],
radio-frequency sensors [10], microwave generators and even artificial
neural networks [11].
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Key advantages of MTJs-based devices are non-volatility, low power
consumption, high processing speed, high integration density and me-
tal-oxide-semiconductor technology compatibility. The most fre-
quently used materials for MTJs fabrication are ferromagnetic metals
and alloys like Fe and CoFeB, various Heusler alloys and dielectrics
such as AlOy and MgO [12]. At the same time, great progress has been
achieved in two-dimensional (2D) materials synthesis and creation of
spintronic devices based on monolayers [13,14]. Because of quantum
nature and low dimensionality, applications of 2D materials add some
advantages for novel electronic devices like flexibility [15], and ex-
tremely high scaling.

The layered structures like transition metal dichalcogenides (TMD)
are the most attractive materials for monolayer synthesis. In such
structures adjacent layers are coupled by weak van der Waals forces,
thus it is possible to easily separate one layer from the rest of the
crystal. The common methods of TMD monolayer fabrication are che-
mical vapor deposition (CVD) and mechanical exfoliation [16]. At the
same time, the recent progress in synthesis allows one to fabricate a
single layer directly from solution (liquid exfoliation methods) [17].
These methods produce the highest-quality samples [17-23] which can
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be successfully used in high-performance devices.

Among large TMD family, vanadium dichalcogenides VX, (X = S,
Se, and Te) were predicted to be magnetic materials [24-31] as well as
other vanadium-based materials [32-34]. Different ab initio approaches
predict stability of both trigonal prismatic H- and octahedral T-phases
of 2D VX, with T-VTe, and probably H-VSe, and H-VS, being en-
ergetically favorable [23,24,35-37]. According to various theoretical
publications [23-28,31,38-42] 2D VX, can be metals, semimetals,
ultra-narrow-band-gap semiconductors or semiconductors with ferro-
magnetic or non-magnetic ground states depending on composition,
phase and ab initio approach. VSe, and VTe, are of special interest due
to possible existence of room-temperature ferromagnetism [28,30].

Graphene, a single atomic carbon sheet, is very promising material
for spintronic application [43]. Cobas et al [44] demonstrated gra-
phene as an insulator for transport perpendicular to the plane and ef-
fective tunnel barrier between two ferromagnetic metal NiFe and Co
electrodes. Some TMD/graphene heterostructures were also success-
fully synthesized [45,46] creating an opportunity to construct new
perspective magnetic junctions based on vanadium dichalcogenides.

In this paper, new ultrathin magnetic tunnel junctions based on
vanadium ditelluride monolayers and graphene as a tunnel barrier were
proposed and studied using density functional theory generalized gra-
dient approximation (DFT-GGA) calculations. The atomic and elec-
tronic structures of T-VTe, were tested using hybrid functional and the
atomic geometry, electronic structure and magnetic properties of two
possible bilayer structures containing graphene and T- or H-VTe; single
layer were studied to investigate the interactions between the 2D
fragments. It was shown that interaction with graphene change the
electronic structure of 2D T-VTe, from metallic to half-metallic state,
making this phase perspective in spintronics. Several possible magnetic
triple VTe,/graphene/VTe, tunnel junctions were designed to search
preferred configurations. It was found that in the framework of Julliere
model, the theoretical TMR ratio for energetically favorable hetero-
structure is 220%.

2. Computational details

Calculations were carried out within the Perdew-Burke-Ernzerhof
generalized gradient approximation (PBE) [47] implemented in the
Vienna ab-initio simulation package (VASP) [48]. Empirical D2 cor-
rection of Grimme [49] was included to take into account weak van der
Waals interactions in layered heterostructures. The electron-ion inter-
actions were described by the projector augmented wave (PAW)
method [50] and the plane-wave cutoff energy of 400 eV was applied.
The criteria for the total energy minimization and interatomic forces
were set to 10™* eV and 1072 eV A~, respectively. To simulate 2D
structures using Periodic Boundary Conditions (PBC), the periodic re-
plicas were separated by a vacuum spacing of at least 20 A along the ¢
axis, which is perpendicular to the VTe, and graphene planes. The first
Brillouin zone (1BZ) was sampled by 12 x 12 X 6 and 12 x 12 x 1
grids for bulk VTe, and VTe, monolayers and layered heterostructures,
respectively using the Monkhorst-Pack scheme [51]. The non-collinear
spin-polarized calculations were carried out to examine spin-orbital
interactions in ferromagnetic T-VTe, monolayer and both T-VTe,/gra-
phene and H-VTe,/graphene heterostructures. Band structure calcula-
tions were performed along the high symmetry I'(0,0,0)-M(1/2,0,0)-K
(1/3,1/3,0)-I'(0,0,0) directions in 1BZ. In order to assess the adequacy
of our PBE results the calculations of atomic structure and electronic
properties of T-VTe, monolayer and atomic structure of H-VTe,
monolayer were performed using both PBE and the screened-nonlocal-
exchange Heyd-Scuseria-Ernzerhof (HSE06) functional [52]. The Vi-
sualization for Electronic and Structural Analysis (VESTA) software
[53] was used for representation of atomic structures.

To determine the magnetic easy-axis and magnetocrystalline ani-
sotropy energy (MAE), the total energies (E) of a structure with the
spins of V atom constrained in [1 0 0], [0 1 0] and [0 O 1] directions
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were calculated using the PBE functional and spin—orbit coupling (SOC)
under the energy convergence criteria of 107 eV. The out-of plane and
in-plane MAE were calculated as (E;p o 17 — Ef1 0 07)/n and (Ef1 o o7 —
Ero 1 0p)/n, respectively, where n is a number of V atoms in a unit cell.

The all-electron one-center contribution of the SOC was described
using Hamiltonian:

R (1 140) )_de(V)EmB.—’

H® . = - - L
S0C T mye)?\r  2mucr dr

where m, is the mass of the electron, c is the speed of light in vacuum, 7
is the reduced Planck constant, & = (o, gy, 0z) are the Pauli spin ma-
trices, a and (3 are the spin-up and spin-down components of the two-
component spinor wave functions, r is the sphere radius, V (r) is the
spherical part of the effective all-electron potential within the PAW
sphere, L=7x D is the angular moment operators, p is a momentum
of the electron [54-56].

The interlayer binding energies (Epinq) Were calculated using the
following equation:

Eping = Etor — Egr — mEyre,

where E, is the total energy of a heterostructure, E, and Eyr, are en-
ergies of freestanding graphene and vanadium ditelluride fragments,
respectively, and m is a number of vanadium ditelluride layers in a
heterostructure.

To calculate the Fermi level spin polarizations of VTe, fragments the
following equation was used:

_ Py (er) — P¢(EF)
Py (er) + p¢(EF)’

where p,(er) and p,(¢r) are density of states of VTe, fragment at the
Fermi level (g) for electrons with spin-up ( 1 ) and spin-down ( | ).

The TMR ratio has been estimated within the Julliere model [57,58]
forT = 0 K:

2Pup Fiown

TMR = +100%,

1- up Ldown
where P is the Fermi level spin polarization of VTe, fragment, located
above (up) and below (down) graphene fragment.

The unit cells of free-standing VTe, monolayers contain one V atom
and two Te atoms, the unit cells of bilayer VTe,/graphene hetero-
structures contain four V atoms, eight Te atoms and eighteen C atoms,
the unit cells of triple VTe,/graphene/VTe, heterostructures contain
eight V atoms, sixteen Te atoms and eighteen C atoms. C s%p?, Vs2d®, Te
s’p? valence electrons were used with pseudopotentials for carbon,
vanadium and tellurium atoms, respectively.

3. Results and discussion

3.1. Atomic and electronic structure of free-standing T-VTe, and H-VTe,
monolayers

The unit cells of 2D H- and T-VTe, phases and atomic numbering
schemes are presented in Fig. 1. For the sake of comparison, the details
of atomic and electronic structure of 2D T-VTe, and atomic structure of
2D H-VTe, at both HSE06 and PBE levels of theory were considered.
Electronic structure and magnetic properties of H-VTe, monolayer were
studied in details previously [26]. Taking into account the data dis-
crepancy between reported magnetic properties (ferromagnetic or
nonmagnetic) of T-VTe, monolayer [24,28,35] and the key requirement
of ferromagnetic ordering of magnetic layers for MTJs, nonmagnetic,
ferromagnetic, checkerboard and collinear antiferromagnetic states
were studied to establish the ground state of the monolayer. Schematic
views of magnetic configurations are presented at Fig. 2.

The PBE calculations demonstrate that the ferromagnetic config-
uration of T-VTe, monolayer is energetically preferable with the energy
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Fig. 1. Atomic structure of single-layer 2D VTe,: side and top views of H-VTe, (a, b) and T-VTe; (¢, d) monolayers. Trigonal prismatic (left) and octahedral (right)
vanadium coordinations and the atomic numbering scheme (e). Hexagonal unit cells have been shown in blue. Red (olive) color corresponds to vanadium (tellurium)
atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Scheme of magnetic configurations of single-layer 2D T-VTe,: ferro-
magnetic (a), checkerboard antiferromagnetic (b), and collinear anti-
ferromagnetic (c) vanadium spin arrangements. Red (olive) color corresponds
to vanadium (tellurium) atoms. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

difference between ferromagnetic and nonmagnetic states being
—0.024 eV per unit cell. The HSE06 functional makes this difference
even larger (—0.623 eV), which is significantly greater the accuracy of
DFT approach. There is no energy difference between checkerboard and
collinear antiferromagnetic states. In comparison with both anti-
ferromagnetic configurations, the ferromagnetic ordering is en-
ergetically favorable by —0.013 eV per unit cell at the PBE level of
theory and by —0.036 eV at HSE06 one. The PBE functional reveals
0.979 pp magnetic moment on V atom of T-VTe, monolayer with small
opposite magnetic moments (—0.065 pp) induced at Te atoms that is in
a good agreement with [24]. In the case of H-VTe, monolayer, a
number of theoretical investigations [24-26,35] revealed the ferro-
magnetic configuration as the ground state. Calculated out-of-plane
MAE of T-VTe, monolayer is 0.763 meV, while the in-plane MAE is
equal to 0. This implies that T-VTe, monolayer belongs to the category
of XY magnets with easy xy plane of magnetization, that is in a good
agreement with the results for H-VTe, monolayer [26]. MAEs of H- and
T-VTe, monolayers are larger than MAEs for the bulk Fe and Ni (1.4
peV/ion and 2.8 peV/ion, respectively) [59]. The calculated structural
parameters of both H- and T-VTe, monolayers within PBE and HSE06
levels of theory are listed in Table 1 and are in excellent agreement with

Table 1
Equilibrium structural parameters of ferromagnetic H- and T-VTe, monolayers:
The lattice vectors (A), V-Te bond length (A) and thickness (A).

Lattice vector

@ = b)A

Functional Bond length V-Te, A Thickness, A

H-VTe, monolayer

PBE 3.58 2.71 3.51
HSE06 3.58 2.71 3.51
T-VTe, monolayer

PBE 3.58 2.70 3.42
HSE06 3.60 2.72 3.46

previous theoretical results [24-26].

The spin-polarized band structure along the high symmetry
I'(0,0,0)-M(1/2,0,0)-K(1/3,1/3,0)-I'(0,0,0) directions in the Brillouin
zone and total density of states (TDOS) of T-VTe, monolayer calculated
within HSE06 and PBE functionals (Figs. 3 and 4) reveal a metallic
behavior of T-VTe, as reported before [60]. The results show weak
spin-orbit coupling (SOC) in V atom being of the order to —0.007 eV
and more strong SOC in Te atoms (—0.209 eV). Due to the fact that the
vanadium electron states dominate around the Fermi level, the elec-
tronic and magnetic properties remain close for both cases (with and
without taking into account SOC), for this reason SOC are not taken into
account in most of further calculations. This result is in a good agree-
ment with results for 2D H-VX, (X = S, Se and Te) [26]. At PBE,
PBE + SOC and HSEOQ6 levels of theory, the 2D T-VTe, phase is en-
ergetically favorable with relative energies of 2D H-VTe; phase equal to
0.055, 0.049 and 0.213 eV, respectively, which is in a good agreement
with Refs. [24,35]. Taking into consideration the large number of atoms
in the unit cells of heterostructures and good agreement of PBE and
HSEO06 results further calculations were performed at PBE level of
theory. Although the T configuration is energetically preferable, crea-
tion of the heterostructures with graphene can affect the structural
stability, so both T and H phases were considered to design the het-
erostructures.

3.2. Bilayer T-VTe/graphene and H-VTe,/graphene heterostructures

The bilayer heterostructures, were designed by deposition of gra-
phene on top of T- or H-VTe, monolayers (let’s denote them for sim-
plicity as T/graphene and H/graphene, respectively) in order to in-
vestigate the interactions between the fragments (Fig. 5(a) and (b)). As
the full relaxed lattice constant of isolated graphene (a = 2.46 A) is
about 31% smaller than that of isolated VTe, monolayer (a = 3.58 Z\),
we constructed the bilayer heterostructures, consisting of 2 X 2 VTe,
(the translation vector is equal to 7.16 f\) and 3 x 3 graphene (the
translation vector is equal to 7.39 A) unit cells. Consequently, the re-
maining lattice mismatch between graphene and VTe, fragments of
about 3.21% is reasonably small. We increased lattice parameter of
VTe, layer in order to fit graphene lattice parameter, because the PBC
were used to calculate the heterostructures.

In the case of H/graphene, one non-equivalent C atom is located
directly above V atom and its fractional coordinates along a and b axis
are equal to 0. Another non-equivalent C atom is set to sit directly on
top of inner Te atom (a = 0.(6), b = 0.(3)). In T/graphene three non-
equivalent C atoms are on top of V (a = 0, b = 0), outer Te (a = 0.(3),

= 0.(6)) and inner Te (a = 0.(6), b = 0.(3)) atoms, respectively. In
this work, Te atoms located near graphene sheet are called “inner Te
atoms” and Te atoms located on the opposite side of VTe, fragment are
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Fig. 3. Band structure and total density of states
(TDOS) of ferromagnetic 2D T-VTe, unit cell at
PBE (red) and HSEO6 (black) levels of theory. The
energy zero corresponds to the Fermi level. The
left and right pictures correspond spin-up and
spin-down densities, respectively. Spin-up and
spin-down TDOS channels are demonstrated at
positive and negative panels, respectively. (For

interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. PBE band structures of ferromagnetic 2D H-VTe, (a) and T-VTe, (b) unit
cells with (black lines) and without (green and blue lines) spin orbit coupling.
The green and blue lines correspond to spin-up and spin-down channels, re-
spectively. The energy zero corresponds to the Fermi level. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

called “outer Te atoms”. Non-equivalent atoms are meant atoms that lie
in a unit cell of heterostructure (the basis of a unit cell). The optimized
structural parameters of localized T/graphene and H/graphene are
presented in Tables 2 and 3.

The relaxed translation vector of T/graphene is equal to 7.36 A
(Table 2). In this bilayer heterostructure, the T-VTe, fragment is ex-
panded by 2.79% as compared to the free-standing monolayer (from
7.16 to 7.36 A), while graphene fragment is compressed by 0.41%
(from 7.39 to 7.36 f\). All V and Te atoms located directly under C
atoms are shifted towards nearest carbon atoms, resulting in distortion
of the T-VTe, fragment with unequal V-Te bond lengths and Te-V-Te
angles (Tables 3). The nearest outer and inner Te atoms are located 0.22
and 0.19 A closer to graphene plane compared to others outer and inner
Te atoms, respectively. The V atom located directly under C atom is
located 0.07 A closer to graphene plane then other V atoms, resulting in
alteration of angles and bond lengths. Thus, three of the V-Te bond
lengths of each V atom are longer while the other three ones are shorter
(Tables 3).

As a result of the structural distortions, the magnetic moments of V
and Te atoms in T/graphene are larger in absolute values then in free-
standing T-VTe, monolayer. The magnetic moments of Te atoms depend

Fig. 5. Top (*) and side () views of bilayer T/graphene (a) and H/graphene (b)
heterostructures. Hexagonal unit cells of heterostructures are shown in black.
(a) Three non-equivalent C atoms of graphene fragment of T/graphene are on
the top of V(a = 0, b = 0), outer Te (a = 0.(3), b = 0.(6)) and inner Te (a = 0.
(6), b = 0.(3)) atoms of T-VTe, fragment, respectively. (b) Two non-equivalent
C atoms of graphene fragment of H/graphene is located directly above V
(@ =0,b = 0)and Te (a = 0.(6), b = 0.(3)) atoms of H-VTe, fragment. The
figures show four C atoms located above the V atoms, three of which are
translations of the first one. For T/graphene, the outer Te atoms are highlighted
in yellow. Te atoms located near graphene sheet are denoted as “inner Te atoms"
and Te atoms located on the opposite side of VTe, fragment are denoted as
“outer Te atoms". a and b are fractional coordinates. Red, olive and brown
colors correspond to vanadium, tellurium and carbon atoms, respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

on bond lengths with V atoms: an atom with longer bond lengths has
smaller magnetic moment. Magnetic moment on the outer Te atom
located directly under C atom is —0.083 g (V-Te bond lengths equal to
2.77 1°\), while other outer Te atoms demonstrate —0.102 pg (V-Te bond
lengths equal to 2.67 and 2.76 A). The inner Te atoms possess magnetic
moment of —0.094 . (V-Te bond lengths equal to 2.69 and 2.77 A),
The V atom located directly under C atom has the lowest magnetic
moment of 1.195 pp compared to other vanadium atoms (1.480 pp).
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Structural and magnetic parameters of localized bi- and triple-layer heterostructures at PBE level of theory. P and AP denote parallel and antiparallel spin ordering of
adjacent ferromagnetic vanadium ditelluride layers in triple-layer heterostructures. The interlayer distance is the minimal distance between graphene sheet and inner
Te ions of VTe, fragment. Asterisk (*) indicates distance between graphene and the second VTe, fragment when they are different. Relative energy is the energy
difference between total energy of bi- or triple-layer heterostructures and the total energy of energetically favorable bi- or triple-layer heterostructure. All distances

o
are in A, all energies are in eV.

Heterostructure Magnetization alignment: Translation vector Interlayer Heterostructure Relative Interlayer binding AE (P-AP),
parallel (P), antiparallel (AP) a=b A distance, A thickness, A energy, eV energy per cell Epjng, eV eV

H/graphene - 7.35 3.55 7.00 0.386 —0.660 -

T/graphene - 7.36 3.42 6.71 0.000 —0.991 -

H_gr H [AA] P 7.33 3.51 13.93 0.743 —1.471 0.001
AP 7.33 3.51 13.93 0.742 —1.472

H_gr H [AB] P 7.33 3.51/3.54* 13.95 0.733 —1.482 0.000
AP 7.33 3.51/3.54* 13.95 0.733 —1.482

T gr T_[AA1 p 7.36 3.49 13.73 0.000 —2.104 0.000
AP 7.36 3.49 13.73 0.000 —2.104

T gr T [AA] P 7.35 3.39/3.42* 13.67 0.002 —2.103 —0.001
AP 7.35 3.39/3.42* 13.67 0.003 —2.101

T gr H [AA] P 7.34 3.46/3.52* 14.00 0.377 -1.782 0.002
AP 7.34 3.46/3.52* 14.00 0.379 —1.780

T_gr H [AB'] P 7.34 3.46/3.51* 14.00 0.372 —1.787 —0.001
AP 7.34 3.46/3.51* 14.00 0.373 -1.786

Table 3

V-Te bond lengths and Te-V-Te angles of bilayer heterostructures at PBE level of
theory. The atomic numbering scheme is shown in Fig. 1(e). Asterisk (*) in-
dicates values for Vlocated ata = 0 and b = 0. All distances are in A, all angles
are in degrees.

Structure Structural parameters
Bond Bond length, A Angle Angle value
H/graphene 2-1 2.73 2-1-5 78°
1-6 3-1-6
31 4-1-7
1-7 2-1-3 84°
41 2-1-4
1-5 3-1-4
5-1-6
5-1-7
6-1-7
T/graphene 2-1 2.76 / 2.76* 2-1-6 171° / 177°*
1-6 2.69 / 2.68* 3-1-7 169° / 177°*
31 2.76 / 2.76* 4-1-5 171° / 177°*
1-7 2.69 / 2.68* 2-1-3 83° / 88°*
4-1 2.67 / 2.76* 2-1-4 86° / 88"
1-5 2.77 / 2.68* 2-1-5 86° / 95
2-1-7 94° / 95°*
6-1-3 94° / 94°*
6-1-4 102° / 94°*
6-1-5 85° / 83
6-1-7 87° / 83"

The total magnetic moment of the T/graphene heterostructure in-
creases by 1.5 times in comparison to the freestanding T-VTe, mono-
layer and is equal to 4.799 pg.

The translation vector of relaxed H/graphene is equal to 7.35 A
(Table 2). The H-VTe, fragment is expanded by 2.65% (from 7.16 to
7.35 A) and graphene fragment is compressed by 0.54% (from 7.39 to
7.35 A) as compared to the free-standing monolayers. The V-Te bonds in
H-VTe, fragment are slightly longer then in free-standing monolayer
(Tables 3) with the total magnetic moment of H-VTe, increased
by ~ 6% up to 4.130 pp. The magnetic moments on V, inner and outer
Te atoms are 1.156, —0.092 and —0.094 pp, respectively.

The interlayer distances between graphene sheet and VTe, fragment
of both bilayer heterostructures are 3.42 A (Table 2) that indicates van
der Waals interactions between the fragments. The graphene fragments
in both heterostructures are slightly uneven with maximum distances

between carbon positions along ¢ axis 0.04 A (C—C bond length 1.41 A)
and 0.06 A (C—C bond length 1.42 A) for H/graphene and T/graphene,
respectively.

To compare the energetic stability of the bilayers, the interlayer
binding energies (Ep;,q) were calculated, with correspondent values of
—0.660 and —0.991 eV for H/graphene and T/graphene, respectively
(Table 2). Negative binding energies for both heterostructures reveal
that their fabrication is energetically feasible. The T/graphene hetero-
structure is energetically favorable with relative energy of H/graphene
in respect to T/graphene equal to 0.386 eV.

The H-VTe, fragment of H/graphene as well as free-standing H-VTe,
monolayer has easy xy plane of magnetization. In contrast to free-
standing T-VTe, monolayer, due to the structure distortions, the T-VTe,
fragment of T/graphene has magnetic easy axis along x direction with
corresponding values of in-plane and out-of-plane MAE equal to
—0.013 and 0.520 meV, respectively.

The structural changes are accompanied by changes in the elec-
tronic structure. At the PBE level of theory the calculated density of
states (DOS) of T/graphene (Fig. 6) reveal significant changes of elec-
tronic structure of T-VTe, fragment under the influence of graphene xt
system. Fig. 6(a) clearly demonstrate significant redistribution of T-
VTe, electronic densities in the vicinity of the Fermi level. It leads to the
absence of spin-up states in the energy range from —0.095 to 0.226 eV
(the Fermi level corresponds to zero energy) and increasing these states
localized in —0.324 —0.095 eV range. Spin-down density of states is
increased at the Fermi level. Hence VTe, fragment demonstrates 100%
spin-polarized half-metallicity. In the case of H-VTe, fragment the
electron density are shifted to lower energies (Fig. 6(b)), namely vacant
spin-up and spin-down states are shifted to Fermi level by 0.135 and
0.180 eV, respectively, and occupied spin-up and spin-down states are
shifted by 0.290 and 0.320 eV, respectively, to lower energies. Com-
pared with the DOS of pristine graphene, the partial DOSs of graphene
fragments are perturbed (Fig. 6(c, d)) almost similar to the previously
described physiosorped graphene-based heterostructures [61] with
small amounts of spin-down and spin-up states at the Fermi level
(Fig. 6(c, A)).

For the sake of comparison the electronic structure of freestanding
T-VTe, and H-VTe, monolayers at tensile strain of 2.79% (corresponds
to T/graphene heterostructure) and 2.65% (corresponds to H/graphene
heterostructure) was considered as well. Strained T-VTe, monolayer
demonstrates metallic behavior (Fig. 7(a)), whereas T-VTe, fragment
possesses half-metallic properties (Fig. 8(a)). In this case the strain
leads to a certain increase in the density of states at the Fermi level,
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Fig. 6. Spin-polarized densities of states (DOSs)
of supercells of free-standing monolayers and
fragments of bilayer heterostructures at the PBE
level of theory. In detail, partial DOSes of T-VTe,
fragment from T/graphene (a, solid black line 1),
total DOSes of free-standing T-VTe, monolayer
(a, solid blue line 2), partial DOSes of H-VTe,
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8), partial DOSes of graphene fragment from H/
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pretation of the references to colour in this figure
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enhancing the metallic character of the T-VTe, monolayer (Fig. 7(a)). In
the case of strained H-VTe, monolayer (Fig. 7(b)), the shift of the vacant
states to higher energies is observed, while in the case of H-VTe,
fragment (Fig. 8(b)) the shift of valence and vacant states to lower
energies takes place. Thus, the results demonstrate that in comparison
with tensile strain, graphene layer plays a leading role in the formation
of the electronic properties of VTe, fragments. It is the interaction with
graphene that leads to such a specific structure of T-VTe,, which allows
the half-metallic state to be realized. The DOSs of graphene compressed
up to 0.41 and 0.54%, which corresponds to graphene compression in
bilayer heterostructures, just coincide to the DOS of pristine graphene.
Hence, the electronic structure changes of graphene fragment are
caused by interactions with VTe, fragments.

The band structure of T/graphene calculated at PBE level of theory
is shown in Fig. 9(a). The top spin-down valence band and bottom spin-
down conductivity band of T-VTe; electronic subsystem of T/graphene
cross the Fermi level in I-M and M —K intervals, respectively, whereas
spin-up states exhibit indirect band gap of ~0.3 eV with the valence-
band maximum at M point and conduction-band minimum at K point,
confirming half-metallicity of T-VTe, fragment in the T/graphene.

The H-VTe, electronic subsystem of H/graphene demonstrates
semiconducting properties (Fig. 9(b)). The band gap of H-VTe, elec-
tronic subsystem is increased up to 0.33 eV as compared to free-
standing H-VTe, monolayer (0.18 eV). The band structure of H/gra-
phene calculated using PBE with SOC demonstrates the energy splitting
between V bands in the I-M direction. Splitting attains its maximum at

-0.6 -04 -0.2

0.2

0.0
Energy, eV

M point and vanishes at I' point. Maximum splitting near the Fermi level
in valence and conduction bands are equal to 0.052 and 0.089 eV, re-
spectively.

To identify the reasons of energy splitting between V bands in H/
graphene and the reasons of absence such splitting in T/graphene the
influence of band folding effect, SOC and magnetic symmetry of
structures on the band structures of 2D VTe, was studied. The results
reveal no energy splitting in the electronic structures of T- and H-VTe,
unit cells (Fig. 4) as well as in the electronic structure of 2 X 2 super
cell of T-VTe, (Fig. 10). In the case of 2 X 2 super cell of H-VTe, the
splitting is observed only in band structure calculated with taking into
account SOC (Fig. 10). Observed energy splitting is similar to the
splitting in H/graphene. The intervals in the first Brillouin zone of
primitive cell, which are mapped by translation symmetry into the I'-M
interval of the first Brillouin zone of super cell, are highlighted in red
(Fig. 10(c)). Actually the time reversal symmetry is absent in VTe, layer
due to presence of magnetization in these structures, lying in plane
along the X axis. Highlighted intervals are equivalent in energy and the
bands are degenerate when SOC is not considered in the calculations,
because of the mirror plane symmetry (perpendicular to y direction)
contained in both T-VTe, and H-VTe, structures. When the SOC is in-
cluded, the Hamiltonian is no longer invariant under that mirror plane
transformations. However, the magnetic space group of T-VTe, (OG
12.1.66) contains C,,’ element of rotation with time reversal, which
connects k-points (x y z) and (x -y z) and preserves the spin component
along the magnetization axis. Therefore, no splitting has been found in
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2 X 2 x 1 supercell of H-VTe, monolayer at
tensile strain of 2.79% (black lines in (b)). The
energy zero corresponds to the Fermi level.
Spin-up and spin-down channels are demon-
4 strated at positive and negative panels, respec-
L tively. (For interpretation of the references to

-0.2 0.0 0.2
Energy, eV

-0.6 -04 -02 00 02 04

colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Energy, eV



L.V. Begunovich, et al.

Applied Surface Science 510 (2020) 145315

Fig. 8. PBE partial density of states of T- and H-
VTe, fragments (black lines in (a) and (b), re-
spectively) and density of states of 2 x 2 x 1

supercell of freestanding ferromagnetic VTe,
monolayer at tensile strain of 2.65% for T con-
figuration (blue lines in (a)) and 2.79% for H
configuration (blue lines in (b)). The energy zero
corresponds to the Fermi level. Spin-up and spin-
down channels are demonstrated at positive and
negative panels, respectively. (For interpretation
of the references to colour in this figure legend,
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band structure of 2 X 2 super cell of T-VTe, calculated with SOC. On
the other hand, the magnetic space groups of H-VTe, (OG 38.3.267) do
not contain analogous symmetry operations and the energy splitting of
the bands is observed. Thus observed energy splitting between bands in
H/graphene is caused by band folding effect and the reduction of
symmetry. In general, SOC decreases band gap of H-VTe, monolayer
more than twice (from 0.180 to 0.072 eV).

In both bilayer heterostructures the Dirac cone of graphene elec-
tronic subsystem presents at I' point (Fig. 9) due to the band folding
effect. In detail, the unit cells of heterostructures have nine primitive
graphene cells, thus the new Brillouin zone is one-ninth of the original
one. The k points of the initial Brillouin zone are re-mapped into the
new zone by projection and K and K’ symmetry points are projected on
I point with mapping the cones to it (Fig. 11). The spin degeneracy at
the Dirac point is lifted in all band structures calculated with and
without SOC (inserted fragments in Fig. 9). The spin splitting values are
in the range from 0.006 to 0.015 eV for T/graphene and from 0.016 to
0.030 eV for H/graphene. Following Ref [62], the lift of inversion
symmetry can exhibit Bychkov-Rashba spin-orbit coupling (BR SOC)
[63], which causes spin splitting of the bands [64,65]. Thus at the first
stage the possibility of Bychkov-Rashba splitting of the Dirac cones was
considered. The Bychkov-Rashba model Hamiltonian has the form

N
Hy=a(d X k)V

- . . - . . .
where o are Pauli matrices, v is a unit vector perpendicular to the

=
heterostructure surface, « is the Bychkov-Rashba parameter, and k is a
wave vector

- —

p = hk

where P’ is a quasimomentum and # is the reduced Planck constant. In

0.8 0.6 04 02 00 02 04 06
Energy, eV

the reader is referred to the web version of this
article.)

BR systems the spin direction is perpendicular to the direction of the
wave vector, and the resulting vector of the cross product is codirec-
tional to ¥'. Hence the spin direction at — ¥ is opposite to the spin
direction at k. Let’s consider the direction of the spins at the Dirac
cones in the intervals -M(-1/2,0,0) — I'(0,0,0) — M(1/2,0,0) at the PBE
level of theory taking into account SOC. For BR mechanism, the elec-
tron spins of the Dirac cones at -M point must be opposite to the spins at
M point and directed opposite y axis (so, spins at M point are alongside
¥). The results of calculations show that the spins of half of bands are
parallel to z axis and spins of other half of bands are antiparallel to z
axis at -M and M points, respectively. It directly indicates that the spin
splitting of the Dirac cone is not caused by the Bychkov-Rashba effect.
This result is in a good agreement with [66], where the authors could
not find the BR SOC in heterostructures based on graphene and ferro-
magnetic substrates such as graphene/Ni (1 1 1) and graphene/Co
(0001).

The spin splitting of the Dirac cone in the band structures without
SOC (Fig. 9) indicates that SOC does not play a key role in splitting. To
identify the reasons of the splitting under study, the influence of the
deformation of graphene, of the substrate magnetic field and of the
overlapping between the wave functions of C-p, states and of tellurium
spin-polarized states on the Dirac cone were studied. For this purpose,
band structures were calculated without SOC for graphene fragments
from heterostructures, for heterostructures with a non-magnetic VTe,
layer and for heterostructures with a ferromagnetic VTe, layer located
further from the graphene fragment by 1 A as compared to the equili-
brium configurations. The results of calculations show that the de-
formation of graphene in considered heterostructures is too small to
change the electronic structure of graphene and the spin degeneracy at
the Dirac point is kept intact. In non-magnetic heterostructures, the
Dirac cone is also doubly degenerated and is located ~0.1 eV above the
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Fig. 9. Spin-resolved PBE band struc-
tures of T/graphene (left) and H/gra-
phene (right) heterostructures calcu-
lated with (black lines) and without
(green and blue lines) spin orbit cou-
pling. The green and blue lines corre-
spond to spin-up and spin-down chan-
nels, respectively. The energy zero
corresponds to the Fermi level. Inserted
fragments demonstrate splitting of gra-
phene Dirac cones in the vicinity of I’
point. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of
this article.)
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Fig. 10. Spin-resolved PBE band structure of
freestanding 2D H-VTe, (a) and T-VTe, (b)
2 X 2 super cells calculated with (black
lines) and without (green and blue lines)
spin orbit coupling. The green and blue lines
correspond to spin-up and spin-down chan-
nels, respectively. The energy zero corre-
sponds to the Fermi level. (¢) Schematic re-
presentation of band folding in the first
Brillouin zone of 2D 2 X 2 VTe, supercell
for I"M direction. Dashed blue and solid
black lines indicate the first Brillouin zones
of 2 X 2 supercell and primitive cell of
VTe,, respectively. Black (red) K, K’, I' and
M are high-symmetry points in primitive cell
(supercell) Brillouin zone. a and b is primi-
tive vectors of 2 x 2 VTe, monolayer in
reciprocal space. Red lines indicate direc-
tions of primitive cell Brillouin zone that
fold to the I'-M direction of supercell
Brillouin zone. Red arrows (a) show bands,

which became energetically nonequivalent when SOC is included. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 11. Schematic representation of K and K’ Dirac points folding to the I" point
in the first Brillouin zone of 3 x 3 graphene supercell. Blue and black lines
indicate Brillouin zones of 3 X 3 supercell and primitive cell of graphene, re-
spectively. Black K, K’, I' and M are high-symmetry points in primitive cell
Brillouin zone. Red I letters indicate the translation of the I'point of supercell
inside of first Brillouin zone of primitive cell. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Fermi level. Thus, it can be concluded that the magnetic substrate plays
a leading role in spin splitting of the Dirac cone. In the case of a
magnetic substrate that is 1 A distant from the equilibrium position,
another splitting is observed (Fig. 12). That means that spin splitting of
the Dirac cone in bilayer heterostructures is caused not only by the
magnetic field of the substrate, but also by the overlapping between the
wave functions of C-p, states W;(i) and of spin-polarized states of tell-
urium atoms W;(j), which leads to exchange interactions to satisfy the
Pauli exclusion principle. i and j electrons with the same spin direction
cannot be located in the overlap region, while i and j electrons with the
opposite spin directions can be located at both W; and W; states (ex-
change interactions). As a result the cones with different spin directions
become different in energy. SOC itself does not change the nature of the
splitting, just introducing some small energy corrections to the bands.
So, one can conclude that the spin splitting of the Dirac cones observed
in T/graphene and H/graphene heterostructures is the exchange-
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Fig. 12. The spin splitting of the Dirac cone at the PBE level of theory for H/
graphene (a) and T/graphene (b) heterostructures with a ferromagnetic VTe,
layer located further from the graphene fragment by 1 A as compared to the
equilibrium configuration. The green and blue lines correspond to spin-up and
spin-down channels, respectively. The energy zero corresponds to the Fermi
level. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

mediated spin splitting. The results are in a good agreement with [65],
where the authors revealed the exchange splitting of the Dirac cone of
graphene with Ni adatoms on its surface.

In both heterostructures the charge transfer from graphene to va-
nadium ditelluride fragment (Fig. 13(a) and (b)) shifts the Fermi level
below the Dirac point up to ~0.2 eV (Fig. 9) causing hole doping of
graphene fragment. The charge transfer is defined as the difference in
charge densities between bilayer heterostructure and superposition of
electronic densities of free-standing fragments, located at the same
positions as in the heterostructure. Blue and yellow colors in Fig. 13(a)
and (b) represent electron-excess and electron-deficient areas, respec-
tively. One can see that the negative charge is localized at inner tell-
urium atoms (blue areas in Fig. 13(a) and (b)), whereas the positive
charge density is located at graphene sheet (yellow areas).

The calculated electron localization functions (ELF) [67] (Fig. 13(c)
and (d)) reveal electron density localized mostly at Te atoms and a top
the center of C—C bonds without electron gas localized in the interlayer
region (ELF value is about 0), so the charge redistribution cannot be
assigned for creation of covalent bonds between carbon atoms and Te
atoms.
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Fig. 13. Charge density differences and the electron localization functions of T/
graphene (a, ¢) and H/graphene (b, d) at the PBE level of theory. (a, b) Charge
density difference of T/graphene and H/graphene, respectively. The charge
density difference is calculated as the difference between the total charge
density of heterostructure and superposition of total charge densities of its
fragments located exactly at the positions of corresponding fragments. Blue and
yellow areas indicate electron-excess and electron-deficient regions, respec-
tively. Red, olive and brown colors correspond to vanadium, tellurium and
carbon atoms, respectively. Isosurface levels are (a): 1.3+1073 eA~? and (b):
1.8+1073 eA~3 (c, d). Side view of the electron localization function re-
normalized to values between 0.0 and 1.0. The value of 1.0 characterizes the
totally localized electrons and the value of 0.0 corresponds to the electrons with
almost no localization. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

3.3. Structure and electronic properties of H-VTe,/graphene/H-VTes,
T-VTe,/graphene/T-VTe, and T-VTe,/graphene/H-VTe, sandwiched
heterostructures

Sandwiched T-VTe,/graphene/T-VTe,, H-VTe,/graphene/H-VTe,
and T-VTe,/graphene/H-VTe, heterostructures were designed by de-
position of either T-VTe, or H-VTe, fragment on top of bilayer T-VTe,/
graphene or H-VTe,/graphene heterostructures. Six representative
configurations were taken into consideration, namely H_gr H [AA],
H_gr H [AB], T gr.T [AA"], T gr T_[AA], T_gr H [AA] and T gr H_[AB']
(Fig. 14). In all triple heterostructures graphene fragment is fixed, and
only newly added VTe, fragment is moved to create new configura-
tions. “H” and “T” indicate vanadium ditelluride phases used to con-
struct sandwiches, “gr” is a graphene sheet. Locations of upper VTe,
fragment relative to bottom VTe, fragment are given in square brackets.
The label [AA] represents sandwiched configurations where V atoms of
upper VTe, fragment are on tops of V atoms of bottom VTe, fragment
and inner Te atoms are on the top of outer Te atoms. Next configuration
with Te atoms of upper VTe, fragment over V atoms of bottom VTe,
fragment is labeled as [AB]. [AAl denotes location V, inner Te and
outer Te atoms of upper VTe, fragment on tops of V, inner Te and outer
Te atoms of bottom VTe, fragment, respectively. In [AB'] configuration
inner Te and outer Te atoms of upper VTe, fragment are over V and
inner Te atoms of bottom VTe, fragment, respectively. The H gr H [AA]
heterostructure (Fig. 14(a)) was constructed by deposition of H-VTe,
monolayer on top of H/graphene, so that the stacked configuration
demonstrates mirror symmetry relative to graphene layer. Two non-
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equivalent C atoms of graphene fragment is located directly above V
(@ =0,b = 0)and Te (a = 0.(6), b = 0.(3)) atoms of H-VTe, fragment.
The H_gr_H_[AB] heterostructure (Fig. 14(b)) was designed by a shift of
upper H-VTe, layer along diagonal of a-b plane to a = 0.(3), b = 0.(6).
In this heterostructure Te atoms of upper H-VTe, fragment are located
directly above V atoms of bottom H-VTe, fragment. Two non-equiva-
lent C atoms of graphene fragment are set to sit directly above top of
outer and inner Te (a = 0, b = 0) and V (a = 0.(3), b = 0.(6)) atoms.
The T gr T_[AA] heterostructure (Fig. 14(c)) was designed by deposi-
tion of T-VTe, monolayer on top of T/graphene with mirror symmetry
relative to graphene fragment. Three non-equivalent C atoms of gra-
phene fragment are on the tops of V(a = 0, b = 0), outer Te (a = 0.(3),
b = 0.(6)) and inner Te (a = 0.(6), b = 0.(3)) atoms of T-VTe, frag-
ment, respectively. Flipping one T-VTe, fragment of previous sand-
wiched heterostructure vertically by 180° leads to T gr_T_[AA] hetero-
structure with inversion symmetry, shown in (Fig. 14(d)). The flipping
of T-VTe, fragment forms new stacking pattern with graphene: three
non-equivalent C atoms of graphene are on tops of V(a = 0.(3),b = 0.
(6)), inner Te (a = 0.(3), b = 0.(6)) and outer Te (a = 0.(6), b = (3))
atoms, respectively. The T gr H [AA] heterostructure (Fig. 14(e)) in-
cludes H and T vanadium ditelluride monolayers, with graphene sitting
on the top of VTe, fragments being the same as in both H- and T- bilayer
heterostructures. T_gr H_[AB'] sandwiched heterostructure (Fig. 14(f))
was obtained by moving the H-VTe, layer of previous sandwiched
heterostructure to a = 0.1(6), b = 0.(8), so that the inner Te atoms of
T-VTe, fragment are located directly above V atoms of H-VTe,
fragment. In new stacking pattern non-equivalent C atom (a = O,
b = 0) is located above hollow site of the Te-V-Te hexagonal ring.
Optimization of all initial triple structures with inversion symmetry
leads to breakdown of the inversion symmetry due to small structural
distortions.

Both parallel (P) and antiparallel (AP) spin ordering of adjacent
ferromagnetic vanadium ditelluride layers were considered for all lo-
calized heterostructures. P and AP imply the same direction of vana-
dium magnetic moments in each VTe, fragment and the same or op-
posite direction between VTe, fragments, respectively. The total
magnetic moment of sandwiched heterostructure with AP magnetiza-
tion is equal to zero.

The details of atomic structures of localized triple heterostructures
are presented in Fig. 14, Tables 2, and 4. In general, the thicknesses of
triple heterostructures are almost the same and varies in the range
between 13.67 A for T gr T_[AA] and 14.00 A for mixed sandwiches.
The interlayer distances between graphene and adjacent layers are very
close to the interlayer distances for VTe,/graphene bilayers. Interlayer
distances and translation vectors of H-VTe, based sandwiches are
slightly decreased as compared to the same parameters in bilayer H/
graphene heterostructure while these parameters in T-VTe, based
sandwiches are dependent on the stacking pattern. Because of graphene
fragment was already interface matched during optimization with one
VTe, fragment, atomic positions of the second VTe, fragment vary in
accordance with new C positions, as a result interlayer distances be-
tween graphene fragment and first and second VTe, fragments are
different in some heterostructures. Also magnetic moments on atoms in
the first and the second VTe, fragments are slightly different. Sand-
wiches with P and AP spin ordering have identical structural para-
meters (translation vectors, heterostructure thicknesses, interlayer dis-
tances, bond lengths and values of bond angles) and the same in
absolute values magnetic moments on atoms. For this reason, structural
parameters and magnetic moments are given only for structures with P
spin ordering of adjacent layers.

At the PBE level of theory, the values of C—C and V-Te bond lengths,
Te-V-Te bond angles for all H-VTe,/graphene/H-VTe, sandwiches are
close to corresponding values for H/graphene heterostructure.
Graphene fragment of the H_gr H [AA] is flat whereas graphene frag-
ment of the H gr H [AB] is slightly uneven (Ac = 0.07 Z\). In both
configurations magnetic moments on V, inner and outer Te atoms are
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Fig. 14. The atomic structure of six different configurations of localized H-VTe,/graphene/H-VTe,, T-VTe,/graphene/T-VTe, and T-VTe,/graphene/H-VTe, het-
erostructures calculated using PBE functional, namely H_gr H [AA] (a), H_gr H_[AB] (b), T_gr_T_[AA"] (c), T_gr_T_[AA] (d), T_gr H_[AA] (e) and T_gr_H_[AB"] (f). Here
“H” and “T” indicate vanadium ditelluride phases constructing sandwiches, “gr” is a graphene sheet. Orientation of upper VTe, fragment relative to bottom VTe,
fragment is given in square brackets. [AA]: V atoms over V atoms, inner Te atoms over outer Te atoms, outer Te atoms over inner Te atoms; [AB]: Te atoms over V
atoms; [AA']: V atoms over V atoms, inner Te atoms over inner Te atoms, outer Te atoms over outer Te atoms; [AB']: inner Te atoms over V atoms, outer Te atoms over
inner Te atoms. * and #: Top views of the heterostructures in the a-b plane showing the graphene sitting on the top and bottom VTe, fragments, respectively. The
same stacking patterns between graphene and both VTe, fragments are represented by only one top view and marked *,#. {: Side view of the heterostructures. Red,
olive and brown colors correspond to V, Te and C atoms, respectively. Te atoms localized far away from graphene sheet are highlighted in yellow. The grey dashed
lines are the eye guides for easy comparison of the VTe, fragments location relative to each other. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

1.133, —0.086 and —0.088 ng, respectively, which are slightly smaller
as compared to those in the bilayer heterostructure. The total magnetic
moment per unit cell of sandwiched heterostructure is amount to 7.876
pg for both configurations.

The distortion of T-VTe, fragments in T-VTe,/graphene/T-VTe, and
T/graphene heterostructures is slightly different. In detail, in T gr T_
[AA] inner Te atoms located directly above C atoms are displaced by
0.16 and 0.13 A towards these carbon atoms compared to others inner
Te atoms. As a result, neighboring V atoms are shifted towards these Te
atoms, while in bilayer heterostructure V atoms are shifted from that Te
atom to nearest C atoms of graphene fragment. V (a = 0, b = 0) atoms
are also displaced to the graphene plane and located 0.02 A closer to it
compared to other V atoms. Two outer Te atoms are situated 0.23 and
0.28 A closer to graphene. The values of the bond lengths are in the
same range as in the bilayer heterostructure (Table 4). The maximum
difference between carbon atomic positions along c¢ axis is 0.09 A and
the C—C bond length is 1.42 A. The structure distortion leads to
breakdown of the inversion symmetry. Magnetic moments on displaced
V(a = 0, b = 0) and other V atoms are 1.195 and 1.466 g for upper
fragment and 1.220 and 1.460 p; for bottom one. Magnetic moments on
displaced inner and outer Te atoms of both T-VTe, fragments are
—0.084 and —0.075 pp and on other inner and other outer Te atoms
are —0.090 and —0.098 pg. These values are slightly different as
compared to those in T/graphene heterostructure. The total magnetic
moment of T gr_T [AA] unit cell is equal to 9.910 pgp.

In T gr T [AA"l configuration (Fig. 14(c)) V atoms located at
a = 0.5,b = 0.0 are displaced at 0.04 A further from graphene plane
with magnetic moments equal to 1.220 and 1.240 pp, respectively.
Observed magnetic moments on other V atoms are slightly different and
are equal to 1.490, 1.443, 1.478 pp in upper T-VTe, fragment and
1.497, 1.426, 1.487 g in bottom T-VTe, one. Inner Te atoms (a = 0.17,
b = 0.34) are displaced towards the shifted V atoms and situated at
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0.22 or 0.24 A farther from graphene plane compared with others inner
Te atoms. The difference in the position of other inner Te atoms is small
(Ac = 0.06 10\). The outer Te atoms (a = 0.84, b = 0.67) are shifted
from the V atoms, resulting in increasing V-Te bond lengths. Values of
V-Te bond lengths are in the range from 2.67 to 2.78 A. (Table 4). The
values of magnetic moments on Te atoms are in the range from —0.097
to —0.076 pp. The total magnetic moment of T gr T [AA'] unit cell is
equal to 9.988 pp. In this configuration graphene fragment is flat with
C-C bond length is equal to 1.42 A.

T gr H [AA] and T_gr H_[AB'] sandwiches are presented in Fig. 14
(e) and (f), respectively. Structural parameters of H-VTe, fragment of
both configurations are the same as in the bilayer H/graphene and
threelayer H-VTe,/graphene/H-VTe, heterostructures. Magnetic mo-
ments on V, inner and outer Te ions of H-VTe, are 1.133, —0.087 and
—0.089 pgp, respectively, which is very close to those in H/graphene
and H-VTe,/graphene/H-VTe,. In both configurations the structural
distortion of T-VTe, fragments is practically the same as in T.gr. T_
[AA". The Vion with a = 0.5, b = 0.0 and magnetic moment 1.170 pp
is located 0.05 A further from graphene plane. The magnetic moments
on other V ions are equal to 1.454 pp. The inner (a = 0.17, b = 0.34)
and outer (a = 0.84, b = 0.67) Te ions are located at 0.18 and 0.21 A
further from graphene plane in both configurations with magnetic
moments —0.073 and —0.087 pp, respectively. The magnetic moments
on other inner and outer Te ions are equal to —0.093 and —0.090 pp.
Values of V-Te bond lengths are in the range from 2.67 to 2.77 A
(Table 4). The maximum difference between carbon atomic positions
along ¢ axis is 0.02 A with C—C bond length equal to 1.41 A. Total
magnetic moments per unit cell of both T gr H [AA] and T gr_H_[AB']
heterostructures are equal to 8.840 pp.

Sandwich structures, formed by two T-VTe, monolayers and gra-
phene are energetically favorable with the T gr T [AA'] configuration
being lowest in energy. The energy difference between T-VTe,/
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Table 4
V-Te bond lengths and Te-V-Te angles of T-VTe, fragments of sandwiched heterostructures at the PBE level of theory. The atomic numbering scheme is shown in Fig. 1
(e). Asterisk (*) indicates values for V located at a = 0 and b = 0. All distances are in ;\, all angles are in °.

Structure VTe, Structural parameters
fragment Bond Bond length, A Angle Angle value
T gr T_[AA] Upper and 2-1 2.77 / 2.76* 2-1-6  171° / 177°*
bottom 1-6 2.67 / 2.68* 3-1-7 170° / 177°*
3-1 2.77 / 2.76* 4-1-5 171° /177°*
1-7 2.67 / 2.68* 2-1-3 83/ 88°*
41 2.68 / 2.76* 2-1-4 85° /88"
1-5 2.76 / 2.68* 2-1-5 87° /95
2-1-7 95° / 95°*
6-1-3 95° / 95°*
6-1-4 102° / 95°*
6-1-5 85° /83
6-1-7 88°/83°*
T gr T [AA1 Upper V(= -0.02 V(= -0.01, V(=051 V(a=0.53 V(= -0.02 V(= -0.01, V(=051 V(a=0.53
b = —0.03) b = —0.52) b = 0.00) b = 0.52) b = —0.03) b = —0.52) b = 0.00) b = 0.52)
2-1 2.68 2.67 2.76 2.78 2-1-6 171° 172° 177° 170°
1-6 2.76 2.77 2.67 2.68 3-1-7  169° 172° 177° 171°
3-1 2.69 2.77 2.72 2.69 4-1-5 171° 170° 174° 171°
1-7 2.75 2.68 2.71 2.75 2-1-3  85° 88° 82° 85°
41 2.78 2.67 2.77 2.67 2-1-4 88 85° 83° 85°
1-5 2.68 2.77 2.67 2.76 2-1-5 96° 102° 92° 87°
2-1-7  103° 94° 95° 86°
6-1-3 86° 95° 94° 103°
6-1-4 93° 87° 97° 101°
6-1-5 82° 85° 88° 86°
6-1-7 85° 82° 89° 86°
bottom 2-1 2.69 2.77 2.71 2.69 2-1-6 171° 170° 173° 171°
1-6 2.74 2.68 2.72 2.74 3-1-7  170° 172° 176° 171°
3-1 2.78 2.67 2.77 2.67 4-1-5 171° 172° 176° 170°
1-7 2.68 2.77 2.67 2.76 2-1-3  85° 85° 84° 87°
41 2.67 2.68 2.77 2.78 2-1-4 88 86° 83° 84°
1-5 2.77 2.77 2.67 2.67 2-1-5 92° 87° 98° 101°
2-1-7 101° 87° 98° 92°
6-1-3 88° 102° 91° 97°
6-1-4 97° 102° 91° 88°
6-1-5 83° 85° 87° 86°
6-1-7 86° 85° 87° 83°
T gr H [AA] upper 2-1 2.68 2.67 2.75 2.77 2-1-6  171° 171° 177° 170°
and 1-6 2.76 2.76 2.68 2.67 3-1-7  169° 171° 177° 171°
TgrH_ 3-1 2.77 2.67 2.75 2.67 4-1-5 171° 170° 176° 171°
[AB1 1-7 2.68 2.76 2.68 2.75 2-1-3  85° 88° 83° 85°
41 2.68 2.77 2.74 2.68 2-1-4 88° 85° 83° 85°
1-5 2.76 2.67 2.69 2.75 2-1-5 95° 102° 94° 87°
2-1-7  103° 94° 95° 87°
6-1-3 87° 95° 94° 103°
6-1-4 94° 87° 95° 102°
6-1-5 82° 85° 88° 85°
6-1-7 85° 82° 88° 85°
30

Translation vector ¢, A

. . . ‘ . . 5
00 01 02 03 04 05 06 -02 -0 00 01 0.2

Spin density, e/A’ Spin density difference , e/A’

Fig. 15. The atomic structure (left), spin density (middle) and spin density difference (p, (r) — p,(r)) (right) profiles along the translation vector c for energetically
favorable sandwich T gr T [AA'] configuration with antiparallel spin ordering of adjacent ferromagnetic T-VTe, fragments at the PBE level of theory. The translation
vector ¢ is directed along the thickness of the heterostructure. JX (r) and pl(r) are spin densities for electrons with spin-up ( 1 ) and spin-down ( | ). Turquoise and
pink lines denote up and down spins, respectively. In spin density difference profile (right side of the figure) spin-up and spin-down channels are demonstrated at
positive and negative panels, respectively. The horizontal dashed lines are the eye guides for easy comparison the spin density and structure.

11



L.V. Begunovich, et al.

graphene/T-VTe,, T-VTe,/graphene/H-VTe, and H-VTe,/graphene/H-
VTe, is in the range of ~—0.4/—0.7 eV (Table 2). The binding energies
of all heterostructures are negative. The difference between binding
energies of T.gr T [AA'] and T gr. T [AA] does not exceed 0.003 eV,
between binding energies of T gr H [AA] and T gr H_[AB'] does not
exceed 0.007 eV and between binding energies of H_gr H [AA] and
H_gr H_ [AA] does not exceed 0.011 eV. All of these values are lower or
equal to internal accuracy of DFT approach (1 kJ/mol) and it means
that sandwiched heterostructures based on graphene and VTe, are in-
sensitive to the stacking ways. The small energy difference between
parallel and antiparallel spin orderings points out the possibility of easy
magnetic reversal of the spin ordering of upper layer, with the spin
ordering of bottom layer remaining unchanged. The MAEs calculations
of T-VTe, fragments for T_gr_ T_[AA] and T gr_T [AA] heterostructures
indicate that the magnetic easy axis for both heterostructures is or-
iented along x direction like in bilayer T/graphene heterostructure with
corresponding values of in-plane and out-of-plane MAEs —0.070 and
0.968 meV for T gr T [AA'] and —0.015 and 1.044 meV for T.gr T_
[AA]. These MAE:s are slightly larger in absolute values as compared to
MAE of bilayer T/graphene heterostructure (—0.013 and 0.520 meV,
see above).

The electronic structures of energetically favorable sandwiched
T gr T_[AA" heterostructure with AP spin ordering was studied to
verify magnetization of adjacent T-VTe, fragments. The spin density
and spin density difference profiles along ¢ axis are presented at Fig. 15.
One can see a large predominance of spin-up electron density in one
T-VTe, fragment and spin-down electron density in another one,
localized on vanadium atoms at 22.50 and 12.00 A of the translation
vector c. The spin densities of opposite signs are localized at Te at
24.50, 20.50, 10.00 and 14.00 A of the translation vector c. Spin-up and
spin-down densities localized at carbon atoms of graphene are perfectly
compensate each other, making graphene spin-neutral fragment.

The partial spin density of states presented at Fig. 16 shows the
distribution of spin-up and spin-down densities in upper and bottom
T-VTe, fragments. One can see a large predominance of spin-up or spin-
down states at Fermi level and a small amount of states with opposite
spins in both fragments. The insert at Fig. 16 shows 1.029 and 6.917
(arb. units) spin-up and 7.516 and 1.267 spin-down partial density of
states at the Fermi level in upper and bottom T-VTe, fragments, re-
spectively (Table 5). Calculated Fermi level spin polarizations are
amount to 76 and 69% for the upper and the bottom T-VTe, fragments,

15 :
|
10} }
X ‘
=
S 5r
O
=
< 0 H
8“ |
|
A Stz 10 16.917 '
A~ = 5% 1.029
100 £ o=t |
v & 1367 |
A5 F 8 g——— |
& -001__ 0.00 _ 001 |
220 : Energy, eV } ) :
-0.4 -0.2 0.0 0.2 0.4
Energy, eV

Fig. 16. Partial density of states (PDOSs) for energetically favorable sand-
wiched T gr T [AA'] heterostructure with antiparallel spin ordering of adjacent
ferromagnetic layers at the PBE level of theory. Blue and black lines denote
partial density of states of T-VTe, fragments, located above and below the
graphene sheet, respectively. The Fermi level corresponds to zero eV. Spin-up
and spin-down channels are demonstrated at upper and bottom panels, re-
spectively. The insert demonstrates PDOSs in the vicinity of the Fermi level. The
PDOS values (arbitrary units) at the Fermi level are appropriately marked.
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Table 5

Spin-up (pT (¢r)) and spin-down (o, (er)) partial DOS at the Fermi level and Fermi
level spin polarizations (P) for T-VTe, fragments of T_gr_T [AA'] heterostructure
with antiparallel spin ordering of adjacent ferromagnetic layers at PBE level of
theory.

Fragment pT(Ep)al‘b. units p,(er)arb. units P
Upper T-VTe, 1.029 7.516 0.759 (76%)
Bottom T-VTe, 6.917 1.267 0.690 (69%)

respectively. Different polarization ratios for first and second T-VTe,
fragments are caused by nonequivalent binding of VTe, monolayers
with graphene. The calculated TMR ratio estimated within the Julliere
model for T gr T_[AA] heterostructure is equal to 220%, making pro-
posed sandwiched heterostructure a potential candidate to be used as
magnetic tunnel junctions for novel spintronic devices operated by
tunnelling magnetoresistance or spin transfer torque effects.

4. Conclusions

In summary, new nanoscale bilayer and threelayer vertical hetero-
structures based on graphene and ferromagnetic vanadium ditelluride
monolayers were proposed and atomic and electronic structure and
magnetic properties were studied using the state-of-the-art ab initio
DFT approach. The results show that graphene has a significant influ-
ence on VTe, monolayers, resulting in the electron density redistribu-
tion in the vicinity of the Fermi level accompanied by significant
changes of structural parameters and magnetic moments. In contrast to
freestanding monolayer T-VTe, electronic structure in bilayer T/gra-
phene is half-metallic with indirect spin-up band gap of ~0.3 eV, which
makes 2D T-VTe, a promising material for spintronics. The formation of
H-VTe,/graphene leads to an increase of band gap of H-VTe, electronic
subsystem and the electronic structure of H-VTe, monolayer keeps its
original semiconductor nature. In both heterostructures graphene
fragment is slightly hole doped due to the electron charge transfer to
VTe, fragment with lifting of the Dirac point up to ~0.2 eV above the
Fermi level. The spin splitting of graphene sybsystem in the vicinity of
Dirac point was interpreted in terms of exchange splitting. The inter-
layer distances, binding energies and electron localization functions
indicate the van der Waals interaction between the fragments. The bi-
layer and threelayer heterostructure thicknesses are about of 7 and
14 A, respectively. All heterostructures are energetically stable. It was
shown that electronic subsystems of graphene and VTe, monolayers are
insensitive to the stacking ways. The small energy difference between
parallel and antiparallel spin alignments between the VTe, fragments
indicates the possibility of easy mutual magnetic reversal of the layers.
Heterostructures, formed by T-VTe, monolayers and graphene are en-
ergetically preferred. The T-VTe, theoretical MAEs have the magnetic
easy axis along the x direction while freestanding T-VTe, monolayer
has easy xy plane of magnetization. It was found that MAEs is to be two
orders of magnitude larger than those of Fe and Ni bulks. The T gr . T_
[AA'"] sandwich heterostructure is lowest in energy. At the Fermi level
the spin-polarization values of VTe, fragments are equal to 76 and 69%,
respectively, and the TMR ratio estimated within the Julliere model is
equal to 220%. Unique electronic and magnetic properties of proposed
bi- and trilayered sandwiched vertical heterostrictures open a pro-
mising possibility to use the materials as magnetic tunnel junctions for
novel spintronic devices.
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