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We perform a theoretical investigation about the valley dynamics of interlayer excitons (IXs) in MoS,/WS,
heterostructure with AB stacking configuration grown on ferromagnetic substrate. We find that the interlayer
charge transfer process changes dramatically the IX emission as well as its valley polarization (VP). The mag-
netic proximity effect (MPE) exerted by ferromagnetic substrate, on the other hand, generates a zero-field valley
Zeeman splitting which suppresses the depolarization induced by electron-hole exchange interaction. Remark-
ably, unlike usual exciton-phonon scattering which is harmful to the VP, the phonon assisted intervalley scatter-
ings between two split IX states in the different valleys foster an IX population imbalance in these states, giving
rise to a giant VP. A combination of these experimentally tunable physical quantities (interlayer charge transfer
rate, MPE intensity and exciton-phonon coupling strength) provides a promising tool for intriguing emerging
magneto-optical emissions and their VPs. Considering a large family of layered materials, this study sheds light
on the path for development of van der Waals heterostructures with detectable IX emissions and giant VP.

I. INTRODUCTION

Monolayer (ML) transition metal dichalcogenides (TMDs)
feature strong Coulomb interactions [1H3] due to the two-
dimensional (2D) spatial cofinement and the reduced dielec-
tric screening. Light excitation leads to the formation of
tightly bound electron-hole pairs named direct (intralayer) ex-
citons (DX) [4]. Because of their high binding energies - up
to a few hundred meV - they are stable even at room tempera-
ture [5; 16]. In addition, the lattice inversion asymmetry of the
ML TMDs along with strong spin-orbit coupling (SOC) leads
to the joint of spin and valley degrees of freedom and valley
optical selection rules, which holds promising applications in
novel valleytronic devices[7]. However, the large oscillator
strength and strong electron-hole Coulomb interaction limit
both their radiative- and valley- lifetimes [8; 9], undermining
their potential for applications.

The 2D materials, such as ML TMDs, can form van der
Waals (vdWs) heterostructures held together by weak van der
Waals forces, providing an unprecedented platform to engi-
neer quantum materials with exotic physical properties [10].
Among the different vdWs heterostructures, the most inter-
esting ones for applications are those characterized by a type
II band alignment where the valence band (VB) maximum
and the conduction band (CB) minimum lie in different lay-
ers. This configuration energetically promotes ultrafast charge
separation, yielding the photoexcited electrons to reside on
one TMD layer and for the holes to be on the other. Inter-
estingly, these vdW heterostructures not only inherit the val-
ley contrasting properties from the constituent TMD layers,
but also often exhibit novel features and functionalities. For
instance, the rotational misalignment or lattice mismatch in
the semiconducting TMD heterostructures leads to the forma-
tion of Moiré potentials. Recently, Moiré potential trapped

excitons, called Moiré excitons, have been experimentally ob-
served which provides an analogue to ultracold atoms in opti-
cal lattices or photons in photonic crystals [11H17].

The spatial separation between the electrons and holes leads
to the formation of indirect interlayer excitons (IXs) in vdW
heterostructures, see Fig. [T{a) for a schematic representa-
tion of DX and IX in MoS,/WS; heterostructures. Exper-
imentally, the presence of an IX is featured by the emer-
gence of an extra photoluminescence (PL) peak at a lower
energy along with quenching of the PL of the DX in the con-
stituent MLs [18]]. In addition, the reduced spatial overlap
of the electron—hole wave functions weakens dramatically
electron—hole Coulomb interaction. Therefore the IXs are
characterized by recombination times several orders of mag-
nitude longer than the DXs and a long-lived valley polariza-
tion (VP). These properties make IXs ideally suited for val-
leytronic applications [7; 1141751195 20].

The recent discoveries of 2D ferromagnets [21; 22] bring
the possibility of 2D ferromagnetic vdW heterostructures [23]]
such as the TMD ML grown on ferromagnetic substrate. The
TMD ML itself is a non-magnetic semiconductor with val-
ley contrast property, but without valley Zeeman splitting
(VS). By interfacing it with a ferromagnetic insulator, how-
ever, the proximity-induced exchange field gives rise to spon-
taneous VS. Therefore, the magnetic proximity effect (MPE)
exerted by ferromagnetic substrate may enable the valley-
specific band engineering and application of these materi-
als in novel magneto-optical and valleytronic devices. Al-
though an external magnetic field applied perpendicular to the
TMD plane can also produce a Zeeman splitting, very high
fields [24] would be required to produce the same order of VS
achieved by MPE. Recently, the manipulation of the valley de-
gree of freedom via MPE has been successfully demonstrated
for the DXs in TMD MLs [25;126]]. Since the effective g-factor
of IXs is much bigger than that of the DXs [10]], the impact



of MPE on optical properties of the vdWs heterostructures is
much more pronounced, leading to experimental observations
of a giant VS and a subsequent near-unity VP [27].

As aforementioned, the IXs possess the recombination
times and valley lifetimes several orders of magnitude longer
than the DXs, making them ideally suited for some spintronics
and valleytronic device applications. However, a weak inter-
layer vdW interaction inhibits interlayer charge transfer across
vdW heterostructures, which significantly constrains the pop-
ulation of the IXs, and the reduced oscillator strength of IXs
renders them further darkish. The small population together
with the darkness of the IXs substantially limit their experi-
mental probing and potential applications.

Extensive studies on pristine vdWs TMD heterostructures,
including electronic band structures as well as optical proper-
ties, have been performed both theoretically and experimen-
tally [7;119; [28]]. Recently, magneto-PL measurements show-
ing that an out-of-plane magnetic field magnitude required for
an intermediate VS is as high as a few ten Tesla’s have been re-
ported [10;29; 130]. This high magnetic field makes practical
applications difficult. Therefore, although the IXs host many
fascinating physical properties such as giant effective g-factor,
long radiative relaxation and valley lifetimes, the following
challenges are still facing for the real applications: Dark-
ness of the IXs and high magnetic field required to achieve
a large VS. To overcome these challenges, a deep understand-
ing of IX dynamics in vdWs materials such as MoS,/WS;
heterostructure is crucial. Figure[I]shows a schematic repre-
sentation of DX and IX excitons in AB stacking: the K (K')
valley of WS, and the K’ (K) valley of MoS, are aligned,
forming the o (fB) valley. In this work, we have devel-
oped the first principles, low-energy k- p model considering
also exciton quasi-particles, plus coupled rate equation cal-
culations for studying IX dynamics in MoS,/WS; vdW het-
erostructure with AB stacking configuration grown on ferro-
magnetic substrate. The dependence of IX emissions and VP
on the interlayer charge transfer rate, exciton-phonon interac-
tion strength, MPE as well as the helicity of excitation light
beams has been explored. We find that the MPE can generate
a giant zero-field VS. In addition, unlike usual exciton-phonon
coupling induced intervalley scatterings, which are harmful to
the VP, the phonon assisted intervalley scatterings between
two splitting IX states in two opposite valleys foster an im-
balance of IX populations in these states, giving rise to an
enhanced VP. Tuning exciton-phonon coupling strength can
dramatically modify the emerging magneto-optical behavior.
For the vdWs heterostructures with large exciton-phonon cou-
pling strength, the unity VP can be achieved even at very small
MPE. Our results might be used as a guide to fabricate the
vdW heterostructures with detectable IX emission and giant
VP.

The paper is organized as follows: In Sec. |lIl we describe
our theoretical framework, including DFT calculations which
give rise to a complete electronic band structure and the low-
energy effective model that captures the essential low-energy
physics of MoS,2/W.S, vdWs heterostructures with AB stack-
ing and magnetic vdWs heterostructures. We also present
Berry curvature and valley magnetic moment calculations.

Furthermore, we report our theory about valley dynamics of
interlayer excitons. In Sec. |llI] we discuss the most relevant
qualitative features of the solutions obtained, finishing with
Sec.[[V]where we give a brief account of the results obtained.
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FIG. 1. Schematic representation of (a) the relevant band edges of
MoS,/WS; vdWs heterostructures with AB stacking, formation of
DX in WS, layer and IX with the electron located in the CB of MoS,
and the hole in the VB of WS5, and (b) the first Brillouin zone. The
arrows indicate the spin states. The « valley of the heterostructure is
formed by the K valley of WS; and the K’ valley of MoS,, while 8
valley comprises the K valley of WS, and the K valley of MoS,.

II. THEORETICAL FRAMEWORK

To investigate optical properties of the TMD vdWs het-
erostructures, we build on a comprehensive theoretical frame-
work. It is constituted by the following steps: First, we per-
form first-principles calculations based on density functional
theory (DFT) to get the complete band structure of MoS,/WS;
heterostructure. Since the relevant physics of the excitonic
quasi-particles is mainly determined by the low energy bands
nearby the K and K’ points, we employ an effective massive
Dirac fermion model (k- p model) in the following calcula-
tions. The parameters involving in this approach are deter-
mined by fitting of the band structure obtained from the k- p
model to the DFT-band structure. After that, we incorporate
MPE in the Hamiltonian of k-p model. Diagonalizing the
Hamiltonian matrix, we obtain single-particle energies and
wave functions. We also consider corrections due to the ex-
citon binding energies and calculate the lifetimes which serve
as input parameters for studying the exciton dynamics. The
whole theoretical framework is presented systematically in the
following subsections.

A. First principles calculations

To reveal the features of band structure and charge trans-
fer between two TMD layers, we start by using DFT first
principles calculations, employing the Vienna Ab initio sim-
ulation package (VASP) [31; 32] with the generalized gra-
dient approximation of Perdew-Burke-Ernzerhof functional



[33]. Furthermore, the projected-augmented wave approach
for electron and ion interaction were used. The interlayer
van der Waals interactions were described by the van der
Waals density functional method of version 2 (vdW-DF2)
[34]. A 600 eV energy cutoff was used for geometry optimiza-
tion and electronic structure calculations and a convergence
criteria of 107% eV for the Self-consistent calculation was
adopted. Geometry optimization for both lattice constants and
atomic coordinates with 11x11x 1 I'-centered Monkhorst-
Pack mesh was carried out until residual forces on each atom
were smaller than 0.005 eV/A. A 6-atom bilayer heterostruc-
ture consisting of MoS,/WS; unit cells were built in which a
30 A vacuum depth along the z axis to eliminate spurious in-
teractions between the systems from their images. The lattice
parameters of MoS; and WS, single-layers are almost com-
mensurate, justifying the construction of the heterostructure
of AB stacking [35H37]. The optimized lattice constants were
3.182 A in x— and y— directions. To correctly account for the
strong spin-orbit coupling arising from heavy atoms in TMDs,
Mo and W [38;[39], the spin-orbit coupling corrections were
included in the electronic property calculations. The valence
electron configurations include Mo 4p®4d35s! electrons, W
5d*6s? electrons and S 3s23p* electrons.

Because the a () valley of the heterostructure is concor-
dant with the K (K') valley of WS, ML, sometimes, we use K
(K') valley of WS, ML to refer to a () valley of MoS,/WS;.
The band structure of the MoS,/WS, heterostructure obtained
by DFT calculation is shown in Fig. [2]in which the color code
indicates (a) spin and (b) layer mean values of each band.
Our DFT results show that the valence band maximum is at
I' point, consistently with other results reported in the lit-
erature [40]. However the energy difference between the I'
and K-points is very small. Furthermore, the highest point of
the valence band can be modulated by the interlayer distance.
Therefore, similar to TMD MLs, the most optical processes
might still occur at K-points. In addition, we observe that the
CBM calculated at either K or K’ point is localized at MoS;
layer, while the VBMs are hybridized states which are delo-
calized among the two layers, although the weight of WS,
ML is much larger than that of MoS, ML (see the colors of
the curves in panel (b)).
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FIG. 2. (a) Spin and (b) layer resolved band structure of MoS,/WS,
heterostructure. The color bar in (a) indicates the spin state, while it
displays the layer information in (b).

B. Effective massive Dirac fermion model

With the DFT data understood, we now proceed to fit our
results to the massive Dirac Fermion model (DFM) applicable
in the vicinity of K and K’ points.

1. Effective massive Dirac fermion model for TMD monolayers

To construct the effective low-energy model for TMD MLs
nearby K and K’ points, we consider the basis |¢;) = |C, 1),
92) = [V, 1)), [¢3) = |C,]) and |¢4) = |V, ])), where C=d

1 . . .
and V=ﬁ (|dy2_y2) +i7; |dyy)) are the atomic orbitals of the

conduction and valence band edges, and 7, | represents the z-
component of the electronic spin. The i—th ML Hamiltonian
(i =1 for MoS; and i = 2 for WS;,) can be described by

H,() = Hy+ H{(q) + H5(3) + Hy(§), (1)

where H' is the term with j—th order in g for i—th ML TMD, §

is a wave vector relative to K or K’ point in momentum space.
The first term in the right hand side of Eq. (I) is given by

Hy=EF1@1+10A 6 —7,0,® (64 —Ai6-). (2)

0. (6.) and 1 (1) represent the z-component Pauli matrix (i =
1) and the 2 x 2 identity matrix in spin H, (pseudo-spin H)
sub-space. Furthermore, we define the matrices 6 and 6_ as
6+ = (1+6,)/2. Finally, 7, is the valley index: 7; = +1 in
K valley and 7; = —1 in K’ valley. With the restriction that
Ay, is always positive, while A.; is positive (for Mo-based
material) and A, is negative (for W-based TMDs), the energy
of the fermi level, Er, the energy gap, A;, and the spin-orbit
splitting in conduction/valence band, A/,;, are obtained by
fitting the results of DFM with first principles calculation data
(see Appendix [A]for details). The term linear in g is given by

H{(§) =1®%, a (Tqx 6c+4qy Gy). (3)

In matrix form, the right hand terms in Eqm are given by,

Epi+A;i— Ti)Lc_j 0 0 0
Hi— 0 Epi+ Tidy; 0 0
0 0 0 Ep;i+Ai+ Tilc,i 0
0 0 0 EF_,‘ — Tikv,i
4)
and
0 80,if1(4, ) 0 0
i dJ1\4d, b
Hi@=1"" 0 0 S0ifi(dm)
0 0 So.if; (3, 7) 0

with

f1(G, ) = a(tigx —iqy), (6)



and
01,29 83:3(4,T) 0 0
Hi(G) 83:f1(@,7)  82:(d) 0 0
2 0 0 01,i2(4)  63:f3(4, )
0 0 83:f1(d3,w)  82.f2(d)
@)
and
54,ifi((?7fi) 06,if5(q, i) 0 0
i 06,if5 (4, w) 0s,fa(d,m) 0 0
H = S 5 5
3(d) 0 0 04if4(q,w) O6ifs(qd,w) |’
0 0 86,f1(d,7) O5:f1(d.7)
®)
with
H(@) =a* (qz+43),
£3(4,7) = a* (tqc +igy)’,
f1(d.7) = a’tqx (q; —34}) ,
f5(G.7) = (4; +4;) (1q:—igy). ©)

where a denotes the lattice constant; &, 83; and &; are the
first order, second order and third order effective hopping pa-
rameters, respectively; &;; and & ; correspond to effective
mass parameters of conduction and valence bands, respec-
tively; 64 ; and Js ; represent the trigonal warping. All of these
parameters are also obtained by the fitting of k - p results with
the data of ab initio calculation.

2. Effective massive Dirac fermion model for MoS>/WS,
Heterostructures

With the knowledge of the DFM for TMD monolayers, we
can extend it to calculate the electronic band structure of the
MoS,/WS; heterostructure. It can be realized by adding hop-
ping terms that preserves the spin into two individual ML
Hamiltonian. In the basis of

{1t vE It s VD s VA D) [CE D) VA D) T

the matrix of the hamiltonian of MoS,/WS; heterostructure
read

1 —
H},(@) 1®v) ] 10

Hy.p = [ 1oV szp(zj

—

where H,fp(q) are the 4 x 4 matrices of the ML Hamiltonian
given in Eq. (1) with i = {1,2} and V is

t. 0

V=101m|, an

where 7, and ¢, are the electron and hole hoping parameters,
and 7 is the valley index, with 7; = —1, for AB staking.
Figure[3(a) shows a comparison of the lowest energy bands
around the CB minimum (VB maximum) in the ¢ valley be-
tween DFT data and DFM results. Figures E| (b) and (c) dis-
play a zoom of the spin and layer-resolved band structures
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FIG. 3. (a) Comparison of the electronic band structure nearby the
K-point of MoS,/WS; heterostructure with AB stack obtained by
DFT (lines) and the DFM (dots). (b) and (c¢) zoom around the band
extremes in & valley. The color codes indicate (b) layer and (c) spin,
respectively.

nearby the band extreme. We notice that our DFM result
(dots) fits very well DFT data (solid lines). The fitting pa-
rameters are shown in Table |l The hopping energy of holes,
ty, is two orders of magnitude larger than that of electrons, 7,
indicating that the VB mixture between two constituent layers
is much stronger than that in CB, see [Fig. Ekc)].

TABLE 1. Parameters of DFM for the MoS,/WS; heteroestructure
with AB stacking.

MOSQ/WSQ MOSQ (CV) WSZ (GV)
Er; (eV]0.7667 |A; 1.5572 | A, 1.8131
to (eV) 0.0010 |2 0.0030 |A.» -0.0069
ty (eV) |0.1500 |4, 0.0740 |4, 0.1890
a(d) |3.18 |[8o; 1.0502 |80 1.3849

d1,1 0.0227 |62 0.1083
62,1 0.0745 |62 0.0550
831 0.0016 |83, 0.1082
841 -0.0164 |84, -0.2443
851 -0.1620| 855 0.0022
861 -0.2287 | 842 -0.2540

3. Effective massive Dirac fermion model for the MoS,/WS>
heterostructure grown on magnetic substrate

In the MoS,/WS; heterostructure grown on magnetic sub-
strate, an effective magnetic field J=1Un2 generated by a mag-
netic substrate shifts the band energies following the Zeeman
effect. Then the single-particle energy in the presence of MPE
is equal to the zero-MPE energy plus Zeeman energy correc-
tion. For example, at K or K’ point, the energy of the n-ti band
is given by, E, ¢, ¢ = Ey(,)ﬁcz,’r + %(ngs + T80 + Tgv,n).uBJem



where E,?’GHT refers to the energy of single-particle state with

spin oy in the n-th band of o valley (t=1) or 8 valley (t=-1)
at J., = 0. It is obtained by DFM for MoS,>/WS; heterostruc-
turesas, see Sec. Up is the Bohr magneton, J,, is the ex-
change field (in Tesla), g, g, and g,,, stand for the spin, orbital
angular moment and valley g-factors, respectively. g5 = 2,
8o = 0 for CBs and g, = 4 for VBs, and the values of g,,, with
n = c,v depend on the Berry curvature (the detailed informa-
tion is described in Sec. [[LC).

C. Berry Curvature

In solid state physics, the crystal symmetry rules the elec-
tronic band structure, as well as the nature of the Bloch states.
For the crystal with inversion symmetry, the Berry curvature
and valley magnetic moment of the Bloch states are zero [41].
Nevertheless, in crystals with inversion asymmetry such as the
WS,/MoS, vdWs heterostructure, they are nonzero [41-43]].
Moreover, time reversal symmetry requires all Berry-phase re-
lated physical quantities to be valley-contrasting. However,
the presence of an external magnetic or exchange field breaks
time reversal symmetry, and the valley magnetic momentum
generates different energy shifts in the two valleys. This pro-
vides the remarkable possibility of tuning valley splitting for
exploring different external mechanisms.

To gain further insight into the valley dynamics of the in-
terlayer exciton, let us first explore the spin (and valley) Berry
curvature Q, (k) and the magnetic moment m, (k). These two
quantities can be calculated by the following general expres-
sions [415 44 145]].

Qy (k) =1(Vgup| X |Viuy)

.e 12)
—i-

n(K) = —i= (Vietin| % (Hyp — En)|Victn),
h

where |u,) and E, are the n-th Bloch state and its correspond-
ing energy of the effective hamiltonian Hy.p,, and k is compo-
nents of wavevector k. In the framework of DFM, we have
performed numerical calculations to obtain the low energy
band structure. Once the energy bands and the wavefunctions
are obtained, the Q,(k) and m, (k) are calculated using Eq.
@ [46; 47]. For example, the valley magnetic moments for
the uppermost VB and the lowest CB at k = 0 in « valley
of the MoS,/WS, heterostructure are given by m,, = 3.11ug,
me = —1.57up [47)]. Then the Zeeman shift due to the valley
magnetic moment m; (k) is evaluated by, A; ; = Tm; (k) B with
m;(k) = gyillg, i =c,v. gvc and g, are the valley angular mo-
mentum of the lowest CB and the uppermost VB of the het-
erostructure, respectively. The valley magnetic moment is a
major contributor to exciton g-factors and Zeeman shift. This
is due to the fact that in the heterostructure with AB stacking,
the IX in a-valley constitutes an electron in CB of K-valley
of WS, and a hole in VB of the K’-valley of MoS;. Thus
the valley magnetic moment contribution to the g-factor of IX
excitons will be proportional to g, + gy,

D. Valley dynamics of interlayer excitons

In analogy to the valley physics of intralayer exciton in
TMD monolayers [48]], the VP of the IXs can also be injected
via optical excitation. For example, for non-magnetic vdW's
heterostructures, one usually resorts to the circularly polarized
light excitation to get a VP injection. In contrast, for the mag-
netic MoS,/WS, heterostructures, either circularly or linearly
polarized lights can be used as pumping light sources. In both
cases, the detection is performed using a circular polarization
basis. Since there are both the intralayer relaxations and inter-
valley scatterings channels, the optically injected VP changes.
With the low-energy model in hand, we are ready to study the
exciton dynamics and VP for the MoS,/WS, heterostructure
in the presence of a magnetic substrate.

1. Four band model
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FIG. 4. Schematic diagrams of (a) the electronic band structure
around energy band extremes, and (b) exciton energy levels and
the corresponding scatterings of MoS,/WS; heterostructure with AB
stacking configuration. The blue and orange rectangles are desig-
nated for o and f valleys, respectively. Solid (dashed) lines cor-
respond to the energy levels in the presence (absence) of exchange
field. The black, green and orange arrows in (a) represent spin, an-
gular momentum and valley magnetic moments, respectively. In (b),
vertical arrows illustrate intravalley transitions and relaxations, while
the slanted arrows indicate intervalley scatterings. The correspond-
ing transition rates are given by ¥; (nearby the arrows). |0) is the
ground state, |1) (|1’)) and |3) (|3')) are intralayer and interlayer ex-
citon states in o (f3) valley, respectively.

To get a better grasp of the underlying physics of IXs
dynamics in MoS;/WS; heterostructure with AB stacking
and magnetic substrate, we start by the four bands model
shown in Fig. ] The parabolic bands in panel (a) represent
schematically the band structure around the o and 8 points



of MoS»/WS, heterostructure. The IXs, labelled by |3) and
|3’} in @ and B valleys are also shown. To accurately describe
the intra- and inter-layer exciton dynamics, we start with a
simple case in which the bright (spin allowed) intralayer A-
exciton in WS, is optically excited and may (i) perform an
intravalley scattering to the low energy interlayer bright state
or (ii) generate an interlayer exciton in K’ valley via interval-
ley scattering. They can recombine via radiative processes, or
go through intravalley and intervalley scatterings. Such scat-
tering processes are displayed in Fig. d{b), where arrows rep-
resent optical excitation, optical recombination, and exciton
scatterings. The exciton bands are shown by the horizontal
lines. |1) and |3) label the DX and IX states in o valley, re-
spectively, while ' refers to their counterpart in the f§ valley.
Dotted lines refer to the valley-degenerate exciton states in the
absence of an external magnetic field, while solid horizontal
lines represent the excitonic states in the presence of the ex-
change field. Notice that the shifts of the exciton states are
opposite in ¢ and 3 valleys.

The relaxations and scattering processes in Fig. f[(b) are de-
scribed by the following coupled rate equations:

R =g —Y3n — Nz n
iy = Viyny — Yyans + Y3z — Vaions
i3 = Y1301 + Yarany — V333 — Y3013
ng+ny+n3+ns=1 (13)

where n; (n;.) represents the exciton density in the | j) state in
the o (B) valley. In particular, ny denotes the density in the
ground state (vacuum). ¥;; stands for the scattering rate from
state i to j. In Eq. [I3] we assume that the optical excitation is
in resonance with the A-exciton in WS, of « valley with pho-
ton generation rate g, see Fig. ] To compute the steady-state
PL intensity, we solve the coupled rate equations with 7i; =0
Vj. The PL intensity of the j-th state can then be obtained
via Ij = yjon;. With the values of IX emission intensities in
two valleys at hand, the degree of valley polarization can be
evaluated viaVP = (I —1")/(I" +1"), where the I'" and I~
stand for the PL intensities of IXs in the ¢ and f valleys, re-
spectively. Therefore, the VP of IX emission is evaluated as
VP = (s —IL)/(ls+ I3), where Iz and Iy denote the PL in-
tensity of IX in o and B valleys, respectively. Solving Eq.
with 130 = 319 = ¥ we found

Y T Y33 — V33

VP=PF .
Y+ +Y3 Y+Vy Y33

(14)

The first term in Eq. is related to the opti-
cally created polarization where Py is defined by Py =
(13— 73)/ (713 +7131), which is the polarization injected
from the circularly polarized excitation through generation of
the DX, interlayer charge transfer and IX formation. The sec-
ond term describes the tendency of the system to reach ther-
mal equilibrium, dictated by the MPE tuned intervalley scat-
tering.
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FIG. 5. Schematic representation of five band model of IX dynam-
ics in the MoS,/WS; heterostructure. The blue and orange rectan-
gles are designated for o and B valleys, respectively. Horizontal
solid (dashed) lines represent exciton energy levels with (without)
exchange field. Vertical arrows indicate intravalley transitions and
relaxation processes, while the slanted arrows indicate intervalley
scatterings. The Greek alphabet ¥;; nearby the arrows stand for the
corresponding transition rates. |0) is the ground state, |1) (|1)) and
|3) (|3)) are intralayer and interlayer exciton states in o () valley,
respectively.

2. Five band model

In the last section, we have introduced a simple model to de-
scribe IX dynamics in the MoS,/WS; heterostructures excited
by circularly polarized light. Now, we extend our study by in-
corporating extra scattering channels, to the system excited
by either circularly or linearly polarized lights (see Fig. [3).
Besides the charge transfer and intervalley scattering, we con-
sider that the photogenerated intralayer exciton may also (i)
recombine radiatively (rate i) or scatter to state |1’), the in-
tralayer exciton in K’ valley (rate ¥;;/). The scatterings and
relaxation processes shown in Fig. [5] are described by the set
of equations below

iy =g— (YIO+713 +Ny Yy -l-}’nr) ni +71’1n/1

ny =g — (Yot Yy + Vs + 2,0 )M+ yym

n3=— (730 t Y%y + an) 3+ N3+ }/1/311/1 + 73/371/3

3=~ (Yo + Y3+, ) n5+ Yy + Yyna+ Y ym
(15)

where we have used the same notation as that in Eqgs. [I3] It
is worth remarking that our exciton dynamics model is highly



flexible and the number of parameters involving in rate equa-
tions is controllable. From the models of four and five bands,
the exciton dynamic model can be easily extended or simpli-
fied by adding or removing the number of scattering channels,
leading to a controllable number of parameters involving in
rate equations. In addition, all relevant parameters adopted in
the calculations are either evaluated from our atomistic simu-
lation or taken from experimental data, ensuring the validity
of our theoretical outcomes about PL intensity and valley po-
larization.

3. Scattering parameters

As discussed in the previous sections, the dynamics of
DX and IX is composed of radiative relaxation processes de-
scribed by 710 and 739 in o valley and ¥/ and 931 in 8 valley,
and interlayer charge transfer process characterized by 713,
Y3, Y13 and 7yp3. To calculate radiative relaxation parame-
ters, we start by fitting the k- p model with the DFT data to
get single-particle wavefunctions and energies, latter we in-
clude exciton quasi-particles. After that the radiative lifetimes
of intralayer excitons in monolayer TMDs are obtained using
Fermi’s golden rule [49]]. With the radiative lifetimes of the in-
tralayer excitons at hand, the corresponding values of IXs can
be eventually calculated using low-energy approximation, see
the Appendix B. In the absence of exchange field, we obtain
(110)~" = (y10) "' =4.27 psand (130) ' = (y30) "' = 1634 ps
at T=4.5 K. In addition, the radiative lifetimes of IXs depend
strongly on the exchange field J,, [30], dictated by the fol-
lowing relations: yjg = (2.85¢(~/ex/029T) 4 1 42)~1ps~! and
Y30 = (1089¢(~ex/0-29T) 1 545)=1 =1 respectively [30]. We
assume that the ;9 (39) has a similar dependence on J,,
with that of Y19 (930). Besides the radiative relaxations, we
also consider non-radiative relaxation processes with scatter-
ing rate %, = (1 ns)~! for both intra and interlayer excitons.

Concerning the scattering between different excitonic
states, the intravalley charge transfer channel from |1) to |3)
is one relaxation process between two like-spin states, while
the inter-valley charge transfer channel from |1) to |3') takes
place in anti-parallel spin states. Typically, the transition rate
of the former is larger than that of the latter. The quan-
titative relationship among these scattering parameters can
be described as follows: 13 = y13(1 + Po3)/(1 — Po3) with
Y13 = Yiry = 1/70ps~! [50] and Pyz = —0.29 [30]. With this
choice, we have 713 > 73

For the definition of Yijr» We consider the two major inter-
valley scattering mechanisms: the electron-hole exchange in-
teraction and the phonon-assisted intervalley scattering [S1-
53]. The electron-hole exchange interaction acts as an effec-
tive in-plane magnetic field, leading to the precession of the
valley pseudospin. This pseudospin precession together with
its reorientation due to momentum scattering constitutes a net
change of pseudospin states. Because this is a resonant pro-
cess, it is only effective when the two states in different valleys
are close in energy. At zero exchange field, VP is mainly dic-
tated by this mechanism. At finite exchange field, however,
Jex lifts the degeneracy, suppressing intervalley scatterings in-

duced by electron-hole exchange interaction. With increasing
Jex, this tendency becomes more and more pronounced. In
contrast, the phonon-assisted intervalley scattering between
two Zeeman split states becomes relevant (acoustical chiral
phonons play an important role here since the VS is of the
order of few meV - see Fig.[7{c)), resulting in an exciton pop-
ulation imbalance in the two valleys. With further increasing
Jex, it will become a dominant relaxation process. This mech-
anism depends strongly on exciton-phonon coupling strength
05, Considering both mechanisms, the intervalley scattering
rate ¥, from state j to state j’ has the form

3
’J/. , = 1 FZ Olph|AE”/| (16)
1 i T2 AE 2 AE ’
T T +(AEjy) |€xl7( :,f% ) -1

where T\J,{)/ and a, are adjustable parameters representing the
strengths of zero field intervalley scattering and the exciton-
phonon coupling, I" is a width which may be related to the
exciton momentum relaxation. AE;» = Ey - E; is the valley
unfolding of the exciton state with j = {1,3} and j’ = {1’,3'}.
The first term in Eq. (I6) describes the effect of the electron-
hole exchange interaction on intervalley scattering. The sec-
ond term is the standard form for the direct phonon-induced
spin-lattice scattering, which demands either the absorption
(Ej > Ej) or emission (E; < E;) of a phonon. For the case
of zero exchange field, the time reversal symmetry requires
Ys3r = Y33. Then the second term becomes zero. The VP re-
duces to the well known expression for optically created PL
polarization, i.e., VP = Py /(1 + 1,/1,), where 7, = 1/y is the
recombination time, while 7, = 1/(7%1+712) is the intervalley
scattering time. Making the fitting shown in the figures (8),
we obtain the parameters I' = 40ueV, o, = 3 x 103 ps~!
eV~3 and the intervalley relaxation time for the zero field,
7,0=40 ns, four orders of magnitude larger than the exciton
in the WSe,/MoSe; heterostructure.

Figure [6] depicts the contributions of different scattering
mechanisms to the intervalley scattering rates of (a) 33 and
(b) y3 as a function of J,, for o excitation. At zero ex-
change field, the exciton states are valley degenerate. The
scattering is dominated by the electron-hole Coulomb ex-
change interaction. An application of the exchange field lifts
the valley degeneracy, lowering the state in « valley relative to
its counterpart in § valley. This energy difference suppresses
the intervalley scattering originating from electron-hole ex-
change Coulomb interaction, for both the forward (from |3)
to |3’)) and backward (from |3') to |3)) scatterings, see yellow
curves. On the other hand, the phonon assisted intervalley
scatterings start to play a part in VP. As the exchange field
increases, the scattering rate initially increases due to usual
mechanism of exciton-phonon coupling. At J,,=3.2 T, the
forward scattering rate reaches its maximum. After that, the
forward and backward scattering rates exhibit an opposite ex-
change field dependence. It is attributed to the valley splitting,
as shown in Fig. Because the energy of |3') is larger than
that of |3), the phonon assisted backward (forward) process
is energetically favorable (unfavorable). Then the scattering
rate of the former goes up, while the latter goes down. Hence



there are two scattering regimes. In the regime of small J,,
the usual phonon induced intervalley scattering plays an im-
portant role. Nevertheless, for large J,,, the phonon-assisted
intervalley scattering dominates the process. Hence, unlike
usual phonon scatterings which are always harmful to VP such
as phonon involved scatterings in pristine TMDs or TMD het-
erostructures. In magnetic vdWs heterostructures, the MPE
enhances the scattering from the valley with a higher energy
to the one with a lower energy and suppresses its backward
scattering. In addition, the interplay between the two interval-
ley scattering mechanisms, i.e., electron-hole exchange inter-
action and phonon, gives rise to a monotonic reduction of total
intervally scattering rate in ¢ valley and a non-monotonic in-
crease in 3 valley.
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FIG. 6. Intervalley scattering rates of (a) 733 and (b) Y33 as a

function of exchange field for & = 5 x 10% ps—'eV 3. e—h and
P represent, respectively, the intervalley scattering rates due to the
electron-hole exchange interaction and phonon-assisted processes. T'
stands for the scattering rate for the case involving these two scatter-
ing channels.

III. RESULTS AND DISCUSSION

MPE causes a shift of the energy bands of vdW heterostruc-
ture, which can be calculated taking into account the overall
contribution of the spin, orbital and valley components. The
quantitative dependence of the electronic structure on J,, can
be obtained by exact diagnolization or by low-energy approx-
imation (k - p model). The calculations follow the convention:
T is +1 in the K-valley and -1 in the K’ valley for either MoS,
or WS, ML. In the MoS,/WS; heterostructure with AB stack-
ing, the  valley is composed of the K valley of WS, and the
K’ valley of ML MoS,, while the 8 valley possesses time re-
versal symmetry with the o valley, see the inset of Fig.[7|(a).
Figure [/| (a) shows the exchange field dependence of single-
particle energy at CB minimum in & (red) and 8 (blue) val-
leys. Because spin and valley magnetic moments have oppo-

site signs in & and 3 valleys, the corresponding single-particle
energy levels experience an opposite Zeeman shift. Therefore,
nonzero J,, lifts valley degeneracy of single-particle states,
yielding finite VSs.

Unlike the single-particle state, the IX is a two particle state
involving an electron and a hole in different layers. For in-
stance, the IX in & valley is comprised of an electron in K’
valley of MoS; and a hole in K valley of WS, valley, see the
inset in Fig. [/|(a). Since the involved conduction and valence
band states of the exciton are the same spin states, its energy
Ej3 is determined by

1
E3 :E3,0_*(gv,v+gv,c +80)I~LBJM7 (17)

2
where Ej3 g is the zero-field energy of IX. On the other hand,
the IX in 3 valley consists of an electron in K valley of MoS,
and a hole in K’ valley of WS,, see the inset in Fig. [7| (a).
Then its energy reads, Ey = E30 + %(gw + 8ve + 8o) UBJex-
Figure [7] (b) shows the energies of IXs as a function of J,y.
We observe that as J,, increases, the energy of IX in o valley
decreases, while it increases in  valley. To relate our the-
oretical predictions with experimental measurements, let us
introduce valley splitting Ay, defined by Ay = |Eg+ — Eg-|,
where Eg+ (E4-) denotes PL peak position of 6 (67) emis-
sion in a (f) valley, i.e., E;+ = E3 and E5- = Ey. Then VS
reads, Ays = (gvy + gve + 8o) UBJex, Nnamely, VS depends lin-
early on the exchange field, as shown in Figurd7](c). The cor-
responding exciton g-factor is equal to g = 13.64. The giant
VS and g-factor of the IX can be understood as follows. Since
the IX states involve conduction and valence band same spin
states, the coupling of field to the spin angular momentum
shifts the conduction and valence bands by the same amount,
which does not contribute to the emission energy. Neverthe-
less, unlike the intralayer exciton, the Zeeman energy due to
valley magnetic moment does contribute to VS. Because the
valley magnetic moment of the electron in MoS; layer has an
opposite sign to that of the hole in WS, layer, the shift of CB is
along an opposite direction to the shift of VB. Then the VS is
a sum over absolute values of these two energy shifts. Similar
behavior of the Zeeman shift is found for the orbital angular
momentum. Then the total VS is equal to the one induced by
orbital magnetic moment plus the other caused by the valley
magnetic moment. Based on the VS, we can straightforwardly
calculate the effective g-factor of the IXs via g = A,/ (UpJex),
i.e., g = gvv+8ve+ 80 = 13.64, where up ~ 58 ueV/T is the
Bohr magneton.

Unless otherwise specified, we assume that the magneto-PL
is excited by either circularly or linearly polarized light with
the excitation photon energy in resonance with the A exciton
in the WS», and it is detected using a circular polarization ba-
sis. We also suppose that the system is in the Faraday geom-
etry, i.e., an out of plane J, is exerted by magnetic proximity
effect.

To validate our theoretical model, a comparison between
the results obtained by our rate equations [Eq. (I5)] (solid
lines) and that measured by magneto-PL spectroscopy (green
circles) of MoS,/MoSe;/MoS; heterostructure grown on fer-
romagnetic substrate is shown in Fig. [§] The panels (a), (b)
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FIG. 7. (Color online) (a) Single-particle energy at CBM in ¢ (red)
and B (blue) valleys. Inset shows schematically the formations of
the IXs in o (left) and B (right) valleys, see the electron-hole pairs
insides ellipses. K and K’ refer to the valleys of the individual mono-
layer TMDs. (b) Exciton energy in & (red) and 3 (blue) valleys. (c)
Valley splitting V'S, defined by A5 = |Eg+ — Eg-|, where Eg+ and
Ey- denote PL peak positions of 6 emission in ¢ valley and 6~
emission in § valley, respectively. These VSs correspond to an ef-
fective g-factor of the IX being equal to 13.64.

and (c) display the exchange field dependent VP of IX emis-
sions under o, linearly, and 6™ polarized light excitations.
Our theoretical prediction for the VP of the IX is in very
good agreement with experimental data [30]. Three distinct
regimes are clearly observed. In the regime of low exchange
field (J.x < 5T), the VP exhibits an optical excitation depen-
dence. For example, in (c), the VP hosts an opposite sign
to those shown in (a) and (b), and it is also opposite to the
polarization of corresponding excitation laser. It is attributed
to interplay between electron-hole exchange interaction and
phonon-mediated intervalley scatterings. At zero exchange
field, the valley polarization degree is mainly determined by
the former which takes place between two-degenerated states
in K- and K’-valleys. A small VP is observed. In the presence
of an exchange field, a lifting of the valley degeneracy, in one
hand, suppresses efficiently the electron-hole exchange inter-
action induced scattering channel, resulting in a recovery of
the optically induced VP. On the other hand, it promotes the
phonon assisted intervalley scattering between Zeeman split
levels, resulting in a population imbalance in two valleys. The
bigger the J,y, the larger the VS and the more pronounced the
phonon-assisted intervalley scattering. Then in the regime of
small J,,, the VP of IX emission exhibits an excitation laser
helicity dependent behavior. As J,, increases, the phonon-
assisted intervalley scattering plays more and more important
role in the optical process. Eventually, it becomes a domi-
nated scattering mechanism. As a result, a VP due to the ther-
mal occupation of valley Zeeman split states increases. Fig-

ure [§] shows that in the interval of 5 ~ 20 T, all of VPs at
three different excitation conditions (6~, 6 and linear) in-
crease with increasing J,,, independent of the injected optical
polarization. For J., >20 T, they reach their saturation val-
ues. It is worthwhile to mention that because of the unavail-
ability of relevant MoS,/WS; experimental data in the litera-
ture, we performed a curve fitting to the magneto-PL data of
MoS,/MoSe;/MoS, heterostructure. As expected, a bit dif-
ference between the physical parameters of MoS;/MoSe; and
MoS,>/WS; heterostructures leads to a slight deviation of our
fitting curves from the experimental data. It is also interest-
ing to point out that to properly fit the experimental data of
MoS;/MoSe;/MoS, heterostructure, the effects of the Moiré
pattern on the intervalley scattering rate is accounted, which
yields the VP of IX emissions opposite to the polarization of
the excitation beam (see the negative polarization for ot exci-
tation at low field) [ [30]]]. In the systmes in which there is no
Moiré pattern such as our MoS,/WS; heterostructure with AB
stacking, however, co-polarized IX emissions are expected.
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FIG. 8. VP of IX emissions in MoS;/MoSe>/MoS, heterostruc-

ture as a function of out of plane magnetic field for (a) o, (b) lin-
early, and (c) o polarized excitations. Solid blue lines correspond
to our theoretical prediction, while the red circles are experimental
data from reference [30].

Figure [9] shows exchange-field evolution of PL spectrum
of the IX in the MoS,/WS; heterostructure grown on ferro-
magnetic substrate under 6" polarized light excitations for
the intervalley scattering time 713 equal to (a) 70 and (b) 0.07
ps, respectively. The PL signal from o and f valleys can
be detected separately by circularly polarized light detectors.
At Jox = 0, a single emission peak is found due to the val-
ley degeneracy of |3) and |3'). The out of plane J,, breaks
the time reversal symmetry of the heterostructure and lifts the
valley degeneracy. As a result, the single emission peak at
Jex = 0 splits into two peaks, corresponding to the IX emis-
sions in the o and P valleys. An increasing of J,, causes a
red-shift of the former, while a blue shift of the latter, giving
rise to an increased VS, see the dashed green lines. Inter-
estingly, because of a large exciton g-factor, the VS is more
than three times bigger than that of the intralayer bright ex-



citon. In addition, this large VS leads to a sizable imbalance
of exciton population in the two valleys. Then the blue peak
becomes fostered, accompanying by the red one being gradu-
ally suppressed. Interestingly, this behavior can be effectively
tailored by the interlayer charge transfer rate 7y3. The rapid
charge transfer (smaller 7|3) promotes an enhancement of the
IX emissions in ¢ and B valleys and a large difference be-
tween their PL intensities, yielding a giant VP. Because the
charge transfer rate could be conveniently tuned either by an
applied vertical gate voltage or by intercalation between two
constituent monolayers, it opens a fascinating novel pathway
for tuning VP[43;54H56].
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FIG. 9. (Color online) Exchange field dependence of IX emission
spectra in the MoS,/WS; heterostructure grown on ferromagnetic
substrate under 6+ polarized excitations at a pumping laser power
P=1 kW/cm? for (a) 73 = 70 and (b) 0.07 ps, respectively. The blue
and red PL peaks refer to the emissions from o valley (¢ detection)
and 3 valley (o~ detection), respectively. The PL intensities in (a)
are scaled by a factor of 10 for visibility. The dashed lines only guide
to eye.

In order to gain a deep insight into IX emission, in the fol-
lowing, let us make a systematic investigation about the de-
pendence of IX emission intensity and VP on the interlayer
charge transfer rate and exchange field. Figure [I0] shows PL
intensity of the IX, excited by o~ laser field in resonance with
B valley A-exciton of WS as a function of exchange field for
different charge transfer rate (= 11_31). Solid- and dashed- lines
correspond to the o+ and ¢~ emissions, occurring in o and
B valleys, respectively. We note that at J,,=0, the PL inten-
sity of IX emission in « valley is smaller than that in  valley,
i.e., the VP is negative. With a reduction of 7|3, the differ-
ence of PL intensity between them is significantly enlarged.
This indicates that the fast charge transfer process from the
WS, layer to MoS; layer produces an imbalance of exciton
populations in ¢ and f valleys. The underlying physics is
as follows. Optical excitation creates the intralayer excitons
in the WS, monolayer. Because of type-II band alignment
of the system, the photogenerated electrons in WS, layer are
rapidly transferred to MoS; layer. Then the IX, a bound state
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FIG. 10. PL intensity of IX emissions in MoS,/WS, heterostruc-
ture on insulator magnetic substrate, excited by o~ laser field, as a
function of exchange field for different values of interlayer charge
transfer rate (7131))- Solid and dotted lines correspond to the IX
emissions in o and B valleys, respectively. Inset: ratio of IX to
DX PL intensities for different values of 7;3. Results obtained with
Oy =5x 103 ps~leV 3 at T=4.5 K.

of electron—hole pair, forms. There are two interlayer charge
transfer channels. One is from |1) to |3) and the other is from
[1) to |3'). The former is a process between two like-spin
states, while the latter is an unlike-spin relaxation process.
The relaxation rate of the former process is larger than that
of the latter. Then the VP of IX emission is negative. To
quantitatively describe these two charge transfer processes,
Yz =31 —Po)/(1+ Py) with Py =-0.29 is used. Thus a re-
duction of 713 leads to an increase of both 73 and y;3 as well
as their difference. Therefore, the PL intensity of the o+ and
o~ emissions is enhanced. Moreover, the difference between
them also becomes bigger. For finite J,,, the PL intensity of [X
emission also exhibits a strong dependence on charge transfer
rate. For a given value of 73, as the J,, increases from zero,
the PL intensity in o valley initially decreases till reaches its
minimum. After that the PL intensity starts to increase. As a
compensation for the this change, the PL intensity in 3 val-
ley initially increases till reaches its maximum value. After
that it falls down. This opposite behavior leads to a crossover
between the curves of PL intensity in o and 3 valleys. Con-
sequently, the sign of the VP switches from a negative to pos-
itive value. Interestingly, a critical point (J,,=J.) where this
switch occurs is tunable by 7j3. As 73 decreases, the critical
point moves to higher exchange field side. In addition, both
the J., and 713 enlarge the VP at critical point. Remarkably,
the ratio of I3 and I; can be amplified as high as four orders of
magnitude when 7;3 is shortened from 70 to 0.07 ps, see the
inset.

With an understanding of the effects of the charge trans-
fer rate, let us turn our attention to manipulation of the
IX emission by the exciton-phonon coupling strength (o).
Fugure [[T] displays the dependence of the IX PL intensity on
the exchange field for different o, at 713 = (70 ps)~! un-
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FIG. 11. PL intensity of IX emissions, excited by (a) 6™, (b) linear,
and (c) o~ lights, as a function of magnetic field at ;3 = (70ps) ™!
and T=4.5K, for different values of Q- Solid and dashed curves
represent the PL intensities of IX emissions in & and 8 valleys, re-
spectively. oy, is in the unit of ps™ lev—3.

der (a) o™ (g #0, g =0), (b) linear (g = g’ # 0), and (c)
0~ (g =0, g #0) light excitations. Solid and dashed curves
represent the PL intensities of IX emissions in ¢ and 8 val-
leys, respectively. As known, for a circularly polarized ex-
citation, the VP of intralayer exciton at zero exchange field
might be nonzero due to the valley-selective circular dichro-
ism of the monolayer TMDs. Because the MoS,/WS, het-
erostructure inherits valley-selective circular dichroism from
its constituent monolayers, the PL intensity of IX emission in
o valley is different with the one in f valley, see the solid
and dashed curves in Fig.|11|(a) and (c). We also notice that
in the presence of MPE (nonzero J,), the PL intensity of IX
emission can be effectively tailored by a combination of ex-
change field, excitation light polarization and exciton-phonon
coupling strength. In general, the exchange field promotes the
IX emissions in ¢ valley, whereas it weakens the IX emissions
in B valley. The quantitative dependence of PL intensity on
exchange field relies on the exciton-phonon coupling strength
and excitation light polarization. For instance, for 6" excita-
tion at o, = 10° ps_leV_3, as the exchange field increases,
the PL intensity of the IX in o valley grows up till its max-
imum. After that it starts to decreases slightly. In contrast,
the PL intensity falls down monotonically in 8 valley, see
Fig.[I1(a). This is attributed to the interplay between the ex-
change field mediated radiative relaxation rate and intervalley
scattering rate. With increasing the exchange field, the phonon
mediated intervalley scattering rate from f3 to o valley is en-
larged. For such a high value of @, the exchange field medi-
ated intervalley scattering is able to scatter all of the excitons
in  valley into « valley. Hence the 6~ PL intensity tends to
vanishing small at J,,=5 T, see the dashed lines. On the other
side, the radiative relaxation process from state |1) to |0) is
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intensified. Then there are less number of the photoncreated
excitons in WS layer being transferred to IXs. As aresult, the
intensity of IX emission in o valley reduces. Interestingly, for
the system with a reduced @, such as a,;, = 103 ps~leV 3,
the variation rate of the PL intensity is much smaller than that
of o, = 10° ps~'eV 2 due to weakness of intervalley scat-
tering. For a even small ¢, the PL intensity becomes insen-
sitive to the variation of exchange field, see the PL intensity
curves of @, = 10 ps~'eV 3. Furthermore, the PL intensity
of IX emissions shows a strong dependence upon the excita-
tion light polarization, see Fig. @a), (b) and (c). For instance,
in the regime of small J,, (Jox < 5 T), the PL intensity in o
valley is stronger than 3 valley for both o and linearly polar-
ized light excitations, while an opposite behavior is observed
for o~ light excitation.
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FIG. 12. Valley polarizations of IX emissions as a function of Ex-
change field in MoS;/WS; heterostructure grown on a magnetic
substrate at T=4.5K and 713 = (70 ps)~!. (a) For different excita-
tion laser helicity, at a,, =5 x 10° ps—!'eV—3. The blue and red
curves correspond to circularly polarized 6+ and ¢~ laser excita-
tions, while the black one is obtained by linearly polarized laser ex-
citation. (b) For different ;. Green dotted line separates positive
and negative valley polarization, for eye guidance.

Up to now, we mainly focus on the tunability of the IX
emission intensity. Since the VP of IX emissions is dictated
by the PL intensity, logically, we could speculate that the VP
might also be controlled externally. FigurdI2] shows the VP
of IX emissions as a function of exchange field for different
excitation laser polarization (a) and exciton-phonon coupling
strength (0t,;,) (b) at T=4.5K and 713 = (70 ps)~'. We notice
that the excitation laser polarization, @, combined with ex-
change field J,, are really a versatile tool which can be used to
tune the VP of the IX emissions. Fugure[I2|a) illustrates that
in the regime of large J,, such as J,, >7T, VP is higher than
0.8. For J,, >10T, all of three VPs, regardless of the excitation
polarization, reach almost unity. This giant VP is attributed to
an occupation imbalance between the Zeeman split IX states
in two different valleys due to huge VS. Nevertheless, in the



regime of small J,,, the VP illustrates a strong excitation laser
polarization dependence, especially for J., <5T. In particular,
at zero-exchange field, all of three curves exhibit very small
VP due to strong electron-hole exchange Coulomb interac-
tion. In more detail, in the absence of MPE, the IX emission
hosts a positive (negative) VP for 6 (07) excitation, while
it exhibits a positive VP for linearly polarized light excita-
tion. In addition, when J,, increases from zero, the VP of IX
emission stimulated by either 6™ or linearly polarized light
shows a monotonic enhancement. Nevertheless, the VP of the
IX emission excitated by ¢~ laser displays a non-monotonic
behavior. With an increase of J,, the negative VP initially in-
creases due to a suppression of the depolarization induced by
electron-hole exchange interaction. Although the phonon me-
diated intervalley scattering tends to reduce the negative VP,
its intervalley scattering rate is smaller than that of electron-
hole exchange interaction, see the curves of total scattering
rate in Fig. [0l With a further increase of the exchange field,
the former becomes bigger than the latter. Then the nega-
tive VP starts to decrease. At J,,=4.1 T, the VP turns to be
zero. After that, the VP switches its sign and monotonically
increases with raising exchange field. At moderate value of J,,
(about 20 T), all of three VP curves reaches 1. Remarkably,
the exchange field dependence of the VP can be dramatically
tuned by exciton-phonon coupling strength, see Fig. [[2[b).
For a large value of a,,, the depolarization induced by the
electron-hole exchange interaction is quickly suppressed by
the exchange field and the VP reaches its maximum value at a
small value of J,, (~6T). With a reduction of ¢, the phonon-
assisted intervalley scattering is slowed down. Then a larger
exchange field is required to overcome this VP depolariza-
tion. In addition, the slope of exchange field enhancement of
the VP becomes smaller. As a result, a saturation of the VP
is reached only at higher exchange field. For the heterostruc-
ture with a very weak exciton-phonon coupling such as o, =
10 ps—'eV 3, the phonon-assisted intervalley transition is too
weak to drive the VP switching its sign, see the curve marked
by 10. Therefore, the combination of @, and J, can be used
as an efficient tool to manipulate magneto-optics, and to pre-
cisely control the VP from 0 to almost 100%. It is worth point-
ing out that the value of ¢, can be changed by use of gating
or variation of interlayer distance, while the J,, can be altered
by changing ferromagnetic substrate or applying a small mag-
netic field. Therefore, the tunability of both PL intensity and
VP of IX emission are accessible experimentally.

IV. CONCLUSION

In this work, we studied the valley dynamics of interlayer
excitons (IXs) in MoS,/WS, heterostructure with AB stack-
ing configuration grown on ferromagnetic substrate, utilizing
theoretical tools such as first principles calculation, k- p ap-
proach including excitons and coupled rate equations. Our
main findings reveal that the interlayer charge transfer pro-
cess changes dramatically the interlayer exciton (IX) emission
as well as its VP. The ratio of I3 and I; can be amplified as
high as four orders of magnitude when 73 is shortened from
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70 to 0.07 ps. The MPE exerted by ferromagnetic substrate,
on the other hand, generates a zero-field valley Zeeman split-
ting, leading to a suppression of the depolarization induced
by electron-hole exchange interaction. Furthermore, as ex-
change field raises, the VP of IX emission in  valley switches
its sign from negative to positive one. Remarkably, unlike
usual exciton-phonon scattering which is harmful to the VP,
the phonon assisted intervalley scatterings between two split
IX states in the different valleys promote an IX population
imbalance in these states, giving rise to a giant VP. There-
fore a combination of these experimentally tunable physical
quantities (interlayer charge transfer rate, MPE intensity and
exciton-phonon coupling strength) provides a valuable tool
for intriguing emerging magneto-optical emissions and their
VPs. Because the radiation and the valley lifetimes of the IXs
are substantially prolonged in comparison with those observed
in TMD monolayers, together with the ease with which the
optical properties of the heterostructures can be largely tuned,
our results pave the way for controlling the properties of IXs
as well as for the development of van der Walls heterostruc-
tures with detectable IX emissions and giant VP.
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Appendix A: Simulated annealing fitting for DFM parameter
estimation

The parameters used to construct DFM Hamiltonian can be
obtained by fitting the band structure obtained by the model
to that of first principles calculation. To do so, we perform
the simulated annealing (SA) which is a general designation
for a class of methods for non-linear optmization which em-
ploy an stochastic approach to find the global minimum of a
given function in a large search space. In SA, Monte Carlo
(MC) method is adopted in which the equilibrium of a system
with many coupled degrees of freedom is simulated by sam-
pling the most significative states of its phase space, whose
corresponding energies are characterized by the set of param-
eters {F;},i=1,...,N,. Starting from a initial guess of the set
{F;}, new sets are generated following a Markov chain, with
the acceptance of new values governed by the Metropolis al-
gorithym. In order to implement the algorithym, a merit func-
tion of the parameters set I'({F;}) should be supplied. For
typical applications of the Monte Carlo method, the energy
I' = E({F;}) of the system has been chosen as the merit func-
tion. The changes of the parameters that decrease the system’s
merit function are always accepted, whereas those which in-
crease are accepted withinrgiven probability, proportional to

A

the Boltzmann factor e *7, where T is the temperature (a
ficticious temperature) and kp the Boltzmann constant. The



role of the temperature is controlling the acceptance of the
new parameter’s set which raise the system energy, resulting
in A" > 0: for high values of kgT compared to AI" all changes
on the parameter’s values are accepted. On the other hand, if
kpT is small in comparison with AT, the generated new set is
always rejected. According this procedure, the system evolves
from an artificial initial state, related to the initial guess of
({F;}), to equilibrium states whose corresponding energy val-
ues have a well defined average E. The instantaneous energy
values E;, corresponding to the energies of all accepted sets of
parameters, fluctuate around E with amplitude proportional to
the system temperature 7. As mentioned before, the Monte
Carlo method is employed to seek the optimal parameter set
for a given hamiltonian model, successive Monte Carlo cy-
cles with decreasing temperatures are performed, allowing to
find the global minimum of the problem. Along a SA simula-
tion, the variance of the parameter values decrease systemati-
cally due the temperature reduction until the parameters freeze
at the values corresponding to the minimum energy. In the
present application of the SA method, the adopted merit (ob-
jective) function is the root mean square, which account the
deviation of the theoretical values of the k - p bands from the
respective target values, here taken from DFT calculations:

™=
M=

2
Th DFT
[En,m - En,m }
1

C({R}) = - 7

(AL)

where n runs over the bands, m over the k points along the
choosen path and the index i in the equation (AT) labels the
set of parameters of the DFM hamiltonian. Moreover, 7/ and
DFT in denote, respectively, the theoretical (DFM) and
the target energy values, here the DFT bandstructure. The SA
approach adopted in this article correspond to the Vanderbilt
[57] proposal, suitable for problems where the parameters of
the objective function are continuous variables. In the min-
imization procedure, all non-zero transitions were included
in equation (AT) and an acceptable set was generated when
I' < 0.1 eV. The present SA proposal was successfully ap-
plied in the determination of the hamiltonian parameters of a
Extended Hiickel hamiltonian for crystalline semiconductors
(585 159]].

1. Parameter fitting for the MoS; and WS, monolayers

We have performed two types of fittings: full optimization
fitting and a linear model fitting. In the former, all parameters
are allowed to vary, while all § parameters are set to zero,
except & in the latter. Moreover, for the linear model we
constraint the spin-orbit parameters to the values determined
in the full optmization. The tables [[I] and [ITI] summarize the
calculated optmized parameters.

A comparison between the DFT target bands and DFM pre-
dicted ones for both full and linear models are presented in
Figs.[AT|and[A ] We can notice that the overall agreement is
very good.
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TABLE II. Optimized parameters for the full optmization. All pa-
rameters are in eV

MoS; (i=1)[WS,(i=2)
Er| -1.7068 | -0.8690
A 1.6513 1.7478
A | 0.0030 | -0.0069
A, | 0.0740 | 0.1890
;| 0.9935 1.2001
51;] 0.0020 | 0.1495
8| 0.0401 0.0985
8| 0.1562 | 0.3042
8| -0.0208 | -0.2934
85| -0.0396 | 0.0718
8| -0.2010 | -0.3018
a 3.16 A 3.17A

TABLE III. Optimized parameters considering only the linear expan-
sion of DFM hamiltonian. All parameters are in eV

[ MoS; (i=D[WS,(i=2)]

Ep| -1.7059 | -0.8491

1.6505 1.7470
A. | 0.0030 | -0.0069
A, | 0.0740 | 0.1890
8| 0.8646 | 0.9827
a 3.16 A 3.17 A

Appendix B: Lifetime of DX and IXs in TMD vdWs
heterostructures

Let s evaluate the lifetimes of the DX and IX in MoS,/WS,
heterostructure. For simplicity, we adopt the low-energy
model for single-particle calculations, as presented in the
main text. In addition, considering the interlayer coupling be-
tween the CBs of two layers is weaker than that of VBs and
the higher-order terms of ¢ in Hamiltonian do not make a sig-
nificant contribution, we only take into account the interlayer
couplings between the VBs of two layers (f, =t and #, = 0, see
Eq. and the linear term in g (H;j in Eq. [1). Based on these
considerations, the matrix of the Hamiltonian H;,(q) for spin-

WS,, full model WS,, linear model
2.0 AN T T T 2. T T T T
1.5 = 4 15— E
o TN
140W- 10f \\______,4//-
3 05f 1 osf E
& oof 3 oof E
o
S -05f 4 -osF e E
10 _"/m_ _1oF e, T 3
_1_5/(,.0—44—*-—..,..‘*,_ _1‘5_/4/ ]
_20 L L L L _20 L L L L
K(a.u) K(a.u)

FIG. 13. Comparison among the DFT (lines) and the k- p (dots)
bands for WS,



MoS,, full model MoS,, linear model
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FIG. 14. Comparison among the DFT (lines) and the k-p (dots)
bands for MoS,

up (1) states in the basis of {|c!, 1), V!, 1), |2, 1), [v?, 1)}, can
be written as:

g q. 0 0
1 1
N g 0 1t
Ap@=|G % 2 2 | B1)
2 2
0t ¢} &

where L = {1,2} is layer index (1—MoS,, 2—WS,), &
and |nt,1) are the energy and wavefunction of the n-th band
(n = ¢/v) spin-up electronic state in the individual L-layer. ¢
(v) denotes CB and VB, ¢% = at’(tq, £ igy) with a and t*

J
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being the lattice parameter and the hopping energy in L-layer.
The parameters listed in Table [[V| are obtained by fitting the
low-energy model output with DFT results for the WS,>/MoS;
vdWs heterostructure. They are in accordance with refer-
ence [[60]. The eigenvalues and eigenstates (|c,q >,|v,q >) of
single-particle in WS,/MoS, heterostructure can be obtained
by diagonalizing the matrix of Hy,(q).

TABLE IV. Parameters involving in DFM for the WS,/MoS, van der
Walls heterostructure.

gl ev) [2.3090
el ev) [0.4189
£2(eV) |2.5870
£2(eV) [0.9557
ad) | 3.18
1eV/AD)] 0.06

Now let’s move our attention to the calculation of the en-
ergy bands of excitons around K and K’ points. The ma-
trix Hamiltonian of the low energy excitons with a given
spin in MoS,/WS; heterostructure, considering a basis com-
posed by the product of electron and hole wave functions,
{le"vhy1ehv?) |2ty [e2v?)} (with the wave number k ab-
sorbed in the band index ¢ and v: |c'v/) = |¢! k) ® [v/,Kk); we
consider only excitons with zero center of mass momentum),
is given by,

gl—el—g, 1 2t 0 0
A~ t £ — € —&ux 0 0
Heye = ¢ v : 2 ol (B2)
0 0 ES—E&, — & ux t
0 0 t e —e2—g

where 7 is the interlayer coupling of Eq.[BT]and the parameters
€1, €2, and &, jx are the exciton binding energies shown in
Table

TABLE V. Exciton binding energies[l60].

sbyl(eV) 0.60
Sb_z(CV) 0.57
&x(EV)[0.51

Solving Eq. [B2] we obtain the exciton wavefunctions,
W) = XevkAp,x o, K v, K), from which we can calculate ex-
citon lifetimes as followmg We study the recombinations of
the excitons located within the light cone nearby the K point.
At T = 0 K, the radiative lifetime of an exciton is determined
by,

_ STQE; ‘LL
(0= Aihs’ ®3)
where a = m = 137", A, is the unit cell area and ug

(

is dipole moment. At finite temperature, the corresponding
exciton lifetime is governed by

3 ES 2 -1
(75) = 75(0) <2Af;62) ksT, (B4)

where M is effective mass of the exciton, defined by M =
(me + my,)mg with m, and my, representing the effective mass
of electron and hole, respectively, mo being free-electron
mass, kp is the Boltzmann constant and T is the temperature.
The term of (s is given by

M= B |(Glp)[¥s) |
H, (B5)
AS
NEexC;I ena C(I|a v.q),

where N, is the number of q vectors around K (K’) points, P
is the momentum operator in an arbitrary in-plane direction
which was chosen along the x-axis. We evaluate the lifetimes
of the excitons including IXy (the state comprised mainly by



¢? and V2, althought the interlayer coupling ¢ leads to a small
band mixture) and DX (comprised mainly by ¢! and v?) at
zero and finite temperatures, using Eq. and |B4|combining
with[B3] and list the results in Table [V

TABLE VI. Calculated radiative lifetimes of DX and IX in the
WS>/MoS; vdWs heterostructure. 7o ox and T 4 5x refer to the life-
times of corresponding excitons at T=0 and 4.5 K, respectively.

Ej, /eV| me/my |T00k /ps|(T04.5K) /Ps
DX| 1.057 {0.37/0.32| 0.003 4.27
IXg| 0.838 |0.64/0.32| 0.65 1634

Appendix C: Parameters used in the calculation of IX dynamics

TABLE VII. (Color online) Parameters used in exciton dynamics for
MoS,/WS; van der Waals heterostructure.

[Scattering rate] Value ‘
Yiolps— ) (2.85¢(-B/029T) 1 1 42)~1
Bolps 1) (1089¢(-B/6.59T) | 545)~1
N3 (ps =

L0 -0.29
Ny (ps™") N3 1on
ne (s | i (4.10(1')12(1325“,)2 ‘:AIE(I)?/‘ﬁf}]L‘fl
m (s | (4,10(1')12(){&215,,1)2 ‘:;i?f,‘ﬁilr"_‘i‘
By (057 | (4.10(742')12(:(2233,)2 lifg,‘ﬁ%ifl
R D |:41\2:3‘§53?ﬂ311
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