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Abstract Stacked heterointerfaces of two-dimensional (2D) materials are well-
suited to obtain novel electronic functionality at small length scales, because
the intrinsic properties of both materials can be blended by interlayer cou-
pling with remarkable effects on the electronic band structure. In particular,
band degeneracy at the K and K’ Brillouin zone valleys of 2D materials can
be broken by symmetry reductions by applying an external magnetic field,
with possible application in valleytronic devices. Nevertheless, this usually
requires impractically large external magnetic fields >100 T. An alternative
and more practical route is provided via stacking a non-centrosymmetric lay-
ered material on a magnetic substrate to induce valley splitting through the
magnetic proximity effect; however, the splitting magnitude can vary sharply
between similar interfaces. In this work, first-principle calculations are used
to calculate the valley splitting of eight low-strain interfaces with transition
metal dichalcogenides stacked on 2D magnetic substrates. It is shown that the
interlayer band hybridization plays a major role when the two layers’ bands
are closely aligned in energy, with the resulting band repulsion and the to-
tal valley splitting being strongly dependent on the Hubbard U correction,
showing up to an order of magnitude change. The WSey/CrGeTes interface in
particular shows strong interlayer interactions, which can potentially lead to
a significantly high valley splitting of 26 meV; however further experimental
investigations will be needed to resolve uncertainties in the predicted valley
splitting.
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1 Introduction

The need for improved information storage and processing has led to a surge
of research in valleytronic materials, which have an electronic valley degree of
freedom in the momentum space.[40, 26, 33] Valleytronic materials can sup-
port a valley-polarized carrier concentration or current, while the optical ex-
citations of electrons at the high-symmetry K and K’ points in the reciprocal
space obey opposite selection rules, and therefore absorb oppositely polar-
ized light.[34] These properties not only make valleytronic materials an ideal
test-bed for exotic light-matter interactions, but also could allow several novel
applications.[28] For example, the concept of a quantum well can be extended
to a valleytronic material, allowing the spin-selective confinement and manipu-
lation of electrons, including the generation of spin- or valley-polarized current
flows.[5] The ability to manipulate light polarization without bulky lenses also
makes valleytronics a promising approach for compact single-photon genera-
tors for secure quantum communications.[4] Finally, the simple synthesis and
long coherence lifetime of valleytronic qubits indicate significant potential for
scalable quantum computing.[15] However, to achieve these breakthroughs the
valley polarization must be realized in a compact device, which is a promising
use case for two-dimensional (2D) materials.

When the spin-orbit coupling (SOC) interactions are considered, the bro-
ken inversion symmetry of 2D transition metal dichalcogenide (2D-TMDC)
monolayers removes the energy degeneracy between the band-edge spin-up and
spin-down states at the K and K’ points in the Brillouin zone. However, this
alone is not enough to create a valley polarization, because the spin-up state
at K still has the same energy as the spin-down state at K’, and vice versa, a
consequence of the time-reversal symmetry of nonmagnetic TMDCs.[26]

Materials researchers have employed various techniques to break time-
reversal symmetry in 2D valleytronics, such as magnetic doping, [6, 25] external
fields,[27, 1, 2] and the proximity effect of an adjacent magnetic substrate.[33,
49] TMDCs in external magnetic fields have shown splitting of the absorption
peak into two valley-selective absorptions, due to the Zeeman effect, but the
magnitude of the splitting is small. For example, MoSey only showed an optical
valley splitting of 0.12 meV /T in a magnetic field.[27] This is enough for proof-
of-concept work, but would require an impractically strong magnetic field of
200 T to generate durable valley-polarized states at room temperature. Even
if other materials have much stronger Zeeman effect, external magnetic fields
are difficult to incorporate into the compact devices which valleytronic tech-
nology would otherwise enable. This constraint can potentially be bypassed
by exploiting the proximity effect, because intrinsically magnetic 2D mate-
rials stacked directly in contact with a 2D valleytronic create an exchange
interaction much stronger than an external field.

A few materials have shown promising results in the search for suitable val-
leytronic/substrate pairs which are strongly coupled by the proximity effect,
One of the first reported studies was a theoretical calculation of MoTe; on Eu-
terminated Eu0.[33] The strong chemisorption interaction between Te and Eu
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created an optical valley splitting of 44 meV, although the direct band gap of
monolayer TMDC was also changed to indirect. Various other studies of metal-
terminated interfaces also found strong splitting, but the strong covalent inter-
action at the interface changed the band structure enough to make it metallic
or destroy the valley character of the conduction band.[43, 45, 44] However,
a recent theoretical study suggested that the most likely reconstructed EuO
surface termination has a much weaker interaction, with valley splitting of
only 3 meV.[46]

For these reasons, interest has turned to interfaces of 2D materials held
together by weak van der Waals (vdW) interactions. The initial breakthrough
was reported in a WSey/Crlz heterostructure, with the ferromagnetic sub-
strate shifting the left-handed photoluminescence peak of WSes 3.5 meV rel-
ative to the right-handed peak, equivalent to an external magnetic field of
13 T.[51] First-principles calculations have been used to examine a variety of
other heterointerfaces, both with ferromagnetic[38, 50, 13, 53, 18, 48, 29] and
antiferromagnetic substrates.[31, 12, 42, 41] A considerable amount of experi-
mental effort has also been devoted in this direction.[35, 52, 7] However, while
many individual heterointerfaces have been proposed for valleytronics applica-
tions, the underlying design rules for achieving strong proximity splitting are
not yet understood. Intuitively, it is desirable to maximize the magnetic ex-
change interaction between substrate and TMDC, but the interaction is made
complex by the intervening anion layers and it is not obvious which mate-
rials will interact most strongly. It is also unclear whether ferromagnetic or
antiferromagnetic substrates are more useful, and existing studies are difficult
to compare due to differences in computational methods. Finally, electronic
structure calculations have certain difficulties describing strongly correlated
d-electron systems, but there is little information available on how this might
impact the accuracy of calculated valley splitting.

In this work, we undertake systematic theoretical comparison of the inter-
actions between different families of 2D valleytronics and magnetic substrates
to not only indicate which systems are most promising for further research,
but also advance fundamental understanding of valleytronic interfaces. We
study eight TMDC/substrate interfaces, chosen to span a wide range of typi-
cally studied valleytronic candidates, with Mo(S,Se)s or W(S,Se); as TMDC
layers and (Mn,Ni)PSes, CrGeTes, or CrGeTez as magnetic substrates. The
calculated valley splitting ranges from less than 1 meV to all the way up to
27 meV. Both ferromagnetic and antiferromagnetic substrates can introduce
strong proximity effects, and the stacking pattern plays a major role in de-
termining the strength of the interaction. Based on our study of the valley
splitting’s sensitivity to calculation parameters, we conclude that the splitting
can be calculated with acceptable accuracy for systems with weak interlayer
interactions, but certain strongly hybridized interfaces are more challenging,
indicating the need for improved electronic structure methods. A simple two-
band model is used to demonstrate the impact of changing band alignment
on the total Zeeman splitting of a valleytronic band. In particular, our results
indicate that in the heterointerfaces where the TMDC and substrate bands are
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Fig. 1 a. A monolayer of the TMDC MoSs with trigonal prismatic coordination b. A
monolayer of the antiferromagetic substrate NiPSes with octahedral coordination c-e. The
three stacking patterns v1-v3 of TMDC on TMPX3 which we consider in this work f. The
band structure of monolayer WSz on monolayer CrBrz, calculated with spin-orbit coupling
enabled The colors indicate the contribution of W orbitals to the band, with red indicating
a large spin projection along the positive c-axis, and blue indicating a large spin projection
along negative ¢

strongly coupled, small uncertainties in the Hubbard U corrections and rela-
tive band alignment can create large uncertainties in the calculated Zeeman
splitting.

2 Computational Methods

We performed Density Functional Theory (DFT) calculations using the Vi-
enna Ab-Initio Simulation Package (VASP) version 5.4.4 with the projector-
augmented wave method.[21, 22] We used the optB88 exchange-correlation
functional with the vdW correction of Tkatchenko and Scheffler.[20, 39] The
Hubbard U values for transition metals were chosen to be compatible with
the calculations of the Materials Project database,[11] as were the pseudopo-
tentials, which treated semi-core p-electrons as valence electrons for Mn, Ni,
Mo, W, and Cr.[19] Here we note that the pseudopotentials were not those
included with VASP 5.4.4, but rather an older version used by the Materials
Project for legacy compatibility. We used a geometry relaxation criterion of
1 meV with a self-consistent electronic relaxation criterion of 0.1 meV, and a
plane-wave cutoff of 500 eV. Electronic band structures were calculated with
the spin-orbit coupling applied, and magnetic moments were initialized along
the c-axis. For antiferromagnetic materials, we used a Neel-type spin ordering
with nearest-neighbor metal atoms having opposite spins. For self-consistent
calculations of the Hubbard U, we followed the linear response formalism of
Cococcioni et al., taking a linear fit of 9 points for self-consistent and non-
self-consistent calculations. [8] Our calculations of 2D materials had at least
10 A of vacuum space separating the material from its periodic images along
the surface normal, and relaxations were done with the stress along the c-axis
artificially set to zero to preserve this vacuum, while the other two axes were
allowed to relax for monolayer calculations. For interface calculations, the cell
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size was kept to a fixed value determined by the lattice constant of the TMDC.
We used a single layer of the trigonal prismatically coordinated 2H phase for
all TMDC calculations, unless stated otherwise. Because the two layers inter-
act through van der Waals forces and significant vertical charge transfer is not
expected, we did not use an electric dipole correction. Projected band struc-
tures were plotted with the Pyprocar software package,[16] while the splitting
between bands was obtained from the EIGENVAL file of VASP.

The exchange interaction between 2D magnets can be quite sensitive to
the way the layers are stacked,[50] so we have considered three different stack-
ing patterns. In Figure 1 we show the atomic-level geometry details of TMDC
with TMPX3 substrate. The monolayer geometries of a trigonal prismatic-
coordinated TMDC and an antiferromagnetic TMPX3 with octahedral coor-
dination are shown in Figure 1(a) and 1(b), respectively. Figures 1(c-e) depict
the three different heterointerface stacking patterns employed in the present
study. For stacked interfaces, we used a supercell with 4 formula units of
TMDC for each formula unit of substrate. While this is not the only possible
twist angle, it has been widely adopted in valleytronics studies because it gen-
erates low interfacial strains (see Supplementary Information) for many of the
most promising TMDC /substrate material pairs.[48, 30, 50, 53] This supercell
also has the added benefit of folding the K and K’ points of the primitive
Brillouin zone to the K’ and K points, respectively, of the supercell Brillouin
zone, allowing the valley splitting to be determined by inspection without un-
folding. To obtain the relaxed geometry and charge density of these supercells,
we used a 6x6x1 I'-centered k-points grid.

There are several commonly used definitions of valley splitting, which can
result in confusion when comparing results obtained in different papers. For ex-
ample, an early work by Qi et al. calculated the valley splitting of MoTes /EuO
as the difference between the opposite-spin CBMs (or VBMSs) at K vs. K',[33]
which is zero for an isolated monolayer with no Zeeman effect, finding that
this splitting was over 300 meV. However, valley splitting can also be defined
as the optical splitting, which is the difference in energies required to excite
an electron from the valence band maximum (VBM) to the conduction band
minimum (CBM) of the same spin at K vs. K’ (neglecting excitonic effects).
This definition, which has been used by many subsequent works,[17, 48] only
showed a valley splitting of 44 meV for MoTey/EuO. In our work we use the
optical splitting metric because it is experimentally relevant to measurable
processes such as photoluminescence. Using the notation of Figure 1(f), the
optical valley splitting is defined as Opt - Optg. The sign of the valley split-
ting is somewhat arbitrary, since it could be defined as Optgs - Optg, or the
system could have been initialized with opposite spins, or a different choice of
unit cell vectors. To maintain consistency across different materials and mag-
netic states, we adopted the convention that the valley VBM is spin-up at K
and spin-down at K’ (see Supplementary Information for more discussion of
this convention).
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Fig. 2 The calculated valley splitting Opt - Optg, for each of the eight interfaces, with
each interface tested in three stacking configurations; the most stable configuration is marked
with an asterisk

Table 1 The stacking energy of each heterointerface supercell, calculated relative to the
lowest-energy stacking pattern.

| Heterointerface | stacking vl (meV) | stacking v2 (meV) | stacking v3 (meV) |

MoS2/MnPSes 43 45 0
MoS2/NiPSes 11 12 0
WS2/MnPSes 40 45 0
WS» /NiPSes 14 20 0
MoS2/CrBrs 0 29 60
WS2/CrBrs 34 0 70
MoSez /CrGeTes 0 11 79
WSez/CrGeTes 12 0 74

3 Results and Discussion

For this study, we choose a representative sample of the materials design
space to illustrate the trends that determine the strength of proximity ef-
fect, with a total of eight different materials pairs in three stacking configura-
tions each. The specific interfaces stuided were MoSs/MnPSes, MoS, /NiPSes,
WSa/MnPSes, WSy /NiPSes, MoSs /CrBrs, WS, /CrBrs, MoSes /CrGeTes, and
WSes /CrGeTes. The relative energies of each stacking pattern are listed in Ta-
ble 1. We examine both antiferromagnetic TMPX3 substrates and ferromag-
netic CrBrs, along with CrGeTes which is ferromagnetic even though it has
the same structure as TMPX3. In the following sections, we show the results in
detail for each of the chosen materials pairs with Materials Project U values,
and we will then compare to the results with self-consistent U corrections.
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Fig. 3 a. The electronic band structure for the MoSa /MnPSes interface in the v2 stacking
configuration; the colors indicate the contribution of Mo orbitals to the band, with red
indicating a large spin projection along the positive c-axis, and blue indicating a large spin
projection along negative ¢ b. MoS2/NiPSes interface with vl stacking c. WS2/MnPSes
interface with v3 stacking; the colors indicate the contribution of Mo orbitals d. WS2 /NiPSes
interface with v3 stacking

3.1 Antiferromagnetic Substrates

The discovery of a set of layered TMPXj3 (TM = transition metal, X = S, Se,
Te) materials with antiferromagnetic ordering down to the monolayer scale un-
locked new possibilities for the design of 2D valleytronics devices.[26, 24] These
TMPX3 materials have a structure with octahedrally-coordinated magnetic
transition metals, as well as octahedrally-coordinated phosphorous dimers
which do not contribute to the magnetism, and their chalcogenide exterior lay-
ers are well-suited to form weak vdW interactions with the anion layers of val-
leytronic TMDCs. We have chosen four systems with WSs or MoSs on MnPSe;
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and NiPSes, because these interfaces have a low lattice strain when they are
made into a 4:1 TMDC/TMPX3 supercell. This is not a physical constraint, as
materials with other strain relations can form Moire pattern heterostructures
with varying twist angles, but these require an impractically large simulation
supercell. MnPSes is a very commonly studied system,[31, 30, 12, 42, 36, 41]
which we use as a point of comparison to previous work, while NiPSes is a
closely related but much less explored system. We plot the calculated elec-
tronic band structure of these four interfaces in Figure 3. We begin with
the MoS;/MnPSes interface, which has substantial valley splitting, with the
largest value -5.6 meV occurring for the S-on-Mn stacking v2. Prior calcula-
tions on this system also found broken degeneracy between opposite spins at
the VBM for patterns v1 and v2 (in our nomenclature),[31] although the opti-
cal valley splitting was not calculated. Curiously, no such effect was predicted
for stacking v3. It is interesting to note that this previous work predicted the
VBM was primarily contributed by MnPSes, while in our calculations, the
valley VBM with Mo orbital character is slightly higher as seen in Figure 3(a),
possibly due to our different choice of Hubbard U values. The average Mo or-
bital contribution to the two CBM valleys associated with the spin-conserving
optical excitation is 92%, indicating a relative lack of hybridization for these
bands. However, this interface is unusual in that the splitting largely comes
from the valley VBM, which is split by -6.0 meV, compared to 0.4 meV in the
CBM.

Placing MoSs on NiPSes instead creates substantial changes to the spin-
valley coupling, with the largest valley splitting of 4.3 meV now occurring in
the v1 stacking with both Ni atoms directly covered. The NiPSes states have
shifted lower in energy, shown in Figure 3(b), as expected for a transition metal
with a higher group number and more unscreened nuclear charge. However, the
interlayer hybridization is not increased relative to MoSs/MnPSes, with the
two valley CBM points still 92% Mo orbitals. This substrate may offer advan-
tages for practical applications because it is predicted to have a relatively high
Neel spin ordering temperature of 110 K, comparable to NiPS; with predicted
and experimental Neel temperatures of 105 K and 150 K, respectively.[3]

Moving to WS; strengthens the spin-orbit coupling effect, as shown by the
greatly enhanced spin splitting in WSs/MnPSes v3 band structure in Figure
3(c), while only changing the lattice constant by 0.8%. However, in this case
the valley splitting is not large, only 3.4 meV, due to the near-degeneracy
between K and K'. W contributes 94% of the valley CBMs.

Finally, the WS, /NiPSe; interface shows the largest valley splitting of all
the antiferromagnetic systems, with the v3 stacking split by 8.8 meV. The
CBM is primarily derived from the orbitals of WSs, but there is very little
energy separation between the CBM and the lowest-energy conduction bands
of NiPSes. As a result the bands are more hybridized, with the two valley CBM
points at K and K’ having W contributions of 78% and 87%, respectively. The
magnitude of the valley splitting is almost entirely due to the 7 meV difference
between the spin-down CBM at K, and the spin-up CBM at K'.
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Fig. 4 a. MoS2/CrBrs interface with v3 stacking; the colors indicate the contribution of Mo
orbitals b. WSy /CrBrs interface with v2 stacking; the colors indicate the contribution of W
orbitals c. MoSez /CrGeTes interface with v2 stacking; the colors indicate the contribution of
Mo orbitals d. WSez /CrGeTes interface with v3 stacking; the colors indicate the contribution
of W orbitals.

3.2 Ferromagnetic Substrates

We have also calculated the band structure and valley splitting for a set of four
ferromagnetic substrates, with the electronic band structures plotted in Fig-
ure 4. We begin our analysis with MoSg/CrBrs, shown in Figure 4(a). CrBrs
has the same structure as TMPX3, but with a vacancy where the phospho-
rous dimer would be. CrBr3 has been experimentally exhibited as a viable
material for the magnetic proximity effect,[7] as well. The magnitude of the
valley splitting is small, with a maximum absolute value of 1.7 meV for the
v3 stacking. Another study recently calculated this system in the v3 stack-
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ing configuration,[48] finding a similar valley splitting of 1.3 meV. Just like
MoS3/(Mn, Ni)PSes, the Mo contribution to the CBM is 92%.

We calculate substantially more valley splitting for WS /CrBrs, up to 5.0
meV for the v2 stacking. The band gap of the interface as a whole is less
than 0.2 eV, with the enhanced SOC of WS, pushing its VBM almost up to
the empty flat d-orbital states of CrBrs. The conduction band is even less
hybridized than that of MoS,/CrBrs, with W contributing 94% of the CBM.
The band structure is in qualitative agreement with the prior study,[48] and
the greatly reduced valley splitting 2.5 meV which we calculate for the v3
stacking is closer to the prior result of 1.4 meV.

Finally, we examine the ferromagnetic CrGeTes substrate, which is isostruc-
tural with TMPX3, having Ge dimers instead of P. Due to the increased size
of this substrate, it is necessary to use selenide TMDCs instead of sulfide, to
get an acceptable lattice match. For MoSes/CrGeTes, we obtain a large valley
splitting of 9.8 for the v2 stacking. The interface as a whole is metallic at this
level of theory, with bands from CeGeTeg crossing the Fermi level. However,
the valley structure of the CBM valley bands with 89% MoSes contribution is
still distinct, even though they are nearly degenerate with other bands.

The WSe; /CrGeTes interface also has large valley splitting, with an anoma-
lously large value of -26.7 meV for the v3 stacking. The band structure of this
interface is also metallic, with very strong effects of SOC. This interface has
very large orbital hybridization of the CBM states, with only a 79% and 85%
contribution from W orbitals at K and K’, respectively. A recent study has
obtained a valley splitting of 3 meV,[29] significantly smaller than our result,
for the v1 stacking of this interface; that work also obtained a small band
gap of 21 meV. Another combined experimental/theoretical study also inves-
tigated this interface, but the results cannot be directly compared with ours
because that work used a different metric for valley splitting.[37]

3.3 Hybridization and Hubbard U Dependence

In some cases, the systems which have nearly degenerate TMDC and sub-
strate band edges exhibit anomalously high valley splitting. We consider the
possibility that the splitting strength may be associated with the degree of
orbital hybridization of the conduction band valleys, with strongly hybridized
bands experiencing an altered Zeeman splitting. This explanation is intuitively
suggested by the role of electron hopping in magnetic exchange interactions,
with easier hopping leading to both increased hybridization and stronger mag-
netic coupling. Several of our interfaces show extensive hybridization between
the TMDC metal d-orbital bands which make up the valley extrema, and the
other bands which are primarily from the magnetic substrate. While the hy-
bridization is most noticeable in WSey/CrGeTeg, it also is quite substantial
in MoSes/CrGeTes and WSs/NiPSes. The hybridization is strongest at the
points where two bands would cross, and is visually apparent as an avoided
crossing as the two bands split apart from each other instead of being degen-
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Table 2 The splitting in meV of the VBM and CBM of each interface, calculated as the
band energy at K minus the band energy at K.

‘ Heterointerface ‘ stacking v1 ‘ stacking v2 ‘ stacking v3 ‘

VBM | CBM | VBM | CBM | VBM | CBM
MoS2/MnPSes -1.2 2.3 -6.0 0.4 2.7 2.6
MoS2 /NiPSes 0.1 4.2 0.0 1.0 1.4 1.1
WSs2/MnPSes 1.0 -0.9 -0.7 0.9 1.0 2.4
WS2 /NiPSes 1.6 2.8 0.6 4.0 2.0 6.8
MoS3/CrBrs -1.4 0.5 -0.5 1.8 0.1 1.5
WS, /CrBra 1.0 4.0 -0.8 5.8 0.0 2.4
MoSez /CrGeTes -8.2 16.9 -5.7 15.5 -2.9 0.6
WSes/CrGeTes -4.8 13.6 -2.5 -3.2 4.1 -30.8

erate. On the other side of the avoided crossing point, the two bands switch
orbital character and return approximately to their unperturbed energies. The
magnitude of the energy repulsion between bands can in principle be obtained
with second-order perturbation theory, and among other factors it is inversely
proportional to the energy difference between the unperturbed bands at the
given K-point if they are non-degenerate.[10] Therefore, the repulsive effect of
nearby bands due to hybridization can be strong when the bands are nearly de-
generate, although this is a necessary but not sufficient condition due to other
requirements, such as spatial overlap of the two bands’ constituent orbitals.

To see if there is a quantitative relationship between band hybridization
and valley splitting, we plot the absolute valley splitting versus the non-TMDC
metal atom contribution to the CBM valleys in Figure 5. We find that while
all of the weakly hybridized interfaces have small valley splitting <6 meV, the
strongly hybridized systems may have either small or large splitting, without
a clear trend. This indicates that while hybridization may perturb the bands
in a valley-selective manner, the perturbation is not guaranteed to be large
or of constant sign, so simply choosing hybridized interfaces is unlikely to
be a good design rule for device applications. Hybridization may also be at
work in the recent study of Zhang et al. [48], which found anomalously strong
valley splitting in WSey/CrBrs (15.2 meV) and MoTey/CrBrs (28.7 meV),
both of which experience a band inversion in which the valley VBM of the
TMDC crosses the CBM of the CrBrs. The overlap in energy levels is likely to
drive strong interlayer orbital hybridization and Zeeman splitting in the band-
inverted heterointerfaces, similar to what we see in our work, but in the VBM
instead of the CBM. Indeed, most of the splitting in our systems derives from
the CBM, as shown in Table 2. During final revisions of this present work,
a newly published study of CoCly/MoTey also identified band hybridization
as the driving force responsible for anomalously large valley splitting in that
system. [47]

The rapid increase of band repulsion as bands become nearly degener-

ate has the potential to make the valley splitting depend sensitively on the
band alignment of the TMDC with respect to the substrate. While this effect
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Fig. 5 Valley splitting as a function of band hybridization, which is defined here as the
fraction of the orbital contributions not derived from the metal atoms of the TMDC. The
values are averaged between the K and K’ CBM valleys of the same-spin optical excitation
from the VBM

is physically meaningful, determining the relative energy levels of d-orbital
bands within DFT is challenging when studying effects on the scale of a few
meV. Unmodified DFT is well known to underestimate the band gap of many
materials,[32] particularly those with transition metals bonded to electronega-
tive anions, which is why we and most other authors of computational valley-
splitting studies have adopted the Hubbard U correction.

While the Hubbard U improves the agreement with real physics, the some-
what arbitrary choice of its exact value is a possible issue in hybridized in-
terfaces which are very sensitive to small changes in relative band alignment.
A simple model is useful to visualize the impact of changing band alignment
on the total Zeeman splitting of a valleytronic band. In our two-band model,
the unperturbed TMDC and substrate bands are approximated by parabolic
functions

By = Ok £ GI)? + A5 2 (1)

where Fy is energy, the prefactors are Crype = 0.01 eV and Cyyp, = 0.005
eV, and G is the valley minima location in k-space. A is the relative energy
alignment of the two bands, set to zero for the TMDC band, and Z is the
unperturbed Zeeman splitting, which we set to zero for the TMDC band and
0.002 eV for the substrate band. The unperturbed bands for different values of
A are plotted in Figure 6(a-c). The repulsion between non-degenerate bands
is introduced as a perturbation of the form[10]

)\2

PO =Bl * By - mm

(2)
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where \ is a coupling constant and E, (k) is the unperturbed energy of the
other band. This function has a singularity at Ey(k) = E,(k), so for |Ep(k) —
E, (k)| < XA we cap the magnitude of the repulsion at

E(k) = Eo(k) + A (3)

which gives the correct behavior from perturbation theory for the exactly de-
generate case. We provide the code for our model in Supplementary Informa-
tion. The perturbed bands are plotted in Figure 6(d-f) for the same alignment
values as Figure 6(a-c), with A = 0.001 eV. It is apparent that there are three
regimes; A < 7% creates positive Zeeman splitting by pushing up the TMDC
band at K’, —% <A< % creates negative splitting by driving the TMDC
band energies at K and K’ apart, and A > % again results in positive Zeeman
splitting. In Figure 6(g) we plot the dependence of Zeeman splitting on the
band alignment parameter A for different values of A. Here we note that the
sharp points at |Eo(k) — E,(k)| = A mark the transition between the non-
degenerate and degenerate treatments of band repulsion, and might not occur
with a more sophisticated treatment of nearly-degenerate bands. However, the
discontinuities at Ey(k) = E,, (k) are physically meaningful, resulting from the
switch in orbital character when the unperturbed energies of the upper and
lower bands cross over. Therefore, we conclude that if the TMDC and substrate
bands are coupled, small uncertainties in the Hubbard U corrections and rel-
ative band alignment can create large uncertainties in the calculated Zeeman
splitting. While no unique and widely acceptable approach for choosing the U
parameter in solid state DFT computations exist, in more commonly studied
problems such as band gap prediction or defect formation energy computa-
tions, the calculated value of interest changes monotonically or even linearly
with changes in the parameter.[14, 9] In such cases, the U correction is useful
to obtain qualitative trends across different materials even if the quantitative
values are not predicted accurately. We emphasize that highly hybridized val-
leytronic interfaces may be an exception, in which DFT 4 U calculations may
not even be qualitatively correct. More advanced theoretical techniques could
provide more accurate band alignments, but some commonly used methods
still rely on user-defined parameters, such as the fraction of exact exchange in
the HSE family of functionals [23].

We explore this phenomenon quantitatively in specific material systems
with two tests of U sensitivity for each of our eight heterointerfaces, using
the stacking which maximizes valley splitting for Materials Project U’s. The
first test is to reduce the U correction by one eV for the TMDC metal ions,
without further relaxing the structures, and the second test is to calculate
U corrections self-consistently and re-relax the interface using these values,[8]
before calculating the valley splitting. We find that the U-dependence is <2
meV for the CrBrs systems, which have the substrate bands located within
the band gap the TMDC bands as seen in Figure 4. The U-dependence of
MoS2/NiPSes v1 is also only 2.8 meV due to the moderate offset between
TMDC and substrate bands. However, the hybridization-induced splitting of
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Table 3 The calculated valley splitting in meV for the interfaces with Hubbard U correc-
tions obtained from the Materials Project (MP), MP for the substrate and MP - 1eV for the
TMDC (MP - 1), or Hubbard U’s calculated self-consistently (SC). The Hubbard U values
for TMDC and substrate are listed in brackets as [Urmpc; Usubstrate]-

| | MP | MP - 1 | sC |
MoSa /MnPSez v2 [ -5.6 [4.38; 3.9] | 3.6 [3.38; 3.9] [ 0.6 [3.00; 5.59
MoSy /NiPSez vl | 4.3 [4.38;6.2] | 1.5[3.38; 6.2] | 2.4 [3.54; 7.77
WS3/MnPSes v3 3.4[6.2; 3.9 8.4 [5.2;3.9] [ 1.4 [2.80; 6.59
WS3/NiPSes v3 8.86.2; 6.2 -4.475.2;6.2] | -1.0 [2.69; 7.87]
MoS3/CrBrs v3 1.7[4.38;3.7] | 1.1[3.38,3.7] | 1.0[3.65; 4.59
WS2/CrBrs v2 5.0 [6.2; 3.7] 3.6 [5.2; 3.7 | 3.5 [2.69; 4.83

MoSez/CrGeTes v2 | 9.8 [4.38; 3.7] | 10.7 [3.38; 3.7] | -1.6 [3.90; 4.78]
WSez/CrGeTes v3 | -26.3 [6.2; 3.7] | 15.1 [5.2; 3.7] | 4.5 [2.80; 4.67]

-5.6 meV in MoSs/MnPSe; v2 (see Figure 3 and Table 2) is moderately U-
sensitive as the VBM shifts, becoming positive for the other U values we test.
The WSy /MnPSes v3 stacking is also moderately U-sensitive, with up to 7
meV of change as shifting U-values generate more splitting at the CBM. Fi-
nally, the three systems with the highest splitting all have TMDC CBMs nearly
degenerate with substrate bands, and all three are very sensitive to changing
U’s, up to 41 meV for WSey/CrGeTes v3. An example of the qualitative
changes in band structure for different U values is provided as Supplementary
Information.

4 Conclusion

The development of practical valleytronic devices requires the combination
of time-reversal and inversion symmetry breaking in the same system. Due
to the difficulty of combining both features in the same material, we have
analyzed pairs of 2D materials which utilize the magnetic proximity effect to
induce valley splitting. Our search of four antiferromagnetic systems and four
ferromagnetic systems has identified several systems with large valley splitting,
most notably WSes/CrGeTez with up to 26.7 meV energy difference between
the VBM/CBM transitions at K vs. K’, depending on the stacking pattern.
However, the splitting is highly dependent on the choice of the Hubbard U
correction, especially for the interfaces which have large calculated splitting,
and the effect appears to be the result of interlayer band hybridization.
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