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Monolayer transition metal dichalcogenides (TMDs) with spin-valley coupling are a well-studied
class of two-dimensional materials with potential for novel optoelectronics applications. Breaking
time reversal symmetry via an external magnetic field or supporting magnetic substrate can lift the
degeneracy of the band gaps at the inequivalent K and K’ high symmetry points, or valleys, in
the monolayer TMD Brillouin zone, a phenomenon known as valley splitting. However, reported
valley splittings thus far are modest, and a detailed structural and chemical understanding of valley
splitting via magnetic substrates is lacking. Here we probe the underlying physical mechanism with
a series of density functional theory (DFT) calculations of magnetic atoms with varying coverage
on the surface of prototypical monolayer WSes and MoS> TMDs. Near-valence band edge energies
for variable magnetic atom height, lateral registry, and magnetic moment are calculated with DFT,
and trends are rationalized with a model Hamiltonian with second-order spin-dependent exchange
coupling. From our analysis, we demonstrate how large valley splittings may be achieved and that
the valley splitting can be understood with a superexchange mechanism, which strongly depends on
the nature of orbital overlap of the transition metal atom with the magnetic atom and the out-of-
plane component of the magnetic moment of the magnetic atom. Our calculations provide a basis
for understanding prior measurements of valley splitting and suggest routes for enhancing valley

splitting in future systems of interest.

I. INTRODUCTION

Two-dimensional (2D) materials have generated great
interest in recent years due to their atomically thin struc-
tures and highly tunable electronic properties. In partic-
ular, monolayer transition metal dichalcogenides (TMDs)
with the 2H-MX, structure (M = Mo/W, X = S/Se/Te)
(Figure [Ih) have attracted attention for valleytronics ap-
plications due to their semiconducting behavior and the
existence of spin-valley coupling in these systems [].
Monolayer TMDs exhibit a direct band gap [2] located
at K and K’ in the 2D hexagonal Brillouin zone (Figure
[Ib,c) where the valence band maximum (VBM) and con-
duction band minimum (CBM) states are energetically
degenerate but inequivalent. Loss of inversion symme-
try and strong spin-orbit coupling (SOC), which leads
to splitting of the valence and conduction bands at K
and K’, give rise to degenerate but inequivalent valleys,
which are linked by time reversal symmetry (Figure [If).
The symmetry and strong SOC lead to substantial spin-
valley coupling, and the bands at K and K’ exhibit op-
posite spin character and can be selectively excited with
left-handed or right-handed circularly polarized light, for
K and K’ respectively [1].

The energetic degeneracy of the K and K’ valleys can
be lifted by breaking time reversal symmetry, causing val-
ley polarization, with the band gap isolated in one valley
(Figure ); the valley splitting is defined as the difference
between the dipole-allowed band gaps at K and K'. Val-
ley splitting has been demonstrated experimentally for
monolayer TMDs in the presence of external magnetic

fields or when supported by magnetic substrates, where
photoluminescence, optical absorption, and reflectance
measurements with circularly polarized light confirm that
the band gaps in each valley differ when time rever-
sal symmetry is broken [3H9]. Whereas static magnetic
fields have been shown to produce relatively modest val-
ley splittings 0.1-0.22 meV /T [3H6], magnetic substrates
such as EuO, EuS, Crls, and ferromagnetic metals Ni/Co
lead to valley splittings of 1-16 meV, at least an order
of magnitude larger [THI0]. Despite a growing number
of experimental reports, a detailed quantitative picture
of the origin of the valley splitting associated with mag-
netic substrates is still lacking. Prior studies have mod-
elled the effect of magnetic substrates using an effective
Zeeman field, adding other perturbations to account for
inconsistencies between a purely Zeeman-like effect and
first-principles calculations [9HI2]. Other studies have
described the TMD-magnetic atom interaction as mag-
netic exchange coupling or referred to it as a proxim-
ity exchange effect without providing an orbital- or spin-
based mechanistic understanding of its nature or magni-
tude [8[IT], 13, [M14]. Ref. [I5] qualitatively assesses the im-
pact of Cr-W alignment in a WSey+Crls heterostructure
but does not offer a theoretical framework within which
to interpret their results. A detailed framework for un-
derstanding and quantifying the magnetic exchange cou-
pling generated by orbital hybridization effects and the
magnetic moment of the magnetic atom in the substrate,
and for suggesting alternative magnetic substrates that
might enhance the valley splitting would clearly be of
value for interpreting future studies and for applications.



Q Q Q Q Q Q Q
499999 <
K K
- - -\ M
) A _b_b_b_
RS ¢

OO0 0 K

N eees ”
V'V
Y IRAYA

K

FIG. 1. (a) Side and top view of a monolayer TMD crys-
tal structure with the transition metal in turquoise and the
chalcogen in yellow (b) Diagram of hexagonal 2D Brillouin
zone (c¢) Spin-valley coupled valence and conduction bands at
K and K’ without (left) and with (right) time-reversal sym-
metry breaking because of a magnetic field (yellow arrow) or
magnetic substrate.

In this work we perform a systematic study of valley
splitting induced in TMDs by monolayers of suspended
magnetic atoms using density functional theory (DFT)
calculations. By varying the coverage, alignment, prox-
imity, and magnetic moment of Fe, Co, and Zn atoms
on WSe; and MoSy; TMD monolayers, we quantify the
importance of these factors to the magnitude of valley
splitting, specifically tracking the effect on the top-most
valence band eigenvalue splitting at K and K’'. We use
the results of our DFT calculations to validate a min-
imal model of valley splitting, fitting our DFT results
to a second-order expression from a model Hamiltonian
with spin-dependent exchange coupling. From our calcu-
lations and analysis, we provide general design principles
toward optimal magnetic substrates for large valley split-
tings and future valleytronics interfaces.

II. METHODS

First-principles calculations are performed using den-
sity functional theory (DFT) with a plane-wave basis and
projector augmented wave (PAW) pseudopotentials [16]
as implemented in the Vienna ab-initio Simulation Pack-
age (VASP) [I7, 18] . The electrons treated explicitly
as valence electrons are 5s25p%6s25d* for W, 4s24p* for
Se, 4524p55s%24d* for Mo, 3s23p* for S, 3s23p®4s23d°
for Fe, 3s23p%4s523d* for Cr, and 3s23p%4s523d'° for

Zn. Monolayer WSes; and MoS,; are relaxed using
the generalized-gradient approximation (GGA) as imple-
mented by Perdew, Burke, and Ernzerhof (PBE) [19];
van der Waals dispersion corrections are approximately
included using the Grimme-D3 method [20]. The relaxed
lattice parameters are 3.29 A and 3.16 A respectively,
in excellent agreement with experimental values of 3.282
A [21] and 3.15 A [22]. For relaxations of monolayer
TMDs, an energy cutoff of 1000 eV is used with a 25x25x1
I'-centered k-grid. Structures are relaxed until forces are
less than 1 meV/A. Calculations for 100% coverage of Fe
atoms are conducted using a 1000 eV energy cutoff and
a 256x25x1 I'-centered k-grid. Calculations for 33% cov-
erage of Fe atoms are conducted using a 750 eV energy
cutoff and a 15x15x1 I'-centered k-grid. Non-collinear
calculations with spin orbit coupling (SOC) are imple-
mented self-consistently for structural relaxations and
charge density generation for band structures. The mag-
netic moments of the magnetic atoms (Fe, Cr, Zn) are
oriented in the positive z direction, unless specified oth-
erwise. A vacuum layer > 20 A in the c-direction is used
to prevent interactions between neighboring monolayers.
To ensure that the valence band eigenvalues are not af-
fected by spurious shifts in the Fermi energy, the elec-
trostatic potential is calculated along the c-direction for
each TMD+Fe system and the valence band eigenvalues
are aligned to vacuum so they are all reported relative to
the same absolute energy scale. Testing of the effect of
an effective Hubbard U for Fe d states is performed using
the PBE+U method of Dudarev [23].

IIT. MODEL TMD+FE MONOLAYER SYSTEM
BAND STRUCTURE AND EIGENVALUES

We perform DFT calculations for monolayers of Fe
atoms at a fixed height z above the surface of WSes and
MoS, (Figure 2{d,e). While Fe atoms could be deposited
on monolayer TMDs, we are unaware of any such exper-
iments and we treat this as a model material system for
purposes of understanding. We systematically compute
the valley splitting as we vary the vertical height (or sep-
aration) and lateral alignment of the Fe atoms relative
to the TMD substrate; we also consider two different Fe
atom coverages. As we use periodic boundary conditions,
the Fe atoms constitute a uniform monolayer for a fixed
coverage in our calculations. The Fe monolayers are ini-
tially laterally aligned such that each of the Fe atoms lies
directly above a metal site, either W or Mo in this case.
Two coverages are considered: one Fe for 33% of the W
or Mo atoms and one for 100%, respectively. Unless spec-
ified otherwise, the magnetic moment of the Fe atoms is
aligned along the z direction in our calculations, normal
to the TMD substrate.

Our calculations show Fe atom coverage-dependent
valley splitting which is visible in the computed
band structure of the TMD+Fe system (Figure 7c).
Minimally-dispersive bands with Fe character appear in
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FIG. 2. (a) The band structure of pristine WSe; with the spin character of W in each state indicated in red and blue for
positive and negative respectively (b) The band structure of WSez with 100% coverage of Fe atoms that are 4.4 A above the W
atom, with valley splitting clearly visible. (c) The band structure of WSes with 33% coverage of Fe atoms that are 4.4 A above
the W atom, with K and K’ folded into I' (d) Schematic of Fe atoms above TMD monolayer indicating x and z displacements
(e) Schematic of Fe atoms above TMD monolayer at 100% coverage (left) and 33% coverage (right).

the band structure between the TMD valence and con-
duction bands in this model system, with limited hy-
bridization with W orbitals and reduced dispersion with
decreasing Fe coverage.

We identify and track the TMD valence and conduc-
tion bands via element-specific orbital projections in a
manner we elaborate on below. As height z between the
Fe monolayer and the TMD is reduced, the valley split-
ting systematically increases until at very close distances
(small z), significant orbital hybridization dramatically
alters the orbital character of the valleys at K and K,
eliminating their desirable symmetry properties (valley
degree of freedom and selection rules). We track the shift
in the valence band (VB) energies of the TMD, reporting
our calculated values in Figure for both 100% coverage
(1 Fe per TMD primitive cell) and 33% coverage (1 Fe
per /3 x v/3 TMD supercell, see Figure ) Notably,
the (111) planes of many perovskite-based oxides have
similar lattice parameters to V3x3 supercells of S and
Se TMDs. For example, the hexagonal (111)-plane of
BiFeO3 contains a single Fe atom with an in-plane lat-
tice parameter of 5.58 A [24], only 2% different from 5.70
A, the in-plane lattice parameter of a V3 x43 supercell
of WSes [21I]. Thus 33% coverage is a good approxima-
tion to the coverage expected for a TMD + (111) mag-

netic oxide heterostructure, a promising avenue of future
investigation for valleytronics heterostructures.

We define valley splitting, AE,, as the difference be-
tween the dipole-allowed single-particle band gaps at K
and K', E,(K) and E4(K'), respectively, which are the
energies associated with the vertical transitions between
the top-most valence band (VB) and the lowest conduc-
tion band (CB) eigenvalues of the same spin (the lowest
conduction band eigenvalue for MoSs and the second low-
est conduction band eigenvalue for WSes). That is, we
define

AEQ = Eg(K/) - Eg(K>v (1)
where
B, (K) = BZY — EYY (2)
and
Ey(K') = EZ7} — Eg, (3)

with the spin index on EZ;BIQ,CB

removed electron.
In a V3 x /3 supercell of a monolayer TMD, K and
K’ fold onto the I" point of the corresponding BZ. The

denoting the spin of the
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FIG. 3. (a) Schematic illustrating definition of the valence band (VB) splitting (b) Valence band splitting of WSez and MoS2
with Fe atom at 100% and 33% coverage at variable Fe-W separations z. Circles and triangles are data points, solid lines are
exponential fits. (c¢) Valence band splitting of WSe, and MoS; with Fe atom at 100% coverage with variable lateral position
x and with z fixed at 4.4 A. Lateral position is represented here as a fractional position along the a-axis (x/a) following the
direction of the a-axis displayed in (Figure ) Circles are data points, solid lines are fits to cosines. (d) Schematic of canted
Fe atom spin and definition of z component of magnetic moment. (e) Valence band splitting of WSez and MoS, at 100%
coverage with the magnetic moment of the Fe atom at variable angles with respect to the c¢ axis, causing the z component of
the magnetic moment to take different values. Circles are data points, solid lines are linear fits. (f) Valence band splitting of
WSes in the presence of different magnetic atoms, Fe, Cr and Zn. Circles are data points, solid lines are exponential fits.

contributions from K and K’ can be disentangled by pro-
jecting out the spin and spherical harmonic character of
each band, which together create a unique signature. The
VBMs of WSes at K and K’ are dominated by a combi-
nation of d, and d,2_, orbital character [11], [15] 25-27]
where the x and y Cartesian directions are taken to be
in-plane, from which the Mo/W states can be uniquely
decomposed into Y52 and Y, 2 character at K and K’ re-
spectively (see Supplementary Material Figure Sla [28]).
Here Y, refers to the spherical harmonic function with
orbital angular momentum quantum number [ and or-
bital angular momentum magnetic quantum number m.
The CBMs consist predominantly of d.= W/Mo orbitals
which cannot be distinguished between K and K’ be-
cause m = 0 for these orbitals; however, there are addi-
tional contributions from Se/S p, and p, orbitals which
lend unique Y; " and Y;™' character to the CBM at K
and K’ respectively (see Supplemental Material Figure

S1b [28)).

In what follows, we define the valence band (VB) split-

ting, AFyp, as the difference between the topmost va-
lence band at K and the topmost valence band at K’ (see

Fig. ), ie.,
AEyp = Eiy — EgT,. (4)

This difference dominates the valley splitting for the
monolayer TMDs considered here, generally deviating
from the valley splitting itself by just a minimal amount
for these systems (see Supplementary Material Figure
S2 [28]), and thus will be used as a proxy for the valley-
splitting, AFEy, in the discussion that follows.

IV. VALENCE BAND SPLITTING

The calculated VB splitting decays exponentially with
increasing height (z) (Figure [3b, see semi-log plot in
Supplementary Material Figure S3 [28]) and varies si-
nusoidally with horizontal displacement (x) (Figure [Bf).
The nature of the variation of the splitting with height
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FIG. 4. (a) Schematic of spin-orbit coupling (SOC) splitting at K and K’ of TMD valence bands in the presence of Fe atom
(b) Change in SOC splitting at K and K’ relative to no Fe system for WSes+Fe atom system at 100% coverage and Fe directly
above W with interpolation between data points. The absolute value of the SOC splitting in the absence of Fe is 459 meV. (c)
Change in SOC splitting at K and K’ relative to no Fe system for MoSz+Fe atom system at 100% coverage and Fe directly
above Mo. The absolute value of the SOC splitting in the absence of Fe is 146 meV. See Supplementary Material for plots of

absolute SOC splitting (Figure S5) [28§]

and lateral displacement reflects the important role of
orbital overlap and hybridization between Fe and TMD
states near the VBM on valley splitting, as has also been
reported elsewhere for WSes+Crls heterostructures [I5].
At small separations, ~4 A, for 100% coverage of Fe
atoms directly aligned over WSey, the calculated VB
splitting is more than 300 meV, much larger than prior
experimental reports of 1-16 meV [7HI0], indicating that
under more optimal conditions giant valley splittings are
possible.

The maximum valley splitting values we report here
for our model TMD+Fe system are, depending on the Fe
atom height, between one and two orders of magnitude
larger than those reported in prior experiments on TMDs
supported by magnetic substrates [3HIO], and greater
than any value yet reported experimentally or theoret-
ically. In one prior first-principles study, the equilibrium
W-Eu separation of WSes+EuS with a Eu-terminated
surface was computed to be ~4.4 A with ~1:3 coverage of
Eu:W, leading to a predicted valley splitting of 8 meV [J].
Notably, at 100% Fe coverage and at a height of 4.4 A we
compute VB splittings of 148 meV and 52 meV for WSes
and MoS; respectively, with lateral W/Mo-Fe misalign-
ment resulting in a maximum reduction of 29% and 21%,
respectively, in the VB splitting. Should that be achiev-
able experimentally, these VB splittings would be larger
than any values yet observed. From the trends in valley
splitting we compute here, we can rationalize lower val-
ues reported in prior theoretical and experimental work
as resulting from imperfect lateral alignment and differ-
ing heights and orbital localization, depending on the
magnetic atom and substrate. For example, Although
the magnetic Eu atoms in EuS have more localized f or-
bitals and a different ionic radius, for comparison at this
W /Mo-Fe separation of 4.4 A and coverage of 33%, we
compute VB splittings of 20 meV and 14 meV, compara-

ble numbers given the differences between Fe d and Eu
f states and that the Eu-W alignment is not optimal [9].
To further illustrate the sensitivity of VB splitting to or-
bital overlap, we introduce a Hubbard U [23] for the Fe
3d states to compute the VB splitting, and find that it
decreases from 148 meV for U = 0 to 60 meV for U =7
eV (see Supplementary Material Figure S4 [28]) for WSes
with 100% coverage of Fe atoms at a separation of 4.4 A.

We note that the VB splitting is also sensitive to the
magnitude and orientation of the Fe magnetic moment.
Systematically rotating the Fe moment clockwise off the
z axis towards the x axis (Figure ), the VB splitting
for WSey and MoSs at 100% coverage at a fixed height
of 4.4 A is computed to decrease linearly with the z com-
ponent of the magnetic moment of the Fe atom (Figure
). Replacing Fe with Cr in the 100% coverage case on
WSe,, we also observe a similar exponential decay with
increasing z and similar dependence on magnetic moment
(Figure [3f). Our DFT-PBE magnetic moment of Cr (3.7
pp) is larger than the magnetic moment of Fe (3.1 up).
The ratios of the VB splitting to the magnetic moment of
Cr and Fe differ by only 2%, further validating the linear
relationship between out-of-plane magnetic moment and
VB splitting. The trend for Cr can be directly related to
experimental results for the WSes+Crls heterostructure.
In our work the VB splitting predicted for WSey+Cr at
the maximum W-Cr separation considered (6 A) is 2.4
meV. Estimating the coverage of Cr atoms to W atoms
to be 50% based on their respective lattice parameters
we would expect the VB splitting to be ~1 meV. Prior
first-principles calculations have predicted a W-Cr dis-
tance of 6.8 A in this heterostructure [I5], larger than
our maximum value, but similar. Experimental studies
have measured a valley splitting of 1-2 meV [§], very
close to what our calculations would predict. Finally, as
a sanity check, we confirm closed shell Zn, which has no



magnetic moment, does not produce any VB splitting.
An asymmetry arises in the SOC splitting (Figure )
at K and K’ with the presence of the Fe atoms; the Fe
spin inducing valence band splitting does not affect K
and K’ equally and oppositely. The change in the SOC
splitting at K induced by Fe can be expressed as

AExb;OBC = (E;‘?%B - EKE)TJVIDJrFe
— (B} — ExD)rmp, (5)

with an analogous expression for the change in the SOC
splitting at K’. Going forward we drop the VB subscript
used in Eq. [4]since all eigenvalues considered will be VB
eigenvalues. For both WSey and MoS, the change in the
SOC splitting with Fe is significantly greater at K’ than
at K (Figure ,c), by a factor of two for WSes for Fe
magnetic moments oriented away from the TMD.

V. SUPEREXCHANGE MODEL
HAMILTONIAN

To better understand our DFT calculations, we con-
sider perturbative corrections to the TMD eigenvalues
associated with TMD W/Mo-Fe d orbital overlap. For
this analysis, we use a model interacting Hamiltonian,
H, with an off-diagonal coupling, Hrp/p+ pe, Written as

_ E +
H= €nkoCp ko Cnko
ko

+
+ g €Fe,0Cpe o CFe,oc + Hrmp1Fe (6)

o

where €,x, are the TMD eigenvalues at a given band n,
k-point k, and spin state o; ep. , are the Fe eigenvalues;
and ¢t and ¢ are one-electron creation and annihilation
operators for the TMD Bloch states (parametrized by
band index n, k-point k and spin state o) and localized
Fe states with spin state o [29] [30].

In what follows, we take the dilute monolayer limit
and treat the Fe atom and its orbitals and spin state as
localized, neglecting any coupling between Fe atoms. We
focus on a term representing the interaction between an
approximately half-filled Fe atom and a single spin on a
Bloch state, i.e.,

_ + +
Hrypyre = E ik’ Coyeo k! 0/ Cog 51 CFe,os  (T)
kk’oo’

where Jyk is a set of matrix elements involving over-
laps between Fe orbitals and TMD Bloch states and spin
indices on Jyy have been omitted for simplicity (see Sup-
plementary Material for details [28]). These Jyis will be
treated as parameters in what follows, and set the energy
scale for the effective exchange interaction. It should be
noted that this coupling term is not the only possible
coupling that may arise between the TMD and Fe atom.
We expect additional terms, such as a Hartree term, to
arise as well. However, the Hryrp+re used in this work

is the largest expected coupling contribution that affects
K and K’ differently, as will be seen in the following
analysis. Since our objective is ultimately to model the
difference between the eigenvalues at K and K’, we ne-
glect discussion of other coupling terms.

Our first-principles calculations show proximity to
spin-up Fe electrons decreases the energy of the spin-
down TMD eigenstate at K’ and increases the energy of
the spin-up TMD eigenstate at K. For this to be con-
sistent with the above interaction Hamiltonian, the ma-
trix elements Jyx must promote an antiferromagnetic
interaction leading us to conclude the Jxxs which ap-
pear above are not related to direct exchange, which
would have the wrong sign for Jxxs, but rather a su-
perexchange mechanism. Our focus on this term has
analogies with Anderson’s analysis of half-filled d orbitals
interacting with one another where the dominant second-
order term in the kinetic and ionic potential energy rep-
resents double-hopping, or superexchange [29]. The differ-
ence here is that one of the spins, associated with the Fe
atom, is localized in real space; the other, associated with
a TMD Bloch function at K or K’, is localized in recip-
rocal space. We write the eigenstates of the uncoupled
TMD+Fe system as tensor products of TMD Bloch states
and localized Fe spin states |nko) ® |Fe, o) = |nko; ope).
We simplify this further by treating the Fe atom spins as
a single unit with total spin S and total spin magnetic
quantum number M¢ so that our states can be labeled
as |nko; MEe).

Treating Hryrp+re in Eq. |§| as a perturbation to the
TMD VB eigenvalues at K and K’, the corrected eigen-
values to second order become:

Bt = Efq+MEP Tk + Y |J |2{ CCH
Kt = s KK Kk’ -
it o Egt = Ewt
S(S+1) — MFe(MFe +1
L S(S+1) = MFQMFe+ 1) -
EKT*Ek/\L
and
MFe)Q
E,:EO,_MSI’GJ,,+ J,,Q[(s
Ky = Exry K'K ;|Kk| Frory — B,
S(S+1) — MFe(MFe—1
LSS+ - MM, )] )
EK’,L_Ek’T

where MF¢ and S are taken to be 2, based on the cal-
culated DFT-PBE value of the magnetic moment of the
Fe atom (3.1 pup) and assuming a gyromagnetic ratio of
v = 2. It should again be noted that there should be fur-
ther corrections arising from other coupling interactions,
but that those interactions are expected to produce iden-
tical corrections to the eigenvalues at K and K.

In principle, the k-dependence of Jyy will be related to
details of the overlap between the itinerant Bloch TMD
states and localized Fe states. Since the TMD VB eigen-
functions at K and K’ differ only by a phase, consisting of
contributions from 5d/4d orbitals with spherical harmon-
ics Y2+2 and Y2_2 respectively (see Supplementary Mate-
rial Figure S1 [28]), we expect Jxkx = Jrxr = J. To
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further simplify as much as possible, we assume minimal
k-dependence of Jyys near K and K’, and approximate
that JKk’ ~ JKK and JK/k/ ~ JK’K/ s with contribu-
tions from neighboring k points weighted by how similar
their wave functions are to those of the VBM at K and
K', equivalently Jxy = Jw(k') and Jxn = Jw(k') (see
Supplementary Material for details of these approxima-
tions [28]). This is a reasonable assumption because
the orbital character in the neighboring Bloch states in
the top and bottom TMD VBs consist predominantly
of 5d/4d orbitals with Y, and Y, ? spherical harmon-
ics. With these approximations, we can pull J out of the
summations, and define the constants

=Y 5,

a= 10
ZEKT—EkI i_Ek’i ( )

and

w(k’

for the same-spin and spin-flip summations over the top
VB and bottom VB respectively.

It follows from these approximations that an asym-
metry in the magnitude of the valence band eigenvalue
shifts at K and K’ arises at second order. Capturing
this asymmetry is necessary to rationalize the manner in
which the VB SOC splitting (top VB minus bottom VB,
Figure [4h) changes with z (Figure [p). To first order in
J, equal and opposite changes in the SOC splitting would
be expected. However, the first order term alone cannot
lead to the valence band splitting seen in our DFT cal-
culations. From our model, the second-order terms in J
lead to the asymmetry in this splitting, and hence the
valley splitting at lowest order (see Supplementary Ma-
terial for further details [28]).

To understand the trends in the VB splitting predicted
by this model, we take the difference between the two

EKT - Ek/wL

perturbed eigenvalues, AFEy g, which reduces to
AEyp = Ext — Exry = 2MFe(J — J?B). (12)

When the magnetic impurity spin is canted by an angle
f away from the z axis and clockwise towards the x axis
(Figure[3), |ko; MF6> — e |ko; MF€) and the cor-
responding expression for the VB splitting is modified to
(see Supplementary Material for derivation details [28])

AFEyp = Exy — Exry = 2MF¢cos(J — J?B).  (13)

Here 2M SF € cos @ corresponds to the z component of the
Fe magnetic moment .

From our DFT calculations, we know J to be sensitive
to both the height z and the lateral alignment. As J
involves matrix elements between Fe and TMD states
with dominant Fe and Mo/W d atomic orbital character
we assume J to have the form

J(2) = ae % f(2) (14)

where f(z) is a polynomial, a generic form consistent
with the relevant states being hydrogenic 3d and 5d/4d
atomic orbitals, respectively.

We fit Egs. [[3]and [T4] to the DFT-PBE VB eigenvalue
splitting (Fig. [3p, ph) as a function of vertical displace-
ment z for WSey and MoSs at 100% and 33% coverage.

From Figure we see that WSey exhibits a larger J
than MoS, at a given separation, consistent with 5d or-
bitals having a greater spatial extent than 4d orbitals.
The J calculated here contains an implicit dependence
on the coverage of the magnetic atoms. For both WSe,
and MoS,, J for the 100% coverage case is 6 times larger
than J for the 33% coverage case at a relevant height z
of 4.4 A, larger than the expected factor of 3 assuming a
linear dependence on coverage. This may be because for
the 100% coverage case, each Mo and W could potentially
interact with neighboring Fe atoms, beyond the one that
is aligned directly above the transition metal. It could
also be associated with dispersion and k-dependence of
the Fe states, which is neglected in our model. Never-
theless, this second-order superexchange model captures
the trends exceedingly well, allowing us to use this for
intuition in the future design of valleytronics interfaces.

VI. DISCUSSION

Based on these results and our model, we can summa-
rize general principles that can guide development of op-
timal magnetic substrates for large valley splitting and
valleytronics applications. First, the vertical proximity
(z) between the W/Mo ion and the magnetic atom in
the substrate must be reduced as much as possible while
keeping the valley degree of freedom in the TMD intact.
Reducing the distance between the TMD transition metal
(W/Mo) and the magnetic atom in the magnetic sub-
strate could be achieved, for example, by using magnetic



substrates that are terminated by the magnetic atom.
Because of the exponential nature of this effect, 1 A of
additional distance between a magnetic atom and the
TMD transition metal atom due to the addition of, for
example, oxygen on the surface can reduce the valley
splitting by an order of magnitude.

Second, lateral alignment (x) of the TMD transition
metal (W/Mo) with the magnetic atom must be opti-
mized. This can be achieved by identifying magnetic
substrates with good lattice parameter matching to the
selected TMD. Although important, lateral alignment is
not as sensitive as the vertical proximity as it only leads
to a sinusoidal variation in valley splitting, decreasing
it by ~20% at maximal misalignment. In prior exper-
imental studies of TMDs with substrates like EuS and
Crlg, the small valley splitting, ~1-16 meV, can be un-
derstood by considering the low coverage and significant
lattice parameter mismatch, leading to poor alignment of
the W/Mo atoms with the magnetic Eu and Cr atoms.
As previously discussed, perovskite-related magnetic ox-
ides may offer better lattice alignment and coverage, and
therefore are an avenue worth further study.

Third, we find that the out-of-plane magnetic moment
of the magnetic atom must be maximized. This can be
achieved by tuning the chemical identity, oxidation state,
or local environment of the magnetic atom so that it has
a larger magnetic moment and out-of-plane easy axis.
It should be noted that this requirement is not as crit-
ical as the proximity requirements; valley splitting only
decreases linearly with decreasing out-of-plane magnetic
moment, not exponentially. This indicates that even sub-
strates with canted magnetic moments could still produce
valley splitting, so long as the proximity and alignment
of the magnetic atoms to the W/Mo atoms is optimized.

Fourth, maximizing the radial extent of the TMD tran-
sition metal and the magnetic atoms will amplify the ef-
fective exchange J which increases with increasing orbital
overlap, or equivalently, with increasing radial extent of
both the TMD Bloch state (dominated by the transition
metal W/Mo) and the magnetic atom. Since the valence

band splitting increases with increasing J, this implies
that valley splitting can be maximized by using larger
transition metals in the TMD (W) and by using mag-
netic substrates with magnetic atoms that have larger
radial extent.

VII. CONCLUSION

Motivated by recent experiments, and using first-
principles density functional theory calculations, we have
studied in detail trends in valley splitting of monolayer
TMDs with the proximity, alignment, and coverage of
overlayers of magnetic atoms. We find large valley split-
tings for optimal geometries in which magnetic atoms
are well aligned sitting atop each TMD TM atom that
are one to two orders of magnitude larger than previously
reported. Our analysis indicates that an orbital overlap-
driven superexchange interaction drives valley splitting
in TMDs supported by magnetic substrates. By system-
atically varying the placement and coverage of magnetic
atoms at two different coverages, we have pinpointed and
explored the differing shifts in the valence band eigenval-
ues at K and K’ giving rise to valley splitting. Through
analysis of expressions originating with second-order per-
turbation theory in a model coupling Hamiltonian be-
tween the magnetic atoms and the TMD, we have eluci-
dated the dependence of the valley splitting on the su-
perexchange interaction.
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