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An intrinsic large valley splitting has been realized in van der Waals (vdW) heterostructures formed by
monolayer MoTe, and layered room-temperature ferromagnetic MnSe;, via first-principles calculations.
The value of valley splitting of MoTe, can reach 106 meV among a variety of stacking MoTe,/MnSe,
heterobilayers, which is equivalent to the effective Zeeman splitting in an external magnetic field of
530 T. And the magnitude of valley splitting can be further enhanced by applying external vertical-stress

Received 17th December 2021, and biaxial compressive strain. To obtain a higher operating temperature, a biaxial tensile strain of 2.3%

Accepted 30th January 2022 has been applied on the monolayer MnSe, magnetic substrate, and the corresponding Curie
DOI: 10.1039/d1ma01196k temperature increased from an intrinsic value of 266 K to 353 K, but the valley splitting can still remain

as large as 72 meV. This means that we can strike a balance between large valley splitting and high
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Introduction

In the H-type monolayer transition metal dichalcogenides MX,
(M = Mo, W; X = S, Se, Te), the electronic and hole carriers at the
two energy degenerate but inequivalent K and K’ valleys are
associated with some special valley-contrasting physical properties,
such as the Berry curvature and spin-valley Hall effects, which is
believed to be used for new memory and logic applications.'™
However, protected by the time-reversal symmetry, the carriers at
the two valleys are balanced so that the intrinsic pure spin-valley
Hall current cannot be obtained between the two valleys. Therefore,
breaking the balance of the -carriers, ie., lifting the valley
degeneracy is an indispensable step towards the applications of
valleytronic devices.*”

The feature of spin-valley locking provides broad ways to
achieve valley polarization, such as optical pumping,®™ external
magnetic field,"”"" magnetic doping,">™* and forming vertical
heterostructures with magnetic materials.’®>® From the perspective
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Curie temperature, which is vital for the application of magnetic valley electronic devices.

of achieving large and stable valley splitting, none of the first
three cases is the best choice because they are limited by the
manipulating robustness, stability of the doped systems, and a tiny
valley splitting efficiency (~0.2 meV T *),"*'! respectively, which
are far from the requirements of practical applications. Conversely,
realizing this goal via magnetic proximity effects between magnetic
materials and TMDs, namely, forming TMD/magnetic material
heterostructures, appears more promising.”**® Before two-
dimensional (2D) magnets were successfully fabricated through
experiments,”””® several notable examples of placing monolayer
TMDs upon bulk (3D) magnetic substrates to form 2D/3D hetero-
structures, such as TMDs/EuO(EuS)'*"” and n-WS,/p-(Ga,Mn)As,*
have been utilized to manipulate valley splitting, in which a large
substantial valley splitting of 44 meV was predicted theoretically in
MoTe,/EuO [16], and a very recent experiment reported that the
splitting efficiency in TMDs/EusS reached a value of 16 meV T *.*°
Additionally, to optimize the magnetic substrates, many 2D-
magnet/TMD vdW heterostructures have also been tried both
experimentally and theoretically, such as Crly/WSe,,2**" NiCl,/
WTe,,”> and h-VN/WS,,>* where not only a considerable splitting
size was obtained, but also the superiority of 2D/2D systems was
verified. More importantly, the reports further demonstrate that
large interlayer charge transfer is a key factor in the formation of
large valley splitting, which can enhance the magnetic proximity
coupling between TMDs and magnetic substrates, and ultimately
enlarge the valley splitting. We made it clear in our previous work
that this situation is more likely to occur in the heterostructure of
type-III band alignment with large charge transfer.>* Additionally,
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the splitting size is positively correlated with interfacial atom
superposition, especially the superposition between the metal
atoms.?>** This means that a magnetic material which can form
a type-lll band alignment and has the same hexagonal crystal
structure and similar lattice constants to TMDs will be the ideal
substrate.

Though considerable progress has been made, there is a
problem to be faced: the Curie temperatures of the above
substrates, and even for the most insulating ferromagnetic
materials, are typically very low,>’***° well below room
temperature, and their use as substrate materials will eventually
hinder the practical application of valleytronic devices. The
recent experimental results also confirmed that the valley
splitting efficiency in magnet/TMD samples decreases signifi-
cantly with the increase of experimental temperatures.'’
Therefore, it is of great significance to select magnetic substrates
which can not only induce large valley splitting, but also
have a high Curie temperature from so many 2D magnetic
materials.’’* The monolayer 1T-MnSe, is reported to exhibit
intrinsic room-temperature ferromagnetism,>>>’ the same
hexagonal crystal structure, and similar lattice constants to TMDs,
suggesting that it is highly likely to cause large valley splittings.

In this work, a MoTe,/MnSe, heterobilayer with six different
stacking structures has been studied to obtain large valley
splittings. Our results show that the largest intrinsic total valley
splitting in the MoTe, layer can reach 106 meV, equivalent to
the effective splitting under an external magnetic field of 530 T,
and the value can be further increased by applying external
vertical-stress and biaxial strain. Additionally, the combination
of density functional theory (DFT) and Monte Carlo (MC)
simulations shows that the Curie temperature of the MnSe,
substrate can be easily increased above room temperature
under appropriate tensile strain, and the valley splitting in
MoTe, can still remain as large values.

View Article Online
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Results and discussion

The 1T-phase monolayer MnSe, has the same hexagonal crystal
structure as the 2H-type monolayer TMDs, where the Se-Mn-Se
atoms in the unit cell are connected in a sandwich structure,
and the two Se atoms are not equivalent.**?” The optimized
in-plane lattice constants of the pristine monolayer MnSe, and
MoTe, are 3.65 A and 3.55 A, respectively, with a lattice
mismatch of 2.8%. According to the structural characteristics,
three pairs of typical stackings, containing a total of six
different stable stacking configurations, are considered. The
six stackings are denoted as (S-1/S-1), (S-2/S-2'), and (S-3/S-3’),
respectively, which are presented in Fig. 1. After full relaxation,
the optimized in-plane lattice constants (a,s) of all six stackings
are the same, with a value of 3.56 A, but the interlayer distances
(dos) are different. We noted that (S-1/S-1') has a feature of
Mo and Se atoms completely overlapping (Mo L Se), and the
difference is that the Mo of S-1 overlaps with the interfacial
Se1l atom (Mn L Sel), while the Mo of S-1’ overlaps with the
non-interfacial Se2 atom (Mn L Se2). By analogy, (S-2/S-2') has
Mn and Mo atoms completely overlapping (Mo L Mn), and for
(S-3/8-3'), there is neither Mn and Mo overlap nor Mn and Te
overlap, see Fig. 1. In fact, S-1’ and S-2’ (S-3’) can be seen
as 60°(180°) counterclockwise rotations of S-1 and S-2 (S-3)
while keeping the MnSe, layer stationary. Therefore, for the
monolayer MoTe,, the Brillouin zone K high-symmetry point
in S-N corresponds to the K’ point in the S-N’ stacking.
This structural property allows the magnetic substrate to be moved
or rotated to adjust the size and direction of valley splittings. To
determine the structural stability and the most stable stacking
configuration, the binding energies E}, of the six configurations are
calculated using the formula, B}, = Emore mnse, — Emore, — Emose
where Enore mnse,y Emore,, and Epore, are the total energies
of the MoTe,/MnSe, heterobilayer, pristine MoTe, and MnSe,
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Fig. 1 Configurations and Brillouin zone of the MoTe,/MnSe, heterostructure in six stackings. (a—f) Top and side views of the heterobilayer in six
stackings. (g) and (h) First Brillouin zone of S-N and S-N’ stackings, respectively. The K(K’) in the S—N corresponds to the K’(K) point in the S—N’ for MoTe,.
The rhombus indicates a unit cell. The red, blue, purple, and yellow balls represent the Mo, Te, Mn, and Se atoms, respectively. Sel and Se2 correspond to

the interfacial and non-interfacial atoms, respectively.
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monolayer, respectively. The values of E;, for all of these hetero-
bilayers are rather close and have negative values of about
—0.27 €V, —0.29 eV, —0.27 eV, —0.17 eV, —0.17 eV, and
—0.27 eV, respectively, which indicates that these heterostructure
configurations are energetically favorable.*® It is noteworthy that
VS,/TMD heterostructures with the same structure have been
successfully prepared by experiments,*® so MnSe,/MoTe, could
also be prepared.

Fig. 2 presents the band structures of the six different
stacked MoTe,/MnSe, heterobilayers, and the corresponding
enlarged details of valley splitting of the MoTe, monolayer. It
is found that the band-edge of monolayer MnSe, near the
Fermi-level is almost composed of Mn-3d orbitals and Se-p
orbitals, and the valence band maximum (VBM) at K is spin-
down, while the conduction band minimum (CBM) is spin-up,
exhibiting ferromagnetic conducting properties. The magnetic
moments of the Mn and Se atoms are 3.99 and —0.37 pug,
respectively (see Fig. S1 in the ESIT).*° The band-edges of MoTe,
and MnSe, layers are strongly hybridized at the I' point, but
much weaker at the K point. For the MoTe, monolayer, the spin
states of the valence and conduction bands of the S-N and S-N’
stacking at the K/K' valleys are opposite when the same
Brillouin-zone is used to calculate the band structures, see

Fig. 2(a). The valley splitting is the energy difference between

the two valley extrema of MoTe,," AVB/CB — pVBICB _

EI\;B/CB

ie.,
and the total valley splitting is derived as Axx = Ayp —
Acp. As shown in Fig. 2(b), valley splittings are indeed achieved
in all stackings, and the size in S-1’ is the largest, with values of
—90 and 16 meV for Ayg and 4cg, respectively. As shown
in Fig. 2(b), the valley splittings are indeed achieved in all
stackings, and the size in S-1’ is the largest, with values of
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(@) 20

View Article Online

Paper

—90 and 16 meV for 4yg and 4cg, respectively. So, the total
K—K' valley splitting reaches a giant value of 106 meV.
Considering the measured Zeeman valley-splitting rate of
~0.2 meV T ' in monolayer TMDs, its equivalents to the
splitting by a 530 T external magnetic field. This value is tens
of times the splitting strength achieved in Crl;/WSe,,>*' and
even exceeds the substantial values that can be obtained in
some typical heterostructures [see Table S1 in the ESIt for
details].**** Owing to the large energy difference (i.e., valley
splitting) between K and K’, optical excitation is used to obtain
spin-valley excitons on the two valleys in a considerable spectral
frequency range (E = hw) by optical frequency tuning, thus
making it easy to achieve stable pure spin-valley currents from
the two valleys. The valence-band valley splitting is also very
close to the Fermi level, so it will be easier to excite the valley
carriers experimentally.

Additionally, an out-of-plane magnetic moment of 0.008-
0.034 pp is induced at the Mo atoms in six different stacked
heterobilayers, which indicates that the time-reversal symmetry
of MoTe, is broken by MnSe,. To further confirm that, we have
also calculated the Berry curvature based on Wannier functions
in Fig. 3. Note that due to the strong hybridization between
MoTe, and MnSe, at I', we mainly focus on the Berry curvature
near K and K’ valleys, because the valley-excitons near the two
valleys have stable valley-dependent pseudo magnetic moments
and optical transition selection rules. As shown in Fig. 3(a), the
MLWFs calculated band structure coincided well with the DFT
calculations [Fig. 2(a)], indicating that the constructed Wannier
base functions are credible. And the opposite signs of the Berry
curvature near the two valleys indicate that the spin-valley
properties are still well preserved, and the unequal absolute

S-2'

15} : -
1.0t

e Q
S W

Energy (eV)

-0.5 K
-1.0

-1.5

Lol 1

2.0 LN

MoTe,

MnSez

L AT (DO} [V ARNT

I' KMK' IT

KMK'

IT KMK'

IT KMK' IT KMK' IT KMK' T

(b) 12
0.9
0.6
0.3
0.0
-0.3
_06 1 1 1

<]
<

Energy (eV)

RS & & § 5720 % § &
T

zlll'l'l'

]
<

LI B e e

K M K K M K K M K

Fig. 2

K M K K M K K M K

(a) Band structure of the MoTe,/MnSe; heterobilayer in six stackings. The Fermi energy level is set to zero. (b) The corresponding enlarged details

of valley splitting for the MoTe, monolayer. The red and blue lines denote the spin-up and spin-down bands, respectively, for the monolayer MoTe,. 4yg
and Acg are the valence- and conduction-band valley splittings, respectively.
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Fig. 3 (a and b) MLWF calculated band structure and the corresponding

Berry curvature of the monolayer MoTe; in the heterobilayer, respectively.

value means that the time reversal symmetry of the monolayer
MoTe, has been broken by the magnetic substrate, see Fig. 3(b).
Therefore, it is convinced that MnSe, can produce magnetic
proximity effects with monolayer MoTe, to induce valley
splitting.

To study the effect of stacking on valley splitting, we list the
valley splitting size and related structural parameters for the six
different stackings for comparison in Table 1. It is noted that
for MoTe,, the valence band edges at the K and K’ valleys are
mostly composed of 4d states of Mo atoms and a rather small
amount of p (and s) states of Te atoms. For the MnSe,
substrate, the conduction band edge at K/K' is mainly
composed of Mn-d,, and a little Se-p,. Therefore, the coupling
between the Mo-Mn and Mn-Se atoms is the decisive factor
affecting valley splitting, while the coupling between Te-Mn
and Te-Se atoms has little influence on the valley splitting size.
Considering that the splitting size is mainly related to the
coupling effect of the Mo atom between the Mn and interfacial
Sel atoms, only the equilibrium interlayer spacing do, dyvn-mos
and dy-te1 are counted. As shown in the table, a large valley
splitting can be achieved in S-1, S-1" and S-2, and it is one order
of magnitude larger than those of the last three stacked
structures. This is mainly because the first three stacking
structures have a smaller d, and dyn-mo, and a large atomic
overlap rate between the two layers, especially the overlap rate
with magnetic Mn atoms. The results are very similar to
the situation in the NiCl,/WTe, heterobilayer, which is with a
type-III band alignment.”* The difference is that MnSe, is a
magnetic metal substrate, and it will further enhance the
Coulomb attraction between MnSe, and MoTe,, resulting in a
decrease in the interlayer spacing, and ultimately leading to a

Table 1 Comparison of size of valley splitting in six stackings. dg is the
equilibrium interlayer spacing, and du-y is the shortest distance between M
and N atoms. Ayg, 4yg, and Ak (meV) are the valence band, conduction
band, and total valley splittings, respectively

R . . R Avp Ay Agx!
Stacks do (A) dun-mo (A) dvn-te1 (A) dre-ser (A) (meV) (meV) (meV)
S-1 3.18 6.79 4.99 3.78 37.8 —14.1 51.9
S-1/ 3.14 6.73 5.35 3.75 -90 16 106
S-2 3.20 6.47 5.41 3.80 70.5 —13.3 —83.3
S-2 3.80 7.10 5.98 3.80 —-1.4 0.8 2.2
S-3 3.80 7.38 5.97 3.80 -5 -5.2 —0.2
S-3/ 3.18 6.77 4.99 3.79 3.6 12.3 8.7
2930 | Mater. Adv., 2022, 3,2927-2933
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larger valley splitting. By comparing the cases of S-1 and S-1/,
they have similar stacking, and almost the same d, and dyn-mo,
whereas the overlap ratio between Mn and Mo in S-1’ is much
larger than that of S-1, resulting in the splitting of S-1’ being
much larger than that of S-1. This is because the dominant part
of the magnetic proximity coupling between MnSe, and MoTe,
is the coupling between the d orbitals of the two metal atoms,
and the easy magnetization axis of the d orbital of MoTe, is
in the vertical direction. Therefore, the closer the distance
between the two atoms, the greater the overlap rate, the
stronger the coupling effect, and ultimately the larger the valley
splitting. This can also be further confirmed from the situation
of S-1 and S-3’, which have the same d, and dy-mo, but S-3’
does not have Mn, Mo and Te atoms directly covered, leading to
the total splitting value being much smaller than that of S-1.
And interestingly, S-1’ stacking has the largest valley splitting,
indicating that the coupling strength between MoTe, and
MnSe, is the largest, which will decrease the system energy.
This also explains why S-1’ stacking is the most stable
configuration.

To further explain why valley splitting varies so much
between different stackings, we have also calculated the charge
density distribution of the six stackings in Fig. S2 (see the
ESIT).*" The results show that the splitting size in S-2” and S-3 is
much smaller than that of the other four stackings, which is
mainly because its interlayer charge transfer is significantly
smaller than the former cases. Although S-3’ also has a large
charge transfer, the charge density distribution around Mo is
much smaller than that of the first three stackings, so the
splitting intensity is relatively small. This also directly reflects
that the charge transfer and the magnetic coupling between
MnSe, (magnetic material) and MoTe, (monolayer TMDs),
especially the coupling between (magnetic atoms) Mn and
Mo/W atoms, are the key factors affecting valley splittings.
The results are in good agreement with the results of previous
works,**? which will provide a reliable way to achieve large
valley splitting in a 2D magnet/TMD vdW heterostructure.

Now that valley splitting is closely related to layer spacing, it
is natural to regulate the splitting size by applying vertical
stress, which can be experimentally adjusted by inserting
dielectric layers or by applying vertical pressure directly.**
Considering that S-1" stacking is the most stable configuration,
it will be used as an example in the following studies.
As presented in Fig. 4(a), the Ayp and Agg values of MoTe, vary
linearly with the interlayer spacing d,. When d,, decreases, the
magnitude of total valley splitting Axx (dxxwr = Avs — Acp)
increases; conversely, Ay, decreases. When d, reduces to a
critical value of 2.54 A (if d, is further reduced, the energy-valley
structure of MoTe, will be destroyed), Axx reaches the
maximum value of 138.6 meV, equivalent to the splitting size
caused by an effective external magnetic field of 693 T.

The in-plane stress is also an effective way to manipulate the
electronic properties of heterojunctions, which can be achieved
experimentally by stretching or bending the substrate.*®
Fig. 4(b) shows the change in the valley splitting size with
biaxial stress regulation. Obviously, the application of biaxial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a and b) valley-splitting changes versus interlayer distance and
biaxial strain, respectively. (c) Curie temperatures changes versus biaxial
strain of monolayer MnSe,. (d) Band structure of MoTe,/MnSe, under 5%
tensile strain.

compressive strain will increase the total valley splitting Axz,
but such an effect is not significant. When the compressive
strain increases to 5%, Agx increases only by 10 meV.
In contrast, the biaxial tensile strain will decrease Agx, and
when the tensile strain is 5%, 4xx decreases by 33.8 meV, but it
still has a large value of 72.2 meV, see Fig. 4(d). This result not
only shows that biaxial strain can adjust the valley splitting, but
also indicates that the intrinsic large valley splitting of the
heterobilayer will have good stability for practical applications.
For example, it has good tolerance for the splitting changes
due to the lattice changes caused by thermal expansion and
contraction. Note that although the DFT calculation is based on
zero temperature, the results in this work are helpful and instruc-
tive to the experiment. Moreover, our DFT + MC calculations*®
show that monolayer MnSe, has a high intrinsic Curie tempera-
ture of 260 K (see Table S2 and Fig. S3 in the ESI{ for details),"
consistent well with that near room-temperature reported by
previous works.>>™” and it increases linearly with biaxial strain.
When the tensile strain is 2.3% (this lattice constant value
corresponds exactly to 5% tensile strains in the heterobilayer),
the corresponding temperature increases from the intrinsic value
of 266 K to 353 K, and it can be further increased to 443 K under
5% strains, much higher than room temperature [see Fig. 4(c)],
which means that MnSe, is of practical significance as a magnetic
substrate to induce valley splitting.

Conclusions

In conclusion, we have performed first-principles and Berry
curvature calculations to show that monolayer MnSe, ferro-
magnetic metals can induce large valley splittings in MoTe,.
The results show that the largest intrinsic total valley splitting
of MoTe, in the MoTe,/MnSe, heterobilayer reaches a giant
value of 106 meV, equivalent to the splitting size induced by an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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external magnetic field of 530 T. Both the application of
vertical-stress and biaxial compressive strain regulation can
further enlarge the valley splitting, which can be tuned to be
as large as 138.6 meV by vertical-stress regulations. Although
the biaxial tensile strains decrease the splitting, the magnitude
can be maintained at tens of millielectron volts under
appropriate tensile strains. Moreover, the DFT + MC simulations
show that monolayer MnSe, has an inherently high Curie
temperature of about 266 K, and the temperature can be
significantly increased by tensile strain, even reaching 443 K at
5% strain, much higher than room temperature. We expect that
the giant valley splitting induced by the room-temperature
ferromagnetic material will provide a new and excellent experi-
mental candidate for the research of valleytronic devices.

Computational method

First-principles calculations were performed using the Vienna
ab initio simulation package (VASP).*” We approximated the
exchange-correlation potential with the Perdew-Burke Ernzerhof
(PBE) functional,*® and the ion-electron interaction is determined
by the projector augmented wave (PAW) method.*® All the atoms
of hybrid heterostructures were optimized until the total energies
converged to below 1 x 107> eV, and the forces acting on the
atoms were less than 0.01 eV A", The plane wave energy cutoff
was set to 500 eV, and the Monkhorst-Pack grids of the k-point
mesh were set to 11 x 11 x 1. To avoid the interactions between
periodic images, the vacuum space is set to no less than 18 A.
Spin-orbit coupling (SOC) and van der Waals interactions are
taken into account to optimize the geometries and all subsequent
calculations proposed by the DFT-D2 method.” Considering the
strong on-site Coulomb interaction for the d orbitals of the Mn
atom,®’ the GGA+U,¢ method is used with a set of U.g = 3.9 eV
for Mn, which has been well tested by reports.*>*® The Berry
curvature is calculated by employing the maximally localized
Wannier-function (MLWF) method implemented in the WAN-
NIER90 package.”>> Ten d orbitals of the Mo and Mn atoms
and six p orbitals of each Te and Se atoms are selected as the
initial orbital projections, and a 19 x 19 x 1 uniform k grid
is used for the construction of maximally localized Wannier
functions. The difference in the spread of the total Wannier
functions between two successive iterations converges to 10 x
107" A% within 500 iterative steps.
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