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Valley dynamics of intravalley and intervalley multiexcitonic states in monolayer WS2
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We present a comprehensive model comprising of a complete set of rate equations, which account for charge
transfer among multiexcitonic channels including excitons, trions, and biexcitons, to investigate valley (locked
with spin) dynamics in monolayer WS2. The steady-state photoluminescence (PL) spectra, underlying the laser
power dependence of excitonic populations, are also determined. Our computed PL for all excitonic states
agrees with the experimental data of Paradisanos et al. [Appl. Phys. Lett. 110, 193102 (2017)]. We find that
the relative weight of PL, stemmed from different excitonic channels, strongly depends on the laser power even
under dynamical conditions. Remarkably, the biexciton channel, having the weakest PL intensity at low laser
powers, tends to prevail in PL over other excitonic states as the power strengthens. In addition, by accounting
for intervalley scatterings, which enable transfer of excitonic states from one valley to the other, we determine
the valley polarization, which strongly depends on intervalley scatterings and the exciton generation rates in the
two valleys. On the other hand, the valley polarization for all excitonic channels is found almost independent of
the laser power, consistent with experimental measurements as well. Finally, the valley dynamics involving both
intra- and intervalley trions is discussed. Our model and numerical outcome should be beneficial to experiments
especially featuring the interplay of multiexcitonic channels in, e.g., elucidating experimental data, estimating
central excitonic quantities including recombination times and transition rates, and in widening possible new
experimental scopes.

DOI: 10.1103/PhysRevB.97.115425

I. INTRODUCTION

Monolayer semiconducting transition metal dichalco-
genides (TMDCs) denoted by MX2 (M = Mo, W; S = S, Se,
Te) have attracted considerable interest following the discovery
of a direct band gap at the two inequivalent K and K ′ valleys
[1–6] and of the coupling of spin and valley degrees of freedom
(i.e., spin-valley locking) [7–11] due to the joint effect of lattice
inversion asymmetry and spin-orbit interaction. This leads to
valley (and spin) selective optical transitions depending on
the pumping photon helicity [7,12,13], and further allows for
optical generation of valley polarization (optical orientation)
[14–16], valley Hall effect [2,9], valley coherence [17–20], and
optical manipulation of valley pseudospin [21].

Moreover, large electron and hole effective masses along
with reduced dielectric screening in monolayer TMDCs of
two-dimensional (2D) characters yield exceptionally strong
Coulomb interaction between charged carriers [23,24]. This
results in the formation of tightly bound electron-hole pairs,
namely excitons (X) [12]. In the presence of residual excess
charges, Coulomb interaction could further bind an excess
charge to one exciton to form a charged exciton, i.e., trion
(negative X− and positive X+) [25], with X− or X+ depending
on doping conditions [26]. In addition, strong Coulomb inter-
action also favors the Auger-type exciton-exciton annihilation
process [27], leading to the formation of biexcitons (molecule-
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like states consisting of two excitons), which can maintain
stable even at extremely low laser power densities (∼0.2 kW
cm−2) [28]. The binding energy of these excitonic quasiparticle
states in TMDCs is extraordinarily appealing, with several
hundred meV for excitons and a range of 30–70 meV for
trions and biexcitons [29], allowing them to exist even at
room temperature [22], extremely challenging in conventional
semiconductors.

The spin-valley locked band structure could not only accom-
modate bright excitonic states [30,31], but also hold optically
inaccessible dark excitonic ones [27,32], of both intravalley
(spin forbidden) [33,34] and intervalley (momentum forbid-
den) types [35]. Bright and dark excitons are split primarily
by the spin-orbit splitting of the conduction band, with the
lowest-lying excitonic states being optically dark in W-based
monolayer TMDCs but optically bright in Mo-based ones
[35,36]. The existence of dark excitons has been experimen-
tally identified through time-resolved photoluminescence (PL)
spectroscopy [37] and magneto-PL [38,39]. Very recently, the
entire dark exciton landscape in TMDCs was revealed via
infrared spectroscopy [40,41].

These excitonic quasiparticle states are of crucial impor-
tance for exploiting the optical properties of TMDCs [13,42].
For identifying PL emission bands with multiexcitonic chan-
nels and investigating the valley (locked with spin) dynamics,
there have been extensive studies carried out in experiments
through, e.g., time-resolved PL [43,44], ultrafast transient
absorption spectroscopy [45], and time-resolved Kerr rotation
[46,47]. However, from the theoretical perspective, available
models for valley dynamics in TMDCs only accounted for the
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FIG. 1. (a) PL intensity of exciton (X), trion (X−), and biexction
(XX) in monolayer WS2 as a function of excitation laser power
density. The markers refer to the experimental data of Ref. [22] and
the curves are obtained from our simulation. The dotted lines indicate
the simulated PL intensity for constant exciton-to-biexciton transition
rate (β = β0), i.e., neglecting the power dependence of β, which is
inconsistent with the experimental data at high power densities. Time
evolution of PL for X, X−, and XX at a power density of 0.5 (b) and
5 kW cm−2 (c). In (b) and (c), the PL intensity is normalized with
respect to the corresponding exciton PL peak, and a Gaussian pulse
duration of 30 ps is considered.

scattering between two quasiparticles (channels), e.g., X and
X− or X and XX [15,43,44,48], and were mainly restricted
within a single isolated valley [33,49], and thus is only
applicable for some special and even limited circumstances.
Thereby, a comprehensive theory to study the valley dynamics
of coexisting multiexcitonic states of both intra- and intervalley
types, is greatly desired, but is still not available.

Here we mainly focus on bright excitons and develop
a comprehensive model composed of a complete set of
rate equations, taking into account charge transfer among
intra- and intervalley multiexcitonic states. Then we com-
pute with our model the PL intensity, which is proportional
to the concentration of optically generated excitonic states,
allowing us to determine the valley dynamics and valley
polarization. In addition to the dynamical evolution of PL,
we also consider its power dependence in steady state. Our
computed PL for all excitonic channels in monolayer WS2

is consistent with experimental data of Ref. [22], Fig. 1(a).
We further go beyond and take into account intervalley
scatterings and intervalley excitonic states [50–53]. Finally,
we discuss the potential effect of dark excitons on valley
dynamics.

This paper is organized as follows. In Sec. II we present
our model for valley dynamics of bright excitons. We consider

three different cases, with (i) multiexcitonic states in a single
isolated valley (i.e., no intervalley scattering), (ii) intravalley
excitonic states with intervalley scatterings, and (iii) both
intra- and intervalley excitonic states, referring to three distinct
experimental conditions. In Sec. III we discuss our numerical
outcome computed from our model. We summarize our main
findings in Sec. IV.

II. MODEL: A COMPLETE SET OF RATE EQUATIONS

The interplay of inversion asymmetry and spin-orbit in-
teraction in monolayer TMDCs leads to valley-contrasting
spin splittings (spin-valley locking) bridged by time reversal
symmetry, for both the valence and conduction bands [9]. The
spin splitting of the valence band, arising primarily from the
transition metal d orbital, is around hundreds of meV [54],
far greater than that of the conduction band ranging from
several to tens of meV [55]. As a consequence, optically
allowed interband transitions from the two spin states of
the valence band are well separated, referring to A and B
excitons, respectively. This allows us to develop our theory
within only three bands, consisting of one spin branch of
the valence band with higher energy and both spin branches
of the conduction band (A exciton transition); see the band
dispersion around the K (K ′) valley of monolayer WS2,
Fig. 2.

The spin states of the conduction band could have opposite
ordering in energy [55], depending on transition metal atoms,
as opposed to that of the valence band. This leads to the lowest
energy transition (ground state) being optically bright (same
spin, spin allowed) in MoX2 and optically dark (opposite spin,
spin forbidden) in WX2. Here we restrict our discussions to
WS2, but the study can be straightforwardly extended to Mo-
based TMDCs. In addition, to verify our model, we aim to
first simulate the experimental data of Ref. [22] obtained at a
high temperature of 200 K. Since the lowest energy transition
in WS2 is optically dark, a high temperature could drive dark
excitons away from the ground state to become optically bright,
thus greatly suppressing the effect of dark excitons on valley
dynamics. As a result, in this section we only focus on bright
excitonic states in our model, Fig. 2, and more discussions
about dark exciton mediated valley dynamics will be given in
Sec. III D.

To systematically describe excitonic valley dynamics, we
develop our theory in three different cases, referring to three
distinct experimental conditions, i.e., (i) multiexcitonic states
in a single isolated valley, (ii) intravalley excitonic states with
intervalley scatterings, and (iii) both intra- and intervalley
excitonic states, as schematically shown in Figs. 2(a)–2(c),
respectively.

A. Valley dynamics of muliexcitonic states in a single valley

We start with the simplest case, case I, Fig. 2(a), in which
only intravalley excitonic states and intravalley scatterings
are involved, i.e., no charge transfer between the K and K ′
valleys. Since the states of the two valleys are related by time
reversal symmetry, we consider in case I the excitonic states
only residing in the K valley, implying that the K ′ valley
constantly remains unpopulated. Under these considerations,
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FIG. 2. Schematic of scatterings among different excitonic states in monolayer WS2, with the red (blue) curves standing for spin-up
(spin-down) conduction band and valence band in the K and K ′ valleys and filled (empty) black circles representing electrons (holes).
(a) Intravalley excitonic states (XX, X, X−) and scatterings in the K valley; (b) intravalley excitonic states (XX, X, X−) in the K and K ′ valleys
with intra- and intervalley scatterings; (c) intravalley exciton (X), intravalley trion (spin singlet, X−

s ), and intervalley trion (spin triplet, X−
t )

with intra- and intervalley scatterings. In (a) the K ′ valley is constantly unpopulated and in (b) and (c) both the K and K ′ valleys are occupied.
The transition rates β, β ′, f , f ′, 1/τxx , 1/τ sk

xx , 1/τ sk
x , 1/τ sk

T , 1/τ sk1
T , and 1/τ sk2

T are defined in Eqs. (1)–(3). Dotted arrows (green and orange)
indicate that the relevant transition process are relatively slow compared to other processes.

the dynamics of the intravalley X, X−, and XX is described by

dnx

dt
= g − nx

τx

− f nxne + nxx

τxx

− 2βn2
x,

dnT

dt
= −nT

τT

+ f nxne,

dnxx

dt
= −nxx

τxx

+ βn2
x, (1)

where nx , nT , and nxx are excitonic concentrations in the K

valley, and τx , τT , and τxx are the corresponding recombination
times, with the subscript x, T , and xx standing for excitons,
trions, and biexcitons, respectively; g denotes the exciton
generation rate; β and f [cf. Eq. (1) and Fig. 2(a)] separately
represent the exciton-to-biexciton (i.e., exciton-exciton anni-
hilation) and exciton-to-trion (i.e., exciton-electron scattering)
transition rates; and ne is the electron density in an n-type
monolayer TMDC.

We emphasize that we take into account in our simulation
the laser power dependence of the exciton-to-biexciton tran-
sition rate β = β0/(1 + P/P0) [43], with P the laser power.
We find this relation is essential in our simulated PL intensity
especially at high laser powers, cf. solid and dotted curves
in Fig. 1(a), as a result of biexcitons due to its quadratic
behavior of increments increasing more dramatically [Eq. (1)]
than trions. Although the remaining parameters including those
below in Eqs. (2) and (3) may in principle also depend on
the laser power, the dependence is assumed relatively weak,
and hence they are considered constant. Moreover, we have
presumed the decay of a biexciton leads to the generation of
one exciton [43], cf. Eq. (1) and Fig. 2(a).

B. Valley dynamics of intravalley excitonic states with
intervalley scatterings

Before moving to case II, it is worth pointing out that
despite the large separation (comparable to the size of Brillouin
zone) between the K and K ′ valleys, spin-valley locking,
and giant valence-band spin-orbit splitting [9], all of which
suppress the scatterings [9], experimental measurements have
revealed the fast decay of valley polarization [32,56]. This is
ascribed to effective intervalley scatterings, induced by atomic
defects and/or electron-hole exchange interaction [32,56].
Accordingly, in case II, Fig. 2(b), we extend our theory in
the previous scenario by adding the intervalley scatterings,
triggering charge transfer from one valley to the other. Then
we have in this case a new set of rate equations, which are
written as

dnx

dt
= g − nx

τx

− nx

τ sk
x

+ n′
x

τ sk
x

− 2βn2
x + nxx

τxx

− f nxne,

dn′
x

dt
= g′ − n′

x

τx

− n′
x

τ sk
x

+ nx

τ sk
x

− 2β ′n′
x

2 + n′
xx

τxx

− f ′n′
xn

′
e,

dnxx

dt
= −nxx

τxx

+ βn2
x − nxx

τ sk
xx

+ n′
xx

τ sk
xx

,

dn′
xx

dt
= −n′

xx

τxx

+ β ′n′
x

2 − n′
xx

τ sk
xx

+ nxx

τ sk
xx

,

dnT

dt
= −nT

τT

+ f nxne − nT

τ sk
T

+ n′
T

τ sk
T

,

dn′
T

dt
= −n′

T

τT

+ f ′n′
xn

′
e − n′

T

τ sk
T

+ nT

τ sk
T

, (2)
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where all physical quantities (e.g., nx) in the K valley maintain
the same as those defined in Eq. (1), while their counterparts
(e.g., n′

x) in the K ′ valley are labeled by a superscript “′”
for differentiation. The quantities τ sk

x , τ sk
T , and τ sk

xx , absent in
Eq. (1), represent relevant intervalley scattering times for X,
X−, and XX, respectively, cf. Eq. (2) and Fig. 2(b).

C. Valley dynamics of both intravalley and intervalley
excitonic states

With the knowledge of valley dynamics presented in cases
I and II, we are ready to explore more complex dynamics, case
III, Fig. 2(c), in which the intervalley excitonic states are taken
into account. We consider both intravalley trions (spin singlet,
X−

s ) and intervalley trions (spin triplet, X−
t ), the formation of

which depends on whether or not the captured electron resides
in the same valley as the exciton it is bound to. For simplifying
discussions, here we exclude the biexciton channel. Since we
only focus on the bright excitonic states, the intervalley exciton
(optically dark) [27] is also precluded as well. Then, the set of
rate equations describing charge transfer among X, X−

s , and X−
t

with both intra- and intervalley scatterings taken into account,
are written as

dnx

dt
= g − nx

τx

− nx

τ sk
x

+ n′
x

τ sk
x

− f nxne − f nxn
′
e,

dn′
x

dt
= g′ − n′

x

τx

− n′
x

τ sk
x

+ nx

τ sk
x

− f ′n′
xn

′
e − f ′n′

xne,

dnT,t

dt
= −nT,t

τT ,t

+ f nxn
′
e − nT,t

τ sk
T

+ n′
T ,t

τ sk
T

− nT,t

τ sk2
T

+ n′
T ,s

τ sk1
T

,

dn′
T ,t

dt
= −n′

T ,t

τT ,t

+ f ′n′
xne − n′

T ,t

τ sk
T

+ nT,t

τ sk
T

− n′
T ,t

τ sk2
T

+ nT,s

τ sk1
T

,

dnT,s

dt
= −nT,s

τT ,s

+ f nxne − nT,s

τ sk
T

+ n′
T ,s

τ sk
T

− nT,s

τ sk1
T

+ n′
T ,t

τ sk2
T

,

dn′
T ,s

dt
= −n′

T ,s

τT ,s

+ f ′n′
xn

′
e − n′

T ,s

τ sk
T

+ nT,s

τ sk
T

− n′
T ,s

τ sk1
T

+ nT,t

τ sk2
T

, (3)

where nT,t and nT,s are the concentrations of intervalley X−
t

and intravalley X−
s , respectively, and τT,t and τT,s stand for

the corresponding recombination times. The rate 1/τ sk2
T refers

to the transition from X−
t of one valley to X−

s of the other
valley (i.e., intervalley transition from an intervalley excitonic
state to an intravalley one), and 1/τ sk1

T represents the reverse
process, cf. pink and orange arrows in Fig. 2(c). We emphasize
that the transition of 1/τ sk2

T is more favorable than its reverse
process 1/τ sk1

T [57], since X−
t is higher in energy than X−

s .
And, all quantities in the K ′ valley are once again labeled by
a superscript “′,” to distinguish from those in the K valley.

We compute from Eqs. (1)–(3) the PL intensity for each
individual excitonic channel via n/τ [58], where n and
τ generally represent the excitonic concentrations and the
corresponding recombination times appearing in the above
equations. By directly solving the set of coupled rate equations,
we obtain the time evolution of PL. In addition, by setting
the left-hand side of the rate equations equal to zero, i.e.,
dn/dt = 0, we determine the laser power dependence of PL
in steady state. The valley polarization η is associated with the

TABLE I. Relevant parameters [Eqs. (1)–(3)] used in our simula-
tions [33,62–64]. The unit of time (τ ) is in picoseconds, rates (β0 and
f ) in cm2 s−1, power density (P0) in kW cm−2, and electron density
(ne) in 1011 cm−2.

τx = 500 τT = 800 τxx = 700 τT,s = τT τT,t = τT

τ sk
x = 0.2τx τ sk

xx = 2τ sk
x τ sk

T = 3τ sk
x τ sk2

T = τ sk
x τ sk1

T = 3τ sk
x

β0 = 0.36 f = 0.1 P0 = 10.2 ne = 1.9

distinction of PL intensity between the K and K ′ valleys, i.e.,
ηi = [PLi(K) − PLi(K ′)]/[PLi(K) + PLi(K ′)] [59,60], with
the superscript i standing for excitonic channels.

D. System and relevant parameters

We consider experimental PL measurements on monolayer
WS2 by Paradisanos et al. [22,61], in which the laser spot
size is l ∼ 1 μm and the wavelength of generated photons
is λ = 532 nm. This yields the exciton generation rate of
g ∼ 5.35 × 1020 s−1 cm−2 for a laser power density of around
1 kW cm−2. Since the continuous wave (CW) laser was
employed in the experiment, only the steady state, e.g., laser
power dependence of PL spectrum, is measured. In addition to
simulating the steady-state PL and comparing to experimental
data, we go further beyond and consider a Gaussian pulse
duration of σ = 30 ps to investigate the dynamics, i.e., P ∼
exp[−4 ln(2)(t2/σ 2)], with P the power density. An n-type
monolayer WS2 is considered, thus the generated trions are
negatively charged. The remaining parameters adopted in
our simulations [Eqs. (1)–(3)] are shown in Table I, unless
otherwise stated. Below we discuss our simulated outcome
about PL for the three cases mentioned above in the model,
respectively.

III. RESULTS AND DISCUSSION

In this section we present our numerical outcome on valley
dynamics of bright excitons introduced in Sec. II for cases
(i)–(iii), respectively. Finally, we discuss the effect of dark
exciton.

A. Valley dynamics of multiexcitonic states in a single valley

In this case we consider all excitonic states residing in the
K valley (no intervalley scattering), referring to case I (see
the model). Figure 1(a) shows the steady-state PL of excitons,
trions, and biexcitons as a function of laser power. Clearly the
PL intensity increases with the laser power, and our computed
PLs for all excitonic channels are in very good agreement with
the experimental data of Paradisanos et al. [22,65], cf. markers
and solid curves. And the relative weight of PL, stemmed
from different excitonic channels, strongly depends on the
laser power. Remarkably, the biexciton channel, which has the
weakest PL intensity at low laser powers, tends to prevail in
PL over other excitonic states as the power strengthens. This is
attributed to the quadratic dependence of biexciton population
on exciton concentration, in contrast to that for trions having
linear dependence [66] [Eq. (1)]. As a result, the PL intensity
of biexcitons increases more dramatically with the power than
that of trions, leading to the possible dominating behavior

115425-4



VALLEY DYNAMICS OF INTRAVALLEY AND … PHYSICAL REVIEW B 97, 115425 (2018)

(%)

0 0.05 0.1 0.15
0

0.2

0.4

0.6

0.8

1

0

25

50

75

100

20

40
60

80

0 0.05 0.1 0.15
Time (ns)

0

0.2

0.4

0.6

0.8

1

20
40

60
80

X
(b)

(a)
XX

PL
 in

te
ns

ity
 (a

.u
.)

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5

0 0.05 0.1 0.15
Time (ns)

0

0.2

0.4

0.6

0.8

1

20

40
60

80

X-

'

g
/ g

'

g
/g

'

g
/g

X
XX

−
X K K'

(c)

(d)

'

g /g =0

5 kW cm−2

FIG. 3. (a) Time evolution of PL intensity in monolayer WS2 for
excitons (X), trions (X−), and biexcitons (XX) in the K (solid curves)
and K ′ (dotted curves) valleys, pumped by clockwise circularly
polarized light, implying that optical excitation only takes place in
the K valley. Valley polarization for X (b), XX (c), and X− (d), as a
function of time and the ratio of exciton generation rate (g′/g) between
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of the biexciton channel in PL spectra at high laser powers.
Moreover, the dramatic increase of biexciton populations with
laser power also implies that a power dependence of exciton-
to-biexciton transition rate (β) may become essential, see the
model. Neglecting the power dependence of β results in dotted
lines in Fig. 1(a), which clearly shows inconsistence with the
experimental data at high laser powers.

Note that the electron density in Fig. 1 is held fixed at
ne = 1.9 × 1011 cm−2 in our simulation. To verify the electron
density dependence of valley dynamics, in Fig. S1 of the
Supplemental Material (SM) [67], we show the PL at ne =
1.9 × 1011, 1.0 × 1011, and 0.5 × 1011 cm−2, respectively. At
low electron densities, the transition from exciton to trion is
suppressed [Eqs. (1)–(3)], leading to relative enhancement of
exciton PL and biexciton PL, cf. solid, dashed, and dotted
curves in Fig. S1. In addition, since the trion concentration is
associated with both ne and nx , the trion PL more sensitively
depends on ne at high laser power densities.

Now we turn to the dynamical picture. Figures 1(b) and 1(c)
show the time evolution of PL at laser power densities equal
to 0.5 and 5 kW cm−2, respectively. The PL intensity in either
case is normalized with respect to the corresponding PL peak
of the exciton channel. Clearly the exciton PL intensity during
the pulse duration of 30 ps increases rapidly. On the other
hand, after the pulse duration, it decays more abruptly than
that for trions and biexcitons, with the decay time far less than
its recombination time τx ∼ 500 ps. This is attributed primarily
to fast transitions from excitons to both biexcitons and trions,
Eq. (1). By quenching the corresponding transitions [68], we
find that the exciton PL decay time is considerably enhanced,
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and biexcitons (XX) in the K (solid curves) and K ′ (dotted curves)
valleys of the monolayer WS2 as functions of excitation laser power
density. (c) and (d) Laser power density dependence of valley
polarization, in which dashed curves represent valley polarization
with a constant exciton-to-biexction transition rate β, i.e., β = β0. (a)
and (c) The relatively strong (τ sk

x /τx = 0.2) intervalley scatterings,
while (b) and (d) correspond to the relatively weak (τ sk

x /τx = 2.0)
ones. The pumping of clockwise circularly polarized incident lights
is considered, implying that optical excitation only occurs in the K

valley.

see Figs. S2, S3, and S5(a) in the SM [67]. In addition, as
the laser power is enhanced, the relative weight of PL intensity
stemmed from the biexciton channel clearly rises, cf. Figs. 1(b)
and 1(c), or Figs. S2(a) and S2(b) in the SM [67], similar
to that in steady state. This is again because the biexciton
population has a quadratic (more sensitive) dependence on the
exciton density. We emphasize that similar dynamical features
of PL spectra are obtained by increasing the pulse duration
while keeping the laser power constant (not shown), since it
is a combined effect of laser pulse duration and power density
determining the generated exciton concentration.

B. Valley dynamics of intravalley excitonic states with
intervalley scatterings

Now, let us switch on the intervalley scatterings, enabling
transitions of excitonic states from one valley to the other,
see case II of the model. We first consider the PL dynamics
pumped by clockwise circularly polarized light fields, as
shown in Fig. 3(a), for the PL evolution of excitons, trions,
and biexcitons in the K and K ′ valleys. Since the valley
selective transition rule depends on the helicity of light fields
[9], the optical excitation only occurs in the K valley. It
gives rise to an abrupt increase in the exciton PL intensity
of the K valley during the excitation period. On the other
hand, excitonic populations in the K ′ arise entirely from the
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intervalley scatterings (charge transfer). Although the sum
of PL intensity of the two valleys [60] for each individual
excitonic channel may not amount to that in the single valley
case (case I), which refers to τ sk

x → ∞, τ sk
xx → ∞, τ sk

T → ∞
(vanishing intervalley scatterings), cf. solid and dotted curves
of Fig. S3(b) in the SM [67], the intervalley scattering plays a
minor role in the total PL of the two valleys in the parameter
range considered here, as we will further emphasize later on
in the steady state. Below, we turn to the valley polarization.

From Fig. 3(a) one can see a distinct imbalance of the
PL intensity between the two valleys for all excitonic chan-
nels, characterizing the valley polarization of excitonic states.
Figures 3(b)–3(d) show the valley polarization for excitons,
biexcitons, and trions, respectively, mapping on time and the
ratio of exciton generation rates (g′/g) between two valleys.
As a result of the valley selective transition rule, the valley
polarization of three excitonic channels all shrinks as the
generation ratio increases from g′/g = 0 and identically van-
ishes at g′/g = 1. Therefore, g′/g offers a flexible tunability
of valley polarizations. In addition, it is also found that the
valley polarization for excitons decays much faster than that for
biexcitons and trions, as indicated by the contour lines, cf. pink
circles marking the valley polarization degree equal to 40%
at g′/g = 0. Finally, the initial inertia of valley polarization
with time shown in the contour lines, arises from a sustained
generation of new excitonic states during the excitation period.

Now, we turn to the characteristics of steady states. To en-
hance the valley polarization, we consider clockwise circularly
polarized light (g′/g = 0), implying that optical excitations
only occurs in the K valley [9]. In Figs. 4(a) and 4(b) we show
the PL intensity as a function of laser power for relatively
strong (τ sk

x /τx = 0.2) and weak (τ sk
x /τx = 2.0) intervalley

scatterings, respectively. In the former case, except for the X
channel, the PL of the K and K ′ valleys is almost balanced, cf.
solid and dotted curves, due to fast transfer of excitonic states
from one valley to the other. In contrast, in the latter case,
one can see a clear distinction of the PL intensity between the
two valleys for all excitonic states, indicating an enhancement
of valley polarization, cf. Fig. 4(c) for τ sk

x /τx = 0.2 and
Fig. 4(d) for τ sk

x /τx = 2.0. In addition, we find that the valley
polarization is almost immune to the laser power, especially
for weak intervalley scatterings, consistent with experimental
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FIG. 5. PL intensity of exciton (X), trion (X−), and biexciton
(XX) in monolayer WS2 as a function of power density, at τ sk

x /τx =
∞, 2.0, and 0.2. The PL intensity at τ sk

x /τx = ∞ is the same as that
in the case of a single valley shown in Fig. 1(a), cf. Figs. 1(a) and 5.

measurements of Plechinger et al. [52]. With strong intervalley
couplings, the slight change of valley polarization when laser
power increases, is mainly attributed to the dependence of
exciton-to-biexciton transition rate β on the laser power. The
valley polarization for constant β = β0 is shown with dashed
curves, from which one can see the power dependence is further
suppressed.

Moreover, we emphasize that (i) the general behavior of
PL spectra of the two valleys with the laser power is similar,
e.g., the PL intensity of biexciton is the weakest at lower
powers while it becomes predominant at higher ones and
(ii) the PL intensity in the vanishing intervalley scattering
limit will reduce to that of the single-valley case. For more
systematic transitions of the PL and valley polarization in
steady state from strong to weak intervalley scatterings, see
Fig. S4 in the SM [67]. Although intervalley scatterings are
crucial for valley depolarization, it is worth noting that the
total PL intensity of the two valleys is almost immune to
the intervalley scatterings, as shown in Fig. 5, implying the
effect of intervalley scatterings on excitonic PL spectra may
be negligible in the experiment of Ref. [22].

C. Valley dynamics of intra- and intervalley excitonic states
with intervalley scatterings

After studying the valley dynamics of intravalley excitonic
states, we are now ready to consider the case (case III of the
model) involving both intra- and intervalley excitonic states in
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FIG. 6. (a) Dynamics of exciton (X), intervalley trion (spin triplet,
X−

t ) and intravalley trion (spin singlet, X−
s ) PL intensity in the K (solid

curves) and K ′ (dotted curves) valleys of monolayer WS2. The PL
intensity is normalized with respective to the exciton PL peak in the
K valley. (b) Time evolution of valley polarization for X, X−

t , and X−
s .

Dependence of (a) PL intensities in the K (solid curves) and K ′ (dotted
curves) valleys, and (d) the corresponding valley polarizations, on the
pumping laser power. The pumping of clockwise circularly polarized
incident lights is assumed, implying that optical excitation only occurs
in the K valley. In (a) and (b), a Gaussian pulse duration of 30 ps is
considered.
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T = 200, 10 K.

the presence of intervalley scatterings. Here, for simplifying
discussions, we exclude the biexciton channel and focus only
on excitons and intravalley and intervalley trions, see the
model.

In Fig. 6(a) we show the time evolution of PL for X, X−
s ,

and X−
t in both the K and K ′ valleys of monolayer WS2.

We consider once again the pumping of clockwise circularly
polarized light fields, ensuring that optical excitation only
takes place in the K valley. As a consequence, the PL of
excitonic states in the K ′ valley arises entirely from intervalley
scatterings. The distinction of excitonic PL intensities between
the K and K ′ valleys underlies the valley polarization, the
dynamics of which is shown in Fig. 6(b). We obtain the weakest
valley polarization for the X−

s channel, which is because (i) the
population of excitonic states in the K valley dominates over
that in the K ′ valley and (ii) the transition from X−

t channel
to X−

s channel is more favorable than its reverse process, cf.
pink and orange arrows in Fig. 2. Moreover, we find that the
dynamics of valley polarization is almost immune to intravalley
transition rates from excitons to trions (biexciton channel is
excluded), cf. Fig. 6(b) and Fig. S5(b) (SM) [67], in contrast
to the PL dynamics of the two valleys, cf. Fig. 6(a) and Fig.
S5(a) (SM) [67].

Figures 6(c) and 6(d), respectively, show the steady-state PL
and valley polarization dependence on the laser power, for X,
X−

t , and X−
s in the K and K ′ valleys. The linear behavior of PL

with the power density arises from the fact that we exclude the
biexciton channel, which is associated with quadratic features
in our model. And, the valley polarization for all excitonic
channels remains essentially constant with the laser power,
similar to that in case II.

D. The effect of dark excitons

In this section we discuss the effect of dark excitons on
valley dynamics. Since intervalley scatterings are not essential
for the total PL intensity of the system we consider (Sec. III B),
we only focus on the excitonic states in a single K valley. In
Fig. 7(a) we show the schematic of relevant scatterings taking
place among bright excitonic states of exciton (X), trion (X−),
biexciton (XX), and dark states of spin-singlet dark exciton

(Xs
d) and spin-triplet dark exciton (Xt

d). The corresponding rate
equations are shown in Eq. (A1) (Appendix). For simplicity we
have ignored the slow intervalley spin-flip scattering process
between dark states Xs

d and Xt
d, which clearly does not affect

the general feature of valley dynamics as the two dark states
interact with the bright exciton in a similar way as shown in
the figure.

The light emission, which characterizes total population
of the bright excitons of the two valleys, depends on the
competition between bright and dark states, where the latter
may quench the light emission [37]. In Fig. 7(b) we show the
total PL intensity of the two valleys as a function of laser
power density, at τbd1/τx = ∞, τbd2/τx = ∞ (solid curves)
referring to the case of no dark channels [cf. Fig. 1(a) and
Fig. 7(b)], τbd1/τx = 4.0, τbd2/τx = 0.1, T = 200 K (dashed
curves), and τbd1/τx = 4.0, τbd2/τx = 0.1, T = 10 K (dotted
curves), respectively. Since the lowest energy transition is
optically dark in WS2, at a high temperature of T = 200 K
adopted in the experiment of Ref. [22], the thermal energy
could overcome the energy barrier �bd ∼ 30 meV [55] and
further suppress the effect of dark excitons to quench the light
emission, cf. solid and dashed curves. Note that even at low
temperatures, e.g. T = 10 K (dotted curves), the existence of
dark excitons is expected to play a minor role when fit with
the experimental data of a renormalized PL intensity, since
the PLs for X, X−, and XX universally becomes quenched by
dark excitons. We should emphasize that here we only take
into account the dark neutral excitons, a complex interplay
among all dark excitonic channels including dark trions and
dark biexcitons may generate new features of valley dynamics.
More work is needed to investigate these possibilities.

IV. CONCLUDING REMARKS

We have developed a comprehensive model, which is com-
posed of a complete set of rate equations, capturing both intra-
and intervalley multichannel transitions of excitonic states
including excitons, trions, and biexcitons. To systematically
describe our model, we have considered three different cases,
referring to three distinct experimental conditions. Then we
have computed through our model the photoluminescence (PL)
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spectra for each circumstance, both in dynamical (time evolu-
tion) and in steady-state (power dependence) frameworks. The
PL tracks the information of valley populations, allowing us
to further determine the valley polarization of all excitonic
states. Our calculated PL is consistent with experimental data
of Ref. [22], and we have found the relative weight of PL,
originated from different excitonic channels, strongly depends
on the laser power. On the other hand, the valley polarization
remains essentially constant with the laser power, consistent
with experimental measurements as well. In addition, it has
been found that the intervalley scattering plays the vital role
in the valley polarization. Moreover, for intervalley excitonic
states, we have found that the spin-singlet intravalley X−

s has
the weakest valley polarization. As a final remark, monolayer
WS2 serves as a model system in our study here, but indeed,
the same theory and similar discussions can be applied in other
W-based TMDCs, and can even straightforwardly be extended
to Mo-based TMDCs as well which have opposite ordering in
energy regarding the two spin states of the conduction band
[55], as compared to W-based TMDCs.
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APPENDIX: RATE EQUATIONS IN THE PRESENCE OF
DARK EXCITONS

The rate equations taking into account dark excitons of both
spin-forbidden (Xs

d) and momentum-forbidden (Xt
d) types are

written as [Fig. 7(a)]

dnx

dt
= g − nx

τx

− f nxne + nxx

τxx

− 2βn2
x − nx

τbd1

− nx

τbd2
+ ns

d

τbd1
g(T ) + nt

d

τbd2
g(T ),

dnT

dt
= −nT

τT

+ f nxne,

dnxx

dt
= −nxx

τxx

+ βn2
x,

dns
d

dt
= −ns

d

τx

+ nx

τbd1
− ns

d

τbd1
g(T ),

dnt
d

dt
= −nt

d

τx

+ nx

τbd2
− nt

d

τbd2
g(T ), (A1)

in which nx , nT , nxx , ns
d, and nt

d are the concentration of
bright exciton (X), trion (X−), biexciton (XX), spin-singlet
dark exciton (Xs

d), and spin-triplet dark exciton (Xt
d) in the

K valley, respectively; τx , τT , and τxx separately stand for
the recombination times of exciton, trion, and biexciton; f

represents the exciton-to-trion transition rate; ne is the electron
density in the K valley of an n-type monolayer TMDC; 1/τbd1

(1/τbd2) denotes the transitions between X and Xs
d (Xt

d); and
g(T ) = exp(−�bd/kbT ) depends on temperature, with T the
temperature, �bd the energy difference between bright and
dark excitons, and kb the Bolzmann constant. Here we have
assumed the dark states of Xs

d and Xt
d have the same energy,

which is below the energy of the bright exciton by �bd. Note
that the scattering of 1/τbd1 involves spin flip, thus it is in
general a slower process than the one corresponding to 1/τbd2

(no spin flip), see Fig. 7(a).
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