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Magnetic ground state in FeTe,, VS,, and NiTe, monolayers:
Antiparallel magnetic moments at chalcogen atoms
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Our analysis based on the results of hybrid and semilocal density-functional calculations with and without
Hubbard U correction for on-site Coulomb interactions reveals the true magnetic ground states of three
transition-metal dichalcogenide monolayers, viz., FeTe,, VS,, and NiTe,, which comprise inhomogeneous
magnetic moment configurations. In contrast to earlier studies considering only the magnetic moments of
transition-metal atoms, the chalcogen atoms by themselves have significant, antiparallel magnetic moments
owing to the spin polarization through p-d hybridization. The latter is found to be true for both H and T phases
of FeTe,, VS,, and NiTe, monolayers. Our predictions show that the FeTe, monolayer in its lowest-energy
structure is a half metal, which prevails under both compressive and tensile strains. Half metallicity occurs also
in the FeTe, bilayer but disappears in thicker multilayers. The VS, monolayer is a magnetic semiconductor; it has
two different band gaps of different character and widths for different spin polarization. The NiTe, monolayer,
which used to be known as a nonmagnetic metal, is indeed a magnetic metal with a small magnetic moment.
These monolayers with intriguing electronic and magnetic properties can attain new functionalities for spintronic

applications.
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I. INTRODUCTION

Mono- and multilayers of transition-metal dichalcogenides
(MX>) [1-5] showing high stability and critical physical and
chemical properties [6—11] are now widely accepted to be
a class of two-dimensional (2D) materials which are in var-
ious aspects superior to 2D group-IV elements and group-
III-V compounds and offer a variety of potential applica-
tions. While the majority of them are metallic, MX, with
M = Cr, Mo, and W are generally semiconductors showing
metal-insulator transition with electrostatic charging [12—14]
or direct-indirect band-gap transition with the number of
layers [6]. As the realization of 2D magnetic crystals was a
great challenge [15], spin-polarized calculations [5] revealed
that the magnetic ground state can be indigenous to some
MX, monolayers, since one of their constituents can be a
transition-metal atom (e.g., M = Sc, Ti, V, Cr, Mn, Fe, Ni). It
has been contemplated that the magnetic long-range order of
specific layered three-dimensional (3D) M X, crystals would
persist even after the exfoliation of MX, monolayers. With
an intrinsic magnetic moment, the MX, monolayer can be
a ferromagnetic metal, ferromagnetic semiconductor, even a
half metal [16]. The superexchange interaction [17,18] be-
tween nearest M atoms through the adjacent X atom has been

“cetin_kilic@gtu.edu.tr
fciraci@fen.bilkent.edu.tr

2469-9950/2020/101(5)/054429(11)

054429-1

considered as a mechanism leading to ferromagnetic ground
state. In some monolayers, spin-orbit interactions resulting in
spin-valley coupling can lead to critical spintronic properties
[19,20].

Much earlier, theoretical models, such as 2D Ising, XY,
and Heisenberg models, indicated that the magnetic order
in 2D monolayers is rather complex and depends on a spin
dimensionality of 1 to 3, even if the long-range order of
magnetic moments in 3D crystals can occur for 7 > 0 K, and
that of 1D systems at 7 = 0 K. In particular, the magnetic
order may deviate strongly by going from three to two dimen-
sions. However, recent observations of magnetic order in 2D
monolayers like CrGeTes [21] and Crl; [22] have reactivated
interest in magnetic M X, monolayers by bringing the second-
and third-nearest-neighbor exchange interactions [23] and
magnetic anisotropy [24] into focus. Furthermore, owing to
the weak van der Waals interlayer interaction, multilayers of
MX, and their heterostructures [25-30] have been considered
as novel materials [6,31,32] with intriguing electronic and
magnetic properties. It is anticipated that confinements of
electrons into 2D monolayers or very thin films can lead to
interesting dimensionality effects in magnetic states.

Owing to the most recent studies unveiling various mag-
netic features, the range of interest in these magnetic 2D
MX,-based materials has expanded tremendously [16]. On
the theoretical side, the ground-state magnetic order of some
transition-metal dichalcogenide (TMD) monolayers and mod-
ifying their magnetic properties by external agents have been
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studied intensely with the aid of density-functional theory
(DFT) calculations performed at various levels of approxi-
mations. Now the prime issue is whether these studies can
conclude with similar predictions on the magnetic properties
despite the different approximations used for the electron-
electron interaction. In fact, earlier DFT calculations using
semilocal functionals yielded unrealistic magnetic ground
states for magnetic TMD monolayers. This issue is crucial for
an understanding of magnetic 2D MX, crystals, but remains
unresolved so far.

This study investigates the magnetic properties of three
selected TMD monolayers, viz., FeTe,, VS,, and NiTe,,
one of which (VS;) has been widely studied. Because of
their potential applications, binary nickel tellurides including
their mono- and multilayers have been an active subject of
experimental and theoretical studies [33,34]. Recent studies
have conveyed that FeTe, holds great promise in spintronics
[29,35]. Our objective is to present an extensive analysis
in order to examine how the magnetic ground states and
resulting electronic properties of three selected TMD mono-
layers depend on the method of calculation and the level of
approximation. To this end, we performed not only semilo-
cal DFT calculations within the local density approximation
(LDA) and generalized gradient approximation (GGA) us-
ing the Perdew-Burke-Ernzerhof (PBE) functional [36] with
and without Hubbard U correction for on-site Coulomb in-
teractions [37], but also hybrid DFT calculations using the
Heyd-Scuseria-Ernzerhof (HSE) functional [38,39] with and
without spin-orbit coupling (SOC). We draw our conclusions
based on the qualitative agreement between the results of
DFT + U and HSE calculations, since the strong correlations
that are important for describing d electrons of transition met-
als are only partly taken into account in either of the DFT + U
and HSE calculations, which are ignored in semilocal DFT
calculations [40].

We find that while the VS, monolayer is a magnetic
semiconductor with a net magnetic moment p = lug per
formula unit, the FeTe, monolayer is a half metal with integer
magnetic moment of u = 2ug. While the DFT + U calcu-
lations predict no spin polarization for the NiTe, monolayer
in agreement with the semilocal DFT calculations [29], the
HSE results indicate that the NiTe, monolayer is a magnetic
metal with a relatively small magnetic moment u < 1ug.
This disagreement is addressed by comparison with very
recent experimental findings [41,42]. It is noteworthy that
owing to the spin polarization of chalcogen atoms through p-d
hybridization the studied TMD monolayers have magnetic
ground states with local magnetic moments at chalcogen
atoms antiparallel to those at transition-metal atoms. This
situation is reminiscent of ferrimagnetic order.

The spin polarization of oxygen atoms via p-d hybridiza-
tion was recently reported for 3D transition-metal oxides
[43,44] and iron oxide clusters [45], and causes substantial
changes in the exchange interactions. In addition, the chalco-
gen atoms in 17-CrX, (X = Se, Te) monolayers are also
found to be spin polarized [46]. In line with these findings, our
results show that the p-d hybridization renders the chalcogen
p band spin-polarized in FeTe,, VS,, and NiTe, monolayers.
Antiparallel local magnetic moments in different atoms of
diverse 3D Heusler compounds (e.g., MnCrSb, Mn3Ga, and

NiMnSb) with compensating magnetic moments fulfilling the
Slater-Pauling rule [47-49], zincblende Mn-doped transition-
metal dichalcogenides [50], and half-metallic Mn, VAI [51]
and LuCu3MnyOj, [52] showing ferrimagnetic order were
reported earlier. Furthermore, the 2D MXene MosN,F, was
recently predicted to be a ferrimagnetic half metal [53].
This study, however, expounds on the magnetic ground states
with antiparallel alignment of local magnetic moments at
transition-metal and chalcogen atoms in three representative
2D single-layer transition-metal dichalcogenides with half-
metallic, semiconducting, and metallic behaviors.

It is sensible to distinguish if a material has a parallel,
antiparallel, or inhomogeneous spin arrangement, especially
from an application point of view. For example, an advan-
tage of using an antiferromagnet or ferrimagnet in lieu of a
ferromagnet is to reduce the stray fields in spintronic devices
such as magnetic tunnel junctions (MTJs) [54-57]. The use of
magnets with negative exchange coupling brings also advan-
tages in spin transfer applications, owing to a much shorter
time scale of magnetization dynamics and reversal compared
to that of a ferromagnet with positive exchange coupling
[58-61]. In view of the present results, M X, monolayers with
inhomogeneous magnetic moment distribution can find use in
2D MTJs [62] and spin transfer applications. This may extend
the domain of interest in magnetic 2D M X,-based materials to
spintronic devices.

In the rest of the paper, we present and discuss our cal-
culation results in Sec. III, following a brief description of
computational settings in Sec. II, and conclude with a short
summary in Sec. I'V.

II. METHOD

To investigate the magnetic and electronic states of FeTe,,
VS,, and NiTe,, we performed hybrid as well as semilocal
DFT calculations by using the Vienna Ab initio Simulation
Package [63] (VASP) together with its projector-augmented
wave (PAW) potential database [64]. Spin polarization was
taken into account in these calculations, some of which were
repeated with spin-orbit coupling for the sake of compari-
son. The hybrid DFT calculations were carried out with the
HSEO6 functional [38,39]. The semilocal calculations were
performed using either the Ceperley-Alder functional [65] or
the PBE functional [36], with and without Hubbard U correc-
tion for on-site Coulomb interactions [37]. The states in the
electron configurations 3d’4s', 3d°4s', 3p®3d*4s', 55°5p*,
and 3s23 p4 for iron, nickel, vanadium, tellurium, and sulfur,
respectively, were treated as valence states. The electronic
wave functions were expanded into a plane-wave basis set
with a cutoff energy of 400 eV. Increasing the latter to 600 eV
for the FeTe, monolayer resulted in a variation of 0.25 meV
in the total energy per formula unit and yielded no variation
in the magnetic moment, both of which imply a high level of
convergence with respect to the cutoff energy.

We used 1 x 1 supercells based on the 2D monolayer unit
cells (with one M X, unit), including a vacuum spacing of 20
A between periodic images of the monolayer along the direc-
tion perpendicular to the monolayer. We performed structural
optimizations where the equilibrium value of the 2D lattice
constants was determined via minimization of the total energy
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FIG. 1. Magnetic ground state of FeTe, monolayer in H structure predicted by hybrid, semilocal DFT, and DFT 4 U calculations. (a) The
total energies as a function of the magnetic moment per formula unit z¢,,, obtained from the LDA (U = 0), PBE (U = 0), and HSE calculations.
(b)—(f) The densities of states (DOS) of the minority (spin-down, |) and majority (spin-up, 1) states of FeTe, within various approximations

for the electron-electron interaction.

and the ionic positions were relaxed until the residual forces
on atoms were reduced to be smaller than 10-2 eV/A. The
Brillouin zone sampling was done using 12 x 12 x 1 (FeTe,
and NiTe;) or 18 x 18 x 1 (VS,) k-point meshes generated
according to the Monkhorst-Pack scheme [66]. Using the
optimized structures, we performed electronic structure cal-
culations in order to obtain the magnetic and electronic states
of FeTe,, VS,, and NiTe,. The density derived electrostatic
and chemical (DDEC) spin partitioning technique [67,68] was
employed to divide the magnetic moment (i per formula unit
among the constituent atoms M and X, which was preferred
to ensure i = UM + 2Ux.

In order to assess the stability of the magnetic ground
state of FeTe,, we scanned a variety of competing magnetic
configurations generated by using 2 x 2 supercells (SCs) that
contain four FeTe, units, and computed the total energy Egc
using HSE for a range of fixed values of the supercell magnetic
moment Mgc. We also studied the variation of Egc with the
total magnetic moments of the Fe and Te sublattices in order
to identify the character of exchange interactions between the
Fe-Fe, Fe-Te, and Te-Te atom pairs.

III. RESULTS AND DISCUSSION

Earlier studies based on dynamical and thermal stabil-
ity analysis have ensured the stability of the FeTe, (e.g.,
Refs. [5,35]), VS, (e.g., Refs. [5,69,70]), and NiTe, (e.g.,
Refs. [5,29]) monolayers in both H and T structures with
trigonal-prismatic and octahedral coordinations, respectively.
For the difference between the optimized total energies of H
and T phases, Ey — E7, we obtained the following values (in
meV per formula unit): Ey — E7 = —44 (LDA), —14 (PBE),
and —65 (HSE) for the FeTe, monolayer; —18 (LDA), —41
(PBE), and —59 (HSE) for the VS, monolayer; and 281
(LDA), 224 (PBE), and 334 (HSE) for the NiTe, monolayer.
Hence, regardless of the method of calculation, the H (T')
phase has lower energy for FeTe, and VS, (NiTe;) mono-
layers. Therefore, in this section we present the results for
H-FeTe,, H-VS,, and T-NiTe, mono- and multilayers, and

also mention some results for the higher-energy structures for
comparison.

The LDA and PBE calculations with U = 0 fail to yield
the true magnetic ground state and electronic structure for
the FeTe, monolayer, both of which result in a ferromag-
netic metallic state with noninteger values of the magnetic
moment. After adding a Hubbard U term to either LDA or
PBE functionals, a band gap starts to open in the density of
states (DOS) of minority spins for U > 1.5 eV. Notably, both
PBE + U and LDA + U with U = 2 eV predict a small band
gap of the minority spin states but a metallic state for majority
spins. The net (total) magnetic moment is calculated to be
Uior = 2 using both methods. As U increases, the band gap
of minority spin states increases, but 11 remains fixed at 2up.
The HSE calculations also predict p; = 2up, and a band gap
of 1.77 eV, which is wider than that of LDA even with U =
5 eV. Nevertheless, except for the value of the minority band
gap, the PBE + U and HSE calculations yield quite similar
electronic structures as seen in Fig. 1, and also produce the
same integer value for the magnetic moment. This agreement
between the DFT + U and HSE results (qualitative for the
spin-polarized electronic structure and minority band gap)
demonstrates that semilocal DFT calculations, where strong
correlations needed for the proper description of d electrons
of transition metals are missing, would not necessarily yield
the correct magnetic ground state of MX, monolayers. The
integer values of i (associated with either the magnetic
semiconductor or half-metallic behavior) are important and
pave the way for a variety of spintronic applications. Appar-
ently, such an important property of bare MX, monolayers
could have been skipped if the electron-electron interaction
were not treated properly.

The magnetic ground state of three transition-metal
dichalcogenide monolayers, viz., FeTe;, VS,, and NiTe,, cal-
culated with HSE are characterized by plotting the isosurfaces
of the spin density ps(r) = p4(r) — p, (r) in Fig. 2(a), where
p4(r) and p (r) denote the charge density of spin-up and spin-
down states, respectively. It is seen that the charge densities
localized around the transition-metal and chalcogen atoms
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FIG. 2. (a) Top and side views of the isosurfaces of the HSE-calculated spin density ps(r) for FeTe,, VS,, and NiTe, monolayers in their
lowest-energy structures, corresponding to the isovalues of 40.01, +0.0075, and 4-0.005 (yellow) and —0.01, —0.0075, and —0.005 (cyan)
us/A3, respectively. (b) Local magnetic moments 1y and ux calculated at the transition-metal (M) and chalcogen (X) atoms, respectively.
The blue and red arrows (located at the M and X atom sites, respectively) are drawn, not to scale, to indicate opposing spin polarization of the

transition-metal and chalcogen atoms.

originate from states of different spin polarizations. Thus,
contrary to earlier assumptions which assign the net magnetic
moment only to the transition-metal atoms, the chalcogen
atoms by themselves have a significant magnetic moment
in opposite polarization. The latter is further elaborated by
dividing the total magnetic moment (i¢; among the constituent
atoms to yield p = M + 2ux, which is done by the DDEC
spin partitioning technique [67,68]. The alignment of local
magnetic moments (uy and px) is shown in Fig. 2(b), which
is reminiscent of ferrimagnetic order. Hence, the magnetic
ground state in MX, monolayers here, some of which were
identified earlier as ferromagnetic [71-75], comprise inhomo-
geneous magnetic moment configurations owing to significant
magnetic moments at chalcogen atoms antiparallel to those
at transition-metal atoms. We believe that this is an impor-
tant, insofar fundamental, conclusion, conveying the correct
magnetic ground state of FeTe,, VS,, and NiTe, monolayers.
This conclusion arrived at in the absence of the spin-orbit
coupling shows, contrary to prevailing assumptions [16], that
the magnetic order in 2D MX,-based materials need not be
attributed to the magnetocrystalline anisotropy.

Figure 3(a) displays the bar plots of i, and its transition-
metal and chalcogen components, i.e., uy and 2ux, respec-
tively, for comparing the results obtained at five levels of
approximations. It is seen that the DFT 4+ U and HSE cal-
culations yield either the same or very close values for pi
of FeTe, and VS, monolayers, which makes it clear that pi
is substantially underestimated in the semilocal DFT calcula-
tions. Similarly, whereas the semilocal DFT calculations with

U =0 yield a negligibly small ux (cf. Refs. [71,75]), the
DFT + U and HSE results show that ux is indeed not negli-
gible compared to p. This is seen better in Fig. 3(b), where
the ratios pwm/pwor and 2ux /o are plotted with respect to
each other, which signify the M and X contributions to the
magnetic moment, respectively. On the other hand, it can be
likely that ) and px are both overestimated in the DFT + U
and HSE calculations even though they yield a more reliable
value for py, which is supported by the linear correlation
between 2 x /o and pn/ o in Fig. 3(b). Furthermore, it
is known that the magnetic moment of transition-metal atoms
in their elemental metallic solids can be substantially overes-
timated by HSE, corresponding to an error as high as 35% for
elemental Ni solid [76]. Contrary to the latter, the HSE calcu-
lations for half metals such as GdN can yield magnetic mo-
ments in close agreement with experiment [77]. Fortunately,
the metallic NiTe, monolayer provides a useful example for
the assessment of the HSE-calculated magnetic moments. The
HSE calculations yield small but nonzero values for both 1y
and pure, indicating an antiparallel alignment of the Ni and
Te moments, whereas un; = e = 0 in all other (LDA, PBE,
LDA + U, and PBE + U) calculations [cf. Fig. 3(a)]. Exper-
imental studies on single-crystalline NiTe, bulk samples [41]
as well as NiTe, nanorods [42], both with chemical bonding
reminiscent of that in the 7-NiTe, monolayer, show that the
magnetic moment of NiTe, decreases with increasing x. Even
if this behavior is attributable to the presence of diamagnetism
in NiTe, nanorods [42], an antiparallel alignment of the Ni
and Te moments is inferred from it because the diamagnetism
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FIG. 3. (a) The bar plots of w, and its components uy and
2ux, obtained at five levels of approximation, i.e., LDA, PBE,
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was not detected in bulk NiTe, single crystals [41]. As long
as neither semilocal DFT nor DFT 4 U calculations yield
an antiparallel alignment of wuy; and pte as in experimental
and HSE results, we think that the hybrid rather than other
DFT calculations produce reliable estimates for the atomic
moments in the NiTe, monolayer.

The stability of the magnetic ground state of FeTe, de-
picted in Fig. 2(b) is assessed by comparing the total energies
Egc of a variety of competing magnetic configurations gen-
erated by using 2 x 2 supercells, as shown in Fig. 4. It is to
be noted that various types of magnetic configurations where
the magnetic moments of the second-neighbor Fe atoms are
parallel (the red symbols) or antiparallel (the green and blue
symbols in Fig. 4) are included, which were obtained via
minimization of the total energy. It is seen from the HSE-
calculated energy profile plotted in Fig. 4 that Mgc = 0 and
Mgc = 4pup configurations have almost the same energy that
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-76.83
-77.03
-77.23
-77.43
-77.63
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fit via Eq. (1)
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FIG. 4. The variation of the supercell total energy Esc with
the supercell magnetic moment Msc. The solid and open symbols
represent the HSE-calculated and fitted points, respectively. The
solid lines connecting the calculated as well as fitted points are drawn
to guide the eye. The isosurfaces of the spin density for the Msc =
Oug, 4up, and 8up configurations are shown as insets.

is 0.19 eV higher than the energy of the configuration corre-
sponding to Msc = 8up. Hence the Mgc = 8up configuration
with magnetic order as shown in Fig. 2(b) has the lowest
energy, which is then the magnetic ground state in FeTe,. It
should also be noticed that the system needs to overcome large
energy barriers of 0.87 and 1.12 eV in order to have a transi-
tion from this configuration to the Msc = 4up and Mgc = 0
configurations, respectively. For VS, and NiTe, monolayers,
the HSE calculations using 2 x 2 supercells predict that the
antiferromagnetic state has an energy higher than that of the
ground state by 0.58 and 0.15 eV, respectively.

In order to identify the character of exchange interactions
between the Fe-Fe, Fe-Te, and Te-Te atom pairs, we study the
variation of the total energy also with the total magnetic mo-
ments of the Fe and Te sublattices. A parametrization of Egc

as a function of Mge = ) p, pre/ms and Mre = ) . e/ UB
according to

Esc = Eo + E; + E,
E, = _%(VIIMIEE + 2y12MrpeMre + VZZM%e)’
Ey = giMy, + gsMpMre + g3ME M7, + gaMyeMy,
+ gsM3,., (1)

is presented in magenta in Fig. 4. The inclusion of the E;
and E,; terms in Eq. (1) are in line with the Néel [78,79]
and Landau [80,81] theories, respectively. As seen from their
values in Fig. 4, the local magnetic moments pp. and pite ex-
hibit significant variation among the scanned magnetic states,
which is indicative for non-Heisenberg exchange interactions
[44,82]. Thus we took into account not only the usual bilin-
ear exchange interactions (through E,) but also biquadratic
exchange interactions [83,84] (through E4), which enabled us
to obtain a satisfactory parametrization. A weighted fit yields
yi1 = —0.108, y;» = —0.305, y», = —0.848, g, = —0.001,
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TABLE 1. The HSE-calculated values of the local magnetic
moments wy and px in antiferromagnetic (Msc = 0) and magnetic
ground (Mgc # 0) states.

Monolayer Msc (uB) um (uB) mx (uB)
H-FeTe, 8 +3.10 —0.55
0 +3.32 +0.11
H-VS, 4 +1.20 —0.10
0 +0.58 +0.02
T-NiTe, 0.44 +0.27 —0.08
0 +0.27 +0.02
H-NiTe, 1.44 +0.60 —0.12
0 +0.49 +0.02

g» = —0.013, g3 = —0.053, g4 = —0.096, g5 = —0.062, and
Ey = —77.847 eV, where the biquadratic coefficients turn out
to be much smaller than the bilinear coefficients. It should be
noted that the fit via Eq. (1) is numerically quite satisfactory
since it reproduces not only the energy differences among
the Msc = Oup, 4up, and 8up configurations but also the
barrier heights accurately, as indicated in Fig. 4. Since the
mean-field (y) coefficients and the exchange (J) constants
are usually of the same sign [80], having i1, Y12, ¥220 < 0
means that the exchange couplings between the Fe-Fe, Fe-Te,
and Te-Te atom pairs are antiferromagnetic (i.e., negative).
Negative exchange coupling between its constituent atoms
may facilitate the use of the FeTe, monolayer in spin transfer
applications. This finding also reminds us of spinel ferrites
(decomposed into the sublattices A and B) in which the
A-A, A-B, and B-B antiferromagnetic interactions lead to
ferrimagnetic order [78,84,85]. It is nevertheless to be noted
that antiferromagnetic Fe-Fe and Te-Te interactions in the
FeTe, monolayer obtained from the above fit contrast with the
ground state predicted from the HSE calculations.

It has been customary to deduce the exchange coupling
constants from the energy differences between antiferromag-
netic configurations and the magnetic ground state and to
estimate the transition temperature to paramagnetic state via
either a mean-field expression for Curie temperature 7¢ or
Monte Carlo simulations, which was also done for the VS,
monolayer [72,73,86] and nanoribbons [87], and the FeTe,
monolayer [74]. As seen from the predicted values of T¢
collected in Table S1 of the Supplemental Material [88], the
estimates scatter considerably, which can partly be attributed
to different approximations for electron-electron interaction.
In contrast with these efforts, our findings indicate that this
type of approach is in fact not adequate for M X, monolayers
that have a magnetic ground state with antiparallel alignment
of local magnetic moments at M and X atoms, which are not
describable by classical Heisenberg or Ising models owing
to the non-Heisenberg character of the exchange interactions
in these systems. The latter is manifested by the substantial
variation of the local magnetic moments wy and px among
the scanned magnetic states in Fig. 4 as mentioned above,
which is also clear from the values of uy and wy in Table 1.
It should, for example, be noticed that the magnitude of
the local moments of vanadium in the VS, monolayer in
the antiferromagnetic state is 0.58up, which is substantially

TABLE II. The values of the supercell magnetic moment Msc
and the local magnetic moments pug. and wr for the H-FeTe,
monolayer, obtained from the collinear and noncollinear PBE + U
calculations with and without spin-orbit coupling (SOC), respec-
tively. Noncollinear configurations are indicated by “In plane” (“Out
of plane”) in the second column, which means that the magnetization
vectors are aligned in (perpendicular to) the monolayer plane.

Method Msc (uB)  pee (MB)  Mre (UB)
PBE +U Collinear 8 +2.524 —-0.262
0 +3.014 +0.052

PBE + U + SOC In plane 8.064 +2.526 —0.255
0 +3.004 +0.053

Out of plane 8.088 +2.526 —0.252

0.023 +2.961 +0.056

smaller than uy = 1.2up for the magnetic ground state. A
significant reduction of ux in the antiferromagnetic state is
also noticeable. It is also revealing to note that a satisfactory
parametrization of Egc as a function of the sublattice magnetic
moments within a mean-field approximation for the Heisen-
berg Hamiltonian is not obtained even if the non-Heisenberg
character of the exchange interactions in the MX, monolayer
is overlooked, as analyzed in Fig. S1 in the Supplemental
Material [88].

In order to examine the effect of SOC on the magnetic
order in the H-FeTe, monolayer, we present the values of jp.
and pu1e in Table II, which are obtained from the collinear
and noncollinear PBE 4 U calculations with and without
SOC, respectively, performed by using 2 x 2 supercells. It
is seen that the inclusion of SOC results in a slight increase
in Mgc for both in-plane and out-of-plane configurations.
Corresponding to the latter, ug. and e also vary slightly.
More importantly, the Fe and Te moments are found to align
antiparallel in noncollinear calculations, except for the out-of-
plane configuration with Msc = 0.023ug (where the wg. and
Ute vectors deviate slightly from the antiparallel alignment
by less than 4°). Among the noncollinear configurations, the
in-plane configuration with Mgc = 8.088up is found to have
the lowest energy, the energy of which is lower than the
energies of out-of-plane Msc = 8.064u, out-of-plane Mgc =
0.023up, and in-plane Msc = 0 configurations by 33, 299,
and 384 meV per formula unit, respectively. The latter means
that the magnetic anisotropy energy (MAE) is 33 meV per
formula unit, which is slightly larger than the predicted value
in Ref. [35]. The alignment of the Fe and Te moments in
the lowest-energy configuration is antiparallel when SOC
is taken into account, which is the same as when SOC
is ignored.

Now we examine the electronic structure of FeTe,, VS,,
and NiTe, monolayers in their lowest-energy structures. Fig-
ure 5 displays majority and minority spin bands of these
three monolayers projected to dy2_y2» + dyy, dy; + dy;, and d
orbitals of transition-metal atoms and p, -+ p, and p. orbitals
of chalcogen atoms.

The majority spin bands of the FeTe, monolayer display a
metallic behavior with spin-up bands crossing the Fermi level,
which are derived mostly from the Te p, + p, orbitals with
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FIG. 5. Orbital projected bands and state densities of majority
(1) and minority ({) spin states, calculated using HSE, for H-FeTe,
(upper panels), H-VS, (middle panels), and T-NiTe, (lower panels)
monolayers. The open circles used to draw spin bands are resized
to be proportional to relative contributions from the orbitals of
transition-metal (Fe, Ni, and V) and chalcogen (Te and S) atoms,
which are also colored as indicated at the top. The zero of energy
is set to the Fermi level for metals and to the energy of the highest
occupied spin state for semiconductors.

significant contribution from the Fe d,>_,» + d., and d; + d,;,
orbitals. The minority spin bands, on the other hand, have an
indirect band gap of 1.77 eV. While the top of the valence
band at the center of the Brillouin zone slightly below the
Fermi energy is derived from the Fe d,; + d,, orbitals, the
bottom of the conduction band at the K-point is constructed
mostly from the Fe d,._,» +d,, and d. orbitals. The Te
Dx + py orbitals make also a substantial contribution to both
the upper valence and lower conduction bands. It seems that
the hybridization of the Fe d and Te p orbitals make both the
spin-up states around the Fermi level and the spin-down states
in the upper valence and lower conduction bands have a sig-
nificant contribution from the p (d) orbitals of Te (Fe) atoms.
This summarized arrangement of spin bands in Fig. 5 shows,
in agreement with previous predictions [35], that the FeTe,
monolayer with p = 2ug is a half metal. Hence the FeTe,
monolayer keeps the promise of being a potential spintronic
material operating as a spin valve or an active component
in 2D MTlJs.

The spin-polarized electronic states of the VS, monolayer,
on the other hand, display a rather different situation, as also
noted by others [72,73,89]: Both spin-up and spin-down bands
open a band gap of different widths. The direct band gap
of spin-up bands is 1.06 eV and occurs at the K-point. V
d> and S p, + p, orbitals contribute to the spin-up states at
the conduction- and valence-band edges. The indirect band
gap of spin-down states is 1.98 eV and occurs between
the conduction-band states at the M-point derived from V

dyo_y +dyy, and S p, orbitals, and the valence-band states
at the I'-point are derived from V d,; +d,; and S p, + p,
and p, orbitals. The VS, monolayer is thus an interesting
2D structure with an integer magnetic moment of [ = 1up
and has two band gaps of different width for different spin
polarization; one of them is direct, while the other one is
indirect. This is a rare situation and offers critical spintronic
applications.

Finally, the NiTe, monolayer in Fig. 5 is metallic for
both spin bands, but has spin polarization at the Fermi level
and hence a net magnetic moment of 0.11up. In earlier
studies [5,29,30] using only LDA, the NiTe, monolayer
was predicted to be a nonmagnetic metal with a perfect
symmetry between spin-up and spin-down densities. Ap-
parently, LDA alone failed to determine the ground state
of NiTe,.

In Fig. S2 in the Supplemental Material [88], the electronic
structure of FeTe,, VS,, and NiTe, monolayers in higher-
energy structures is given for completeness. A comparison
between this figure and Fig. 5 shows that NiTe, and VS,
monolayers are metallic and semiconducting, respectively,
regardless of the phase (H or T). On the other hand, the
FeTe, monolayer in the T structure is metallic, which shows
that the half metallicity of FeTe, occurs only in the H
structure.

Having set the type of the magnetic ground state and
predicted half-metallic state of the H-FeTe, monolayer, we
now examine two critical issues, which are of fundamental as
well as technological importance since they may offer effi-
cient tunability in electronic properties: How do the magnetic
ground state and electronic structure vary with (i) strain and
(ii) the number of layers in van der Waals FeTe, multilayers?
In Figs. 6(a)-6(c), S3, and S4 [88], we present the variation
of minority band gap Egl, magnetic moment per formula unit
WUiot> and magnetic moment of Fe (Te) atoms ppe (ure) with
the applied biaxial strain €. Although the T phase remains the
higher-energy phase of the FeTe, monolayer for a wide range
of strain (—0.10 < € < 0.10) as shown in Fig. S5 [88], the
results for the T-FeTe, monolayer are included in Figs. 6(a)—
6(c) for comparison. It is seen that the half-metallic state
of the H-FeTe, monolayer determined in equilibrium (i.e.,
€ = 0) subsists as long as —0.07 < e, but transforms almost
suddenly to metallic once € < —0.07. On the other hand,
the metallic state of the 7-FeTe, monolayer transforms to a
half-metallic state once € > 0.03. In the range of strain where
the half-metallic state prevails, the total magnetic moment per
formula unit is fixed at py = 2up since pge and e increase
in reverse directions, which holds true for both H and T
phases. For the H-FeTe, monolayer, these findings point to the
fact that its half-metallic state is robust under strain ranging
from compressive to tensile.

Our investigation of the electronic and magnetic states of
FeTe, multilayers of various thicknesses, made of n layers, are
summarized in Figs. 6(d)-6(f) and S6 [88]. We performed the
HSE calculations forn = 1, 2, 3, 4, as well as for a 3D layered
FeTe, crystal with optimized structure with vertical stacking
geometry corresponding to the energy minimum. The crucial
outcome of this investigation is, briefly, that the half-metallic
state of FeTe, occurs only for n < 2 (i.e., for monolayer and
bilayer), which is destroyed as the multilayer gets thicker
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FIG. 6. The variation of (a) the spin-down band gap E, (b) the
magnetic moment per formula unit i, and (c) the magnetic mo-
ments at Fe and Te atoms, pg. and e, respectively, with the biaxial
strain € for H-FeTe, (in red) and T-FeTe, (in blue) monolayers.
(d)—(f) The same with the inverse number of layers 1/n for FeTe,
multilayers.

since EV is zero for n > 3. The slight increase in pu for
n > 2 making the total magnetic moment have a noninteger
value signifies a transition from the half-metallic state to a
magnetic metal, which renders the FeTe, multilayers thicker
than bilayer as magnetic metals.

IV. CONCLUSION

In summary, the true magnetic ground state of three
transition-metal dichalcogenide monolayers, viz., FeTe,,
VS,, and NiTe,, have been revealed after an extensive
first-principles analysis. Our investigation demonstrates that
semilocal DFT calculations fail in predicting the ground state
of magnetic MX, monolayers; the results of DFT + U and
hybrid DFT calculations agree on the correct magnetic ground
state and magnetic properties of FeTe, and VS, monolayers.
Remarkably, both H and T phases of the foregoing MX,
monolayers have magnetic ground states with antiparallel
alignment of local magnetic moments at M and X atoms
owing to the spin polarization of the chalcogen atoms via
p-d hybridization. It is clarified that the exchange coupling
between the M and X atoms is negative, which may facilitate
the use of MX, monolayers in spin transfer applications.

Our results indicate that the FeTe, monolayer in its lowest-
energy structure is a half metal, the half metallicity of which
can prevail under both compressive and tensile strains. Half
metallicity occurs also in FeTe, bilayers. These properties
make FeTe, monolayers and bilayers promising nanomateri-
als for spintronic devices such as two-dimensional magnetic
tunnel junctions. The VS, monolayer is a magnetic semi-
conductor with two different band gaps of different character
and widths for spin-up and spin-down states, which can offer
critical functionalities in spintronic applications. The NiTe,
monolayer, which used to be known as a nonmagnetic metal,
is a magnetic metal with a small magnetic moment. Since
chalcogen atoms display similar characters in compounds, we
expect other Fe, V, and Ni dichalcogenide monolayers have
a similar magnetic ground state. Further studies on ultrathin
lateral and vertical composite structures or heterostructures
constructed from these magnetic monolayers with intriguing
electronic properties and proximity effects can offer interest-
ing research directions.
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