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We develop a model which incorporates both intra- and intervalley scatterings to master equation, to explore
exciton valley coherence in monolayer WS2 subjected to magnetic field. For linearly polarized (LP) excitation
accompanied with an initial coherence, our determined valley dynamics manifests the coherence decay being
faster than the exciton population relaxation and agrees with experimental data by Hao et al. [Nat. Phys.
12, 677 (2016)]. Further, we reveal that magnetic field may quench the electron-hole (e-h) exchange-induced
pure dephasing—a crucial decoherence source—as a result of lifting of valley degeneracy, allowing one to
magnetically regulate valley coherence. In particular, at low temperatures for which the exciton-phonon (ex-ph)
interaction is weak, we find that the coherence time is expected to attain τC ∼ 1 ps, facilitating full control
of qubits based on the valley pseudospin. For dark excitons, we demonstrate an emerging coherence even in
the absence of initial coherent state, which has a long coherence time (∼15 ps) at low temperature. Our work
provides an insight into tunable valley coherence and coherent valley control based on dark excitons.
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I. INTRODUCTION

Among emerging new two-dimensional materials utilized
for valleytronic applications [1], monolayer transition-metal
dichalcogenides (TMDCs) MX 2 (M = Mo, W; X = S, Se,
Te) have attracted intense research interest following the dis-
covery of a direct band gap at the two inequivalent K and
K ′ valleys of the Brillouin zone [2]. Owing to the reduced
dielectric screening and large electron (and hole) effective
masses, the light-matter interaction in TMDCs is dominated
by tightly Coulomb-bound excitons with the binding energy
up to hundreds of meV [3,4]. Also, the space inversion asym-
metry together with spin-orbit interaction endows TMDCs
the spin-valley locked band structure [2,5,6], which enables
optical generation and manipulation of valley polarization, as
well as extraction of valley pseudospin information with the
aid of circularly polarized (CP) light [7–12], and facilitates
control of valley coherence of excitons.

Benefiting from the valley selective transition rule [2], the
initial coherent state for excitons is typically generated via
optical pumping of linearly polarized (LP) light [13–19]. And,
the control of valley coherence, which features a rotation of
polarized light emission (referring to a rotation of coherent
superposition of valley exciton states), has widely been re-
ported by resorting to magnetic field [20,21]. Further, both the
direction and speed of coherent rotation can be manipulated
by tuning the dynamic phase of excitons hosted in distinct
valleys [22]. However, despite substantial efforts, so far a
fundamental microscopic model describing the dynamical
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evolution of valley (exciton) coherence in TMDCs from which
the coherence intensity and time—crucial quantities for valley
manipulation—can be directly inferred, is still not available,
though is greatly desired from both fundamental physics and
experimental application points of view.

Here we develop a model for valley exciton dynamics
in monolayer WS2 subjected to magnetic field, by incorpo-
rating both intra- and intervalley scatterings associated with
the exciton recombination, electron-hole (e-h) exchange, and
exciton-phonon (ex-ph) interactions, to master equation. We
then determine how the valley coherence evolves with time
and further unveil the potential means of how to enhance it
in practice. In addition to the LP excitation, which is widely
adopted in experiments for coherent valley control [20,21], we
also demonstrate an emerging valley coherence of dark exci-
tons even in the absence of initial coherent state. To proceed,
we first introduce our theoretical framework.

II. INTRAVALLEY SCATTERING:
EXCITON RECOMBINATION

The exciton recombination is one important process lead-
ing to valley decoherence. Both the magnetic-field-induced
valley Zeeman shift (Fig. 1) and the thermal (temperature)-
effect-triggered band-gap (Eg) shrinking affect the exciton
energy [23] and thus the exciton recombination rate. For the
valley Zeeman shift, it comprises three distinct contributions
from the spin, valley, and transition-metal atomic magnetic
moments, while the magnetic response for the energy of in-
travalley excitons is fully attributed to the atomic contribution
[24,25]. Among them, the valley magnetic moment does not
affect the excitonic resonance of excitons within a given val-
ley (i.e., intravalley exciton) that we consider, allowing us
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FIG. 1. Illustration of the spin-valley locked band structure in
monolayer WS2, with the magnetic field B = 0 (dashed curves)
and B > 0 (solid curves). The red (blue) represents spin-up (spin-
down) states in the K (K ′) valley, σ+ (σ−) denotes CP excitation,
�EK (K ′ )C(V ) stands for valley Zeeman shift for the conduction (va-
lence) band, and �K (K ′ ) is the exciton recombination rate. The purple
(orange) arrow denotes the intervalley scattering of excitons from a
lower (higher) valley in energy to a higher (lower) one due to the e-h
exchange and ex-ph interactions with the rate �d (u).

to ignore the valley contribution. For the conduction band,
the atomic contribution (dz2 ) is zero, and thus only the spin
magnetic moment matters with its contribution �c

s = μBB,
where μB is the Bohr magneton. Regarding the valence band,
both atomic (dx2−y2 and dxy) and spin magnetic moments
contribute to the valley Zeeman shifts, with contributions
�v

a = 2μBB and �v
s = μBB, respectively, leading to a total

shift of 3μBB (see Fig. 1). Note that for the bright exciton,
this treatment of valley Zeeman shift with three contributions
[24–27] is consistent with recent ab initio calculations, which
deal with the valley (intercellular) and atomic (intracellular)
contributions in a unified way associated with the orbital an-
gular momentum [28–31]. However, when we consider dark
excitonic states or deal with van der Waals heterostructures of
TMDCs, it is better to resort to more rigorous consideration,
treating the valley and atomic contributions in a unified way
[28]. Regarding the thermal effect, which causes a reduction
of Eg primarily due to the electron-phonon interaction [23],
we adopt a fit with the Varshni equation �Eg = αT 2/(T + β )
[32], with T the temperature, α ≈ 4.45 × 10−4 eV/K a ma-
terial relevant constant [23], and β ≈ 247.5 K related to the
Debye temperature [33]. Then the exciton energy reads Eξ =
Eg − Eb + λc/2 − λv/2 − 2ξμBB [16], with Eb the exciton
binding energy, λc(v) the spin-orbit splitting in the conduction
(valence) band, and ξ = ±1 the valley indices K and K ′.
Note that the last term in Eξ describes the valley Zeeman
shift. With all these considerations, the exciton recombination
time is τξ (T ) = 1/�ξ (T ) = (3Mc2kBT /2E2

ξ )τ(0) [34], with
τ(0) = 0.19 ps the recombination time near T = 0 [34], M the
exciton mass, and c the speed of light.

III. INTERVALLEY SCATTERING: e-h EXCHANGE
AND ex-ph INTERACTIONS

The e-h exchange and ex-ph interactions in general dom-
inate intervalley scatterings, providing a unique channel for
transfer of excitons from one valley to the other [35–42]. For

the e-h exchange interaction, its magnitude essentially scales
linearly with the center-of-mass wave vector k of excitons,
and its direction depends on the orientation of k [43–45];
hence it provides an effective in-plane magnetic field driving
the precession of valley pseudospin with different frequen-
cies [46–48]. Due to various scatterings, e.g., with phonons,
other excitons and defects, the exchange interaction, which
depends on k, may become random [49]. This is similar to the
D’ykonov-Perel (DP) spin relaxation [50–52], induced by the
momentum-dependent spin-orbit field, for two-dimensional
electron gases in the diffusive regime. The incoherent inter-
valley transfer caused by the random exchange interaction
manifests as a statistical average scattering time τv0. Further,
in the presence of external magnetic field, the expectation
value of valley pseudospin depends on the combined contribu-
tions of the in-plane and out-of-plane components, indicating
that the influences of exchange interaction can be effec-
tively tuned by the valley Zeeman splitting �E = EK ′ − EK

[43]. Thus the magnetic-field-mediated intervalley scattering
rate reads �v = 1/τv0 × F (�E ), where F (�E ) = �2/(�2 +
�E2) [35,36], with τv0 = 50 ps the zero-field scattering time
and � = 0.1 meV the width parameter associated with exciton
momentum relaxation time [35], i.e., � = h̄/τp. Note that
the magnitude of magnetic field at which the e-h exchange
interaction is suppressed can be estimated by analyzing the
momentum relaxation time τp [53,54].

Regarding the ex-ph interaction, since the excitons in both
K and K ′ valleys have zero center-of-mass momentum, two
K-point phonons are needed to ensure the momentum con-
servation for the transfer process. In such a situation, the
intervalley scattering rate is proportional to the phonon oc-
cupation number, i.e., �ph ∝ exp(−〈h̄ωph〉/kBT ) [37], with
〈h̄ωph〉 = 12 meV the acoustic phonon energy near the K
point [37–41], closing to the acoustic phonon energy reported
in TMDCs [33,37,55]. Further, to capture the asymmetry
of the phonon-related relaxation process caused by the lift-
ing of valley degeneracy due to B field, the intervalley
scattering rates associated with ex-ph interaction are ex-
pressed as Miller form, with �H = �ph = 1/50 ps−1 and �L =
�ph exp(−�E/kBT ) [12,56–58]. This ensures that excitonic
scatterings from the valley of higher energy to the one of
lower energy require emission of an additional phonon (�H ),
whereas absorption of a phonon occurs in the opposite process
(�L), which is mediated by the Boltzmann factor and reduced
to �H at B = 0 (symmetric intervalley scattering). Combining
two-part contributions from e-h exchange and ex-ph interac-
tions, the total intervalley scattering rates can be written as
�u,d = �v + �H,L.

IV. PURE DEPHASING OF VALLEY EXCITON:
ADDITIONAL COHERENCE DECAY

In addition to the exciton recombination, pure dephasing
is also a significant source of coherence loss. Consider-
ing the Maialle-Silva-Sham (MSS) mechanism, an in-depth
understanding of processes responsible for valley pure de-
phasing is exchange interaction [17,59]. Further, optical
two-dimensional coherent spectroscopy reveals another pure
dephasing pathway by elevating temperature [17,60], which
is analogous to the exciton dephasing in semiconductor
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quantum wells caused by the acoustic phonon scattering [61].
Hence the pure dephasing rate is expressed as γ = γ0 +
γ0

ehF (�E ) + γ0
phT , where γ0 is the residual exciton dephas-

ing rate in the absence of e-h exchange and ex-ph interactions
[60]. γ0

eh = 2 ps−1 is the dephasing rate related to exchange
interaction at zero extra field [17], and the factor F (�E )
stands for the suppression by the magnetic field [35,36].
γ0

ph = 1/12 ps−1/K denotes the ex-ph coupling strength [60].
The values of these parameters can be further analyzed
experimentally from the homogeneous linewidth [60,62]. We
exhibit the numerical relationship between the rate γeh (γph)
and the magnetic field (temperature), see Fig. S1 [63] in the
Supplemental Material [63]. When B > 5 T, the exchange
interaction is completely suppressed by the vertical magnetic
field so that the pure dephasing rate γeh trends to zero. In con-
trast, the rate γph increases linearly with elevated temperature,
which highlights the decisive role of phonon scattering at high
temperatures.

V. VALLEY DYNAMICAL EVOLUTION:
MASTER EQUATION

We incorporate the intra- and intervalley scatterings into
the master equation of Lindblad form and employ the density
matrix to illustrate evolutions of the valley coherence and
exciton population. We adopt the basis set {|K〉, |K ′〉, |0〉}
characterizing the exciton states in the K (|K〉) and K ′ (|K ′〉)
valleys and the ground state (|0〉). Also, note that the interval-
ley transfer of excitons is a process of balancing populations
between the two valleys, which is described by two incoherent
rate equations [19] (see Eq. (S5) [63]), while the exciton re-
combination refers to a one-way flow of valley information to
the environment [64,65]. Then the Hamiltonian of the overall
system reads H = H0 + HE + HI, comprising contributions
from the valley exciton (H0) [15], environment (HE), and the
interaction between valley and environment (HI):

H0 =
∑

ξ

Eξ c†
ξ cξ , ξ = K, K ′,

HE = h̄(ωLa†
LaL + ωRa†

RaR),

HI = gKσK−a†
R + gK ′σK ′−a†

L + H.c., (1)

where c†
ξ (cξ ) stands for the exciton creation (annihilation) op-

erator of the ξ (= K, K ′) valley. a†
L(aL ) and a†

R(aR) denote the
creation (annihilation) operators of the left (L) and right (R)
circularly polarized photons with the characteristic frequen-
cies ωL and ωR. Constant gξ is the coupling strength between
the exciton in the ξ valley with the corresponding circularly
photon mode. Also, we have defined σξ− = |0〉〈ξ | as the
lowering operator, and H.c. denotes the Hermitian conjugate,
indicating the exciton recombinations are from individual K
and K ′ valleys, with emitting right and left circularly polar-
ized photons, respectively. Thus the dynamical evolution of
exciton valley coherence is described as

d

dt
ρt = L(ρt ) = L0(ρt ) + Lf (ρt ) + Lr (ρt ) + Lp(ρt ), (2)

where L0(ρt ) denotes the unitary evolution determined by
the exciton Hamiltonian H0, and Lf (ρt ) means the exciton

intervalley transfer between two valleys. Lr (ρt ) [Lp(ρt )] de-
scribes the exciton recombination (pure dephasing) process,
referring to the rate �ξ (γ) [66]. For more details about
the operator L(ρt ), see the SM, Sec. I [63]. As the valley
coherence strongly depends on the remnant excitonic popu-
lations, we define the coherence intensity characterizing the
degree of valley coherence by employing the l1-norm-based
coherence measure [67,68], which in the basis set of ρt =
(ρK , ρK ′

, ρK ′K , ρKK ′
, ρ0)T reads

C(ρ) =
∑
i �= j

|ρ i j | = |ρKK ′ | + |ρK ′K |, (3)

with 0 � C(ρ) � 1. And the coherence time τC can be defined
as a time over which C(ρ) essentially vanishes [69], charac-
terizing the duration of coherence.

VI. TIME EVOLUTIONS OF DENSITY
MATRIX ELEMENTS

For better understanding valley dynamics, we first look into
how the exciton populations represented by the density matrix
elements ρK (K ′ ) and ρ

K (K ′ )
0 evolve with time in the presence of

both intra- and intervalley scatterings (Fig. 2). We focus on
optical pumping of both CP and LP excitations, which gives
rise to the initial states of |ψ0〉 = |K〉 (e.g., for σ+ excita-
tion) and |ψ0〉 = 1/

√
2(|K〉 + |K ′〉), respectively, as a result

of the valley selective transition rule. For the CP excitation
(left panels in Fig. 2), as the excitons are initially generated
in the K valley with |ψ0〉 = |K〉, we find that ρK ′

first in-
creases and then decreases after attaining its maximal value
due to a combined effect of intervalley excitonic transfer and
intravalley exciton recombination, in contrast to ρK , which
consistently decreases, cf. ρK and ρK ′

in Fig. 2(a). Now we
examine the effect of temperature and magnetic field, both of
which are found playing an important role in valley dynamics.
As temperature increases, on the one hand, the process of
exciton recombination is quenched, giving rise to consider-
able increment of τK (K ′ ); on the other hand, phonon-assisted
intervalley scattering becomes more pronounced, leading to
more balanced populations between K and K ′ valleys, cf.
Figs. 2(a) and 2(c). As opposed to ρK,K ′

, ρK,K ′
0 describing the

population of recombined excitons consistently increases with
time, as is expected. The B field lifts the valley degeneracy
and introduces the asymmetry of intervalley scatterings (i.e.,
unbalanced �H and �L), thus refraining the exciton transfer
from the K to K ′ valleys, resulting in an overall reduction of
exciton population in the K ′ valley, cf. Figs. 2(a) and 2(e).

As for the LP excitation (right panels in Fig. 2), because
of an initial coherent superposition of excitonic states in the
two valleys with the same population, the dynamical evolution
of ρK and ρK ′

perfectly matches at zero B field, indepen-
dent of temperature; see Figs. 2(b) and 2(d) for T = 50 and
300 K, respectively. Similarly, the populations for recombined
excitons between the K and K ′ valleys are also locked to
be equal as time evolves, cf. ρK

0 and ρK ′
0 , though ρK (K ′ ) and

ρ
K (K ′ )
0 exhibit opposite dynamic behavior. Further, even with

the presence of valley Zeeman splitting, the distinction of
excitonic populations between the two valleys is also greatly
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FIG. 2. Time evolutions of exciton populations for different mag-
netic fields and temperatures in the cases of CP (left panels) and LP
(right panels) excitations. The density matrix element ρK (ρK ′

) stands
for the remnant exciton population after recombination in the K (K ′)
valleys, while ρK

0 (ρK ′
0 ) refers to the population of exciton undergoing

recombination.

quenched [Figs. 2(f) and 2(h)], as compared to the case of CP
excitation, cf. left and right panels.

These dynamical features of density matrix elements are
helpful in understanding valley dynamics. For further illus-
trating the coherence behaviors, below we focus on the LP
excitation, which is widely employed in experiments for co-
herent valley control [20,21].

VII. LP EXCITATION: MAGNETIC-FIELD-ENHANCED
COHERENCE

The main channels leading to the decay of valley coherence
comprises the intravalley exciton recombination (�K (K ′ )) and
the pure dephasing process (γ). The former results in reduc-
tion of excitonic populations (Fig. 2), and the latter mainly
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FIG. 3. (a) Time evolution of valley coherence (solid line, blue)
and remnant exciton population (dashed line. black). The markers
(crosses and circles) refer to the corresponding experimental data
of Ref. [17]. (b) The exciton recombination lifetime as function of
temperature [34,71]. (c),(d) Valley coherence dynamics at different
magnetic fields (T = 10 K) (c) and temperatures (B = 0) (d).

originates from the e-h exchange and ex-ph interactions. For
verifying the accuracy of our model, we first adopt experi-
mental parameters in the work by Hao et al. [17], where the
decoherence rate γv = �K + γ = 10.2 ps−1 with �K = 5.26
and γ = 4.94 ps−1 [17,60]. We reveal that the remnant ex-
citon population, N = ρK + ρK ′

, tends to vanish at around
800 fs [dotted line in Fig. 3(a)], while the coherence time
τC attains about 400 fs [solid line in Fig. 3(a)], in great
agreement with experimental data [markers in Fig. 3(a)]. It
is noteworthy that experimental reports of exciton lifetime in
monolayer WS2 usually ranges from tens to even hundreds
of picoseconds [70–74]. Considering that the relaxation of
excitonic population may provide an upper bound for valley
coherence, below we consider the exciton lifetime ranging
from 5 to 60 ps as the temperature varies from 10 to 100 K
[Fig. 3(b)] [34,71], to explore a potential means of enhancing
valley coherence. We first examine the magnetic response
of valley coherence dynamics [Fig. 3(c)]. It is found that
the maximal coherence intensity occurs initially, following
that the initial state itself being a coherent superposition of
valley excitons. Notably, when B < 5 T, we reveal magnetic-
field-bolstered valley coherence in both its intensity and time,
which arises from the quenching of the pure dephasing chan-
nel induced by the e-h exchange interaction as a result of
lifting of valley degeneracy in the presence of B field. How-
ever, for B > 5 T we observe that the coherence dynamics
starts to remain essentially unaltered as B varies, cf. dynam-
ics behaviors at B = 5 and 10 T. This is because the pure
dephasing induced by e-h exchange interaction becomes en-
tirely suppressed at B = 5 T (see Fig. S1(a) [63]), and the
other decoherence channels are basically unaffected by the B
field. Note that the coherence time at T = 10 K even attains
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τC ∼ 1 ps, facilitating complete control of qubits based on the
valley pseudospin.

Now we turn to the temperature-related thermal effects,
which essentially have two compensating consequences on
valley coherence. On the one hand, the ex-ph interaction be-
comes more pronounced at escalated temperature, in favor of
decay of coherence; on the other hand, a higher temperature
implies a longer exciton recombination time, thus suppressing
the valley decoherence. However, the overall effect is that
the ex-ph interaction with increasing temperature gradually
dominates over the other decoherence channels due to, i.e.,
the e-h exchange interaction or the exciton recombination [cf.
Fig. S1(b) [63] and Fig. 3(b)]. Thus a shrinking of valley
coherence at escalated temperature follows [Fig. 3(d)].

Despite the detrimental effect of temperature on valley
coherence, we should emphasize the suppression of e-h ex-
change interaction by magnetic field provides a reliable route
to enhance coherence intensity and enlarge the coherence time
in a temperature range of T = 10–120 K. Also, the robustness
of the coherence against B field when B > 5 T [Fig. 3(c)] also
holds in a broad temperature range (see Fig. S2 [63]), facil-
itating coherent manipulation of the valley pseudospin. For
practical application, a possible means of boosting coherence
generation is to resort to the exciton-cavity coupling [19],
which may open an additional channel of coherence transfer
from photons to valley excitons.

VIII. EMERGING VALLEY COHERENCE OF DARK
EXCITONS: WITH NO INITIAL COHERENCE

Under σ+ CP excitation, only excitons in the K valley
are generated, and thus there is no initial coherence. In this
case the incoherent intervalley transfer prevents exciton dy-
namics from producing valley coherence. In contrast, for dark
excitons the exchange interaction is a short-range local field
effect; thus it weakly depends on center-of-mass momentum
and can be treated as a constant with definite phase. In the
basis {|Kd〉, |K ′

d〉}, the system Hamiltonian of dark exciton has
the form [15]

Hd
0 =

(
Ed

K + δ δ

δ Ed
K ′ + δ

)
, (4)

with Ed
ξ the dark exciton energy and δ the short-range ex-

change interaction [15,75] that mixes different valley states
together. Also, the dark excitons have a longer recombination
lifetime than bright state, due to the weak coupling with
photons of out-of-plane linear polarization. These features
underline a potential coherent control based on dark excitons,
even without initial coherence, as we discuss next.

For completeness we consider two initial states of |ψd
0 〉 =

1/
√

2(|Kd〉 + |K ′
d〉) (with initial coherence) and |ψd

0 〉 = |Kd〉
(without initial coherence). The relevant parameters adopted
in the simulation are δ = 0.6 meV [15,75], recombination
lifetime τd

ξ = 110 ps [75], and pure dephasing rate γd =
2.6 ps−1 at T = 10 K, with the super/subscript d denoting the
dark. For a detailed derivation of valley coherent dynamics of
dark excitons, see the SM, Sec. III [63]. Figure 4(a) shows
the magnetic response of coherence behaviors with initial
coherence. In this case we find that despite the long recombi-

0 0.25 0.5 0.75 1
Time (ps)

0

0.25

0.5

0.75

1

C
d(

)

(a)

0 3 6 9 12 15
Time (ps)

0

0.05

0.1

0.15

0.2

0.25

C
d(

)

(b)

FIG. 4. Valley coherence dynamics of dark excitons at different
magnetic fields (T = 10 K) for initial coherent state (a) and initial
incoherent state (b).

nation lifetime of dark exciton at low temperature, its coherent
evolution essentially coincides with that of the bright state, cf.
Figs. 3(c) and 4(a). This is because valley coherence mainly
depends on the pure dephasing in the presence of an initial
coherent state. In addition, a constant exchange interaction
avoids triggering the MSS mechanism, which means that the
B field has negligible impact on the pure dephasing path.
Hence the coherence intensity and time of dark excitons are
not sensitive to the B field [see Fig. 4(a)]. Regarding the case
without initial coherence, it is shown that the valley coherence
can be generated through the mixture of excitonic states of
two valleys by exchange interaction [Fig. 4(b)]. In contrast
to the case with initial coherence, this emerging coherence
depends not only on the generation channel, but also on the
decay channel (i.e., decoherence), thus leading to a long co-
herence time (τd

C ∼ 15 ps), though with quenched coherence
intensity. Also, the mixture effect of exchange interaction can
be tuned by the valley splitting, which manifests as a marked
dependence of this emerging coherence on the B field.

We should emphasize that, in general, as dark excitons are
generated by the intravalley scattering from bright excitons
[15,16,58,76], a more precise description of coherent valley
dynamics requires to take into account the bright and dark
states simultaneously. In particular, when the magnetic field
has an in-plane component, it even mixes the bright and
dark states. More work is needed to explore these interesting
possibilities.

IX. CONCLUSIONS

The artificial manipulation of valley pseudospin requires a
sufficiently advanced coherence quality. We have developed a
microscopic model in monolayer WS2 involving both intra-
and intervalley scatterings, and unveiled magnetically tun-
able exciton valley coherence mediated by the e-h exchange
and ex-ph interactions. For the LP excitation, which is ac-
companied with an initial coherence, our determined valley
dynamics manifests the coherence decay being faster than the
exciton population relaxation and agrees with experimental
data by Hao et al. [17]. Further, we find that magnetic field
may quench the e-h exchange induced pure dephasing, al-
lowing magnetic regulation of valley coherence. In particular,
at low temperatures for which the ex-ph interaction is weak,
the coherence time attains 1 ps, a significant improvement
over previously reported values in the subpicosecond scale
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[17,60,77]. For practical considerations, we should emphasize
that the density of exciton gas may also affect the coherence
dynamics. A higher density will enhance the strength of ex-
change interaction [49,60,78], which requires a stronger B
field (>5 T) to suppress the pure dephasing path. Correspond-
ingly, a higher B field is needed for the valley coherence to
exhibit robustness. Additionally, the coherence time is ex-
pected to be further enlarged through external means, e.g.,
exciton-cavity coupling [19], electron doping [79], and en-
hanced dielectric screening [80]. For the dark excitons, we
observe an emerging valley coherence even in the absence of
an initial coherent state, and this emerging coherence has long

coherence time (∼15 ps), though with quenched coherence
intensity. Our work provides an insight into tunable valley
coherence and coherent valley control based on dark excitons.
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