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Fine structure mediated magnetic response of trion valley polarization in monolayer WSe2
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We construct a valley dynamics model, involving both bright and dark excitonic states, to determine magneto-
optical properties of excitons and singlet and triplet trions (charged excitons), in monolayer WSe2 subjected
to magnetic fields. Our computed excitonic peak energy and valley Zeeman splitting, which are essential for
the magnetic-field-associated valley dynamics, in great agreement with experimental data by Lyons et al. [Nat.
Commun. 10, 2330 (2019)]. In addition, we find that the valley polarizations of excitons and trions respectively
exhibit the “X”- and “V”-shape dependence on magnetic field, consistent with experimental measurements by
Aivazian et al. [Nat. Phys. 11, 148 (2015)]. Remarkably, beyond available experimental measurements, our
theory predicts an X-V shape conversion and even a new paradigm more than the X and V shapes, which depend
on the trion fine structure arising from exchange interactions and involving a magnetic swap of ground states
between singlet and triplet trions. Our results are helpful for elucidating recent experimental data about the
valley-degeneracy-lifting-mediated valley dynamics of different trion species and should stimulate experiments
probing relevant new magneto-optical features.
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I. INTRODUCTION

Transition-metal dichalcogenide (TMDC) monolayers, as
atomically thin semiconductors with the chemical formula
MX 2 (M = Mo, W; X = S, Se, Te), have attracted intense
research interest following the discovery of direct band gaps at
the inequivalent K and K ′ valleys of the Brillouin zone [1–3].
The space-inversion asymmetry along with the spin-orbit in-
teraction lead to valley-contrasting spin splittings, termed
spin-valley locking [4], which is protected by time-reversal
symmetry. This gives rise to a host of emerging novel phe-
nomena in the context of valley physics, including optical
generation of valley polarization [5,6], the valley Hall ef-
fect [2,4], and valley coherence [7–10]. Furthermore, owing
to the two-dimensional (2D) spatial confinement and reduced
dielectric screening as well as large electron and hole effective
masses, TMDCs exhibit strong Coulomb interactions [11,12],
favoring the formation of tightly bound electron-hole pairs,
namely, excitons with remarkably large binding energy of
hundreds of meV. Also, in the presence of additional charges,
neutral excitons may further capture an extra charge to form a
three-particle complex called a trion (charged exciton) with a
binding energy of tens of meV [13–17]. Neutral and charged
excitons may dominate the emission spectrum of monolayer
TMDCs at low and elevated temperatures [18].

The unique spin-valley-locked band structure embraces
rich spin and valley configurations for the carrier occupation,
allowing for hosting not only bright excitonic states [19,20]
but also optically inaccessible dark excitonic states [13,21–
24]. Bright (Xb) and dark (Xd) excitons are split primarily
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by conduction-band spin-orbit splitting [25], with the lowest-
lying excitonic states being optically dark in W-based mono-
layer TMDCs but optically bright in Mo-based ones [24].

Due to the presence of extra charge, trions possess more
spin and valley configurations than excitons. The feature of
trion emission depends on the characteristic of its constituent
exciton; that is, when the excess electron is bound to the bright
(dark) exciton, the negative trion is bright (dark) [26,27].
More specifically, a dark trion (X−

d ) is composed of a dark
exciton in one valley and an extra electron in the other valley,
while for bright trion the extra electron may reside in the
same valley or in a different valley as compared with the
photoexcited electron-hole pair, referring to the intravalley
singlet (X−

s ) and intervalley triplet (X−
t ) states, respectively

[see left three panels in Fig. 1(a)]. Because of the exchange
interaction, an energetic splitting δex (a few meV) between
X−

t and X−
s occurs with the former having a higher energy

(fine structure [28]) [Fig. 1(b)]. As the intervalley scattering of
an extra charge involves both a large momentum transfer and
spin flip, trions in general have long spin and valley lifetimes,
greatly fascinating for valley control in spin-valleytronic
applications [25,29].

Similar to the real spin and atomic angular momentum,
the valley pseudospin also has a magnetic moment, enabling
control of the valley degree of freedom via magnetic field
B [6,20]. The B field breaks time-reversal symmetry and
causes opposite energy shifts in the K and K ′ valleys [6],
referring to valley Zeeman effect—a valley analog of the
spin Zeeman effect. As a direct consequence of valley se-
lective optical transition rule [4], the valley Zeeman effect
is imaged by spectral splitting between circularly polarized
magneto-photoluminescence (PL) peaks with distinct helic-
ity and greatly affects valley polarization (VP). Generating
and manipulating VP is a critical step towards valleytronic
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FIG. 1. (a) Illustration of spin and valley configurations for
singlet (X−

s ) and triplet (X−
t ) bright trions and dark (X−

d ) trions
comprising two electrons and a hole as well as a schematic of
monolayer WSe2 hosting three-particle complexes (trions) subjected
to a perpendicular magnetic field. The blue (red) lines denote bands
with up (down) electron spin, also indicated by the up (down) arrows.
(b) Schematic of valley Zeeman splitting for X−

s (left panel) and
X−

t (right panel), with the latter having an energy δex higher than
the former (fine structure) at zero field. Optical emissions featuring
the dichroism paradigm are indicated by red and blue arrows for
σ+ and σ− polarizations, respectively. (c) Peak energies of X−

t and
X−

s under laser excitation of circularly polarized light with different
helicities as functions of magnetic field. The circular markers refer
to experimental data of Ref. [30] and the curves are obtained from
theoretical simulation, where the solid (red; blue) and dotted (black)
curves refer to the peak energy with and without contributions from
the Berry-curvature-associated magnetic moment of the trion (initial
state) and from the recoil effect of the additional electron (final state),
respectively. In panel (c), we adopt the singlet-triplet splitting energy
at B = 0 equal to 4 meV, which is determined via photoluminescence
measurements in Ref. [30], to fit the data therein.

applications. Recently, a number of experimental measure-
ments about magneto-valley dynamics of different trion
species in monolayer TMDCs have been performed [6,30–
33], whereas a detailed theoretical exploration is lagging,
leading to the underlying physics remaining elusive.

Here we construct a model which takes into account both
bright and dark excitonic states and determine the magneto-
optical properties of excitons and singlet and triplet trions in
monolayer WSe2 subjected to a magnetic field [see right-most
panel of Fig. 1(a)]. We compute the excitonic peak energy and
valley Zeeman splitting under the laser excitation of σ+ and

σ− circularly polarized light fields, referring to the optical
response in the K and K ′ valleys (dichroism paradigm [4]),
respectively, in strong agreement with the experimental data
of Lyons et al. [30] [Fig. 1(c)]. Having energetic responses of
excitonic states to magnetic field at hand, we then determine
the magneto-PL and VP. We reveal that the exciton and trion
VPs exhibit the X- and V-shape dependence on magnetic field,
respectively, consistent with experimental measurements by
Aivazian et al. [6] [Figs. 3(d) and 4(f)]. Remarkably, beyond
the current experimental measurements, for the trion VP our
calculation also indicates an X-V shape conversion and even
a new paradigm more than the X and V shapes, depending on
the fine structure of trions (Fig. 5). The magnetic response
of PL with distinct contributions from singlet and triplet
trion states as well as the effect of dark excitonic states is
also discussed. Our results are helpful for elucidating recent
experimental data about the valley-Zeeman-effect-mediated
valley dynamics of different trion species and should stimulate
experiments probing new magneto-optical features.

The rest of the paper is organized as follows: In Sec. II,
we present our theoretical framework resolving the valley
dynamics of excitons and trions with both bright and dark
states in monolayer TMDCs subjected to magnetic field. First,
we discuss the spin and valley configurations of excitons and
trions and then determine the energies of relevant excitonic
states which are essential for thermal excitation affecting the
valley dynamics. To proceed in a systematic way, we first
consider the scenario at zero magnetic field and then incor-
porate the magnetic response. Second, we take into account
the relevant radiative and nonradiative scattering and relax-
ation channels and build up a set of coupled rate equations
to describe magneto-valley dynamics. In Sec. III, by taking
WSe2 monolayer as a model system, we discuss our numer-
ical outcome for magneto-optical properties of excitons and
trions. A comparison with experimental data is also made. We
summarize our main findings in Sec. IV.

II. THEORETICAL FRAMEWORK

The spin-orbit (SO) coupling lifts spin degeneracy and
gives rise to a spin-polarized electronic band structure around
the K and K ′ points in the Brillouin zone for both conduction
and valence bands [2,4,34,35]. The spin splitting of the va-
lence band, which primarily arises from the transition metal
dx2−y2 and dxy orbitals, is around hundreds of meV [36], far
greater than that of conduction band, which ranges from sev-
eral to tens of meV [35] and is dominated by the dz2 orbital
of the transition-metal atom and px,y orbitals of the chalcogen
atom. As a consequence, optically allowed interband transi-
tions from the two spin states of the valence band are well
separated, referring to A and B excitons [37]. This allows us
to develop a theory within only three bands, consisting of one
spin-branch of valence band with higher energy and both spin
branches of the conduction band, i.e., for A excitons only [38].

Band-structure calculations suggest that the spin states
of the conduction band may have opposite orderings in en-
ergy [35], depending on transition-metal atoms, as opposed
to that of valence band. This leads to the lowest-energy tran-
sition (ground state) being optically bright (spin allowed)
in MoX2 and optically dark (spin forbidden) in WX2 [35].
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The nature of dark excitation has been theoretically unrav-
eled with the help of ab initio many-body calculations [39].
Also, the existence of dark excitons has been experimen-
tally identified through time-resolved PL spectroscopy [27],
magneto-PL [40,41] and infrared spectroscopy [42,43]. Very
recently, direct observations of gate-tunable dark trions have
also been demonstrated [26,44].

Beside bright excitonic states, optically inaccessible dark
states also play a profound role in the valley dynamics. On the
one hand, optically dark states could provide a robust reservoir
for valley polarization [22,45], suppressing the valley relax-
ation [46]; on the other hand, dark channels could quench
the light emission by absorbing bright states [27,42,43,47].
Therefore, to more accurately reveal magneto-optical proper-
ties in monolayer TMDCs, it is necessary to account for in the
model both bright and dark states with distinct spin and valley
configurations.

A. Spin and valley configurations of excitons and trions:
Both bright and dark states

Below we restrict our focus to monolayer WSe2, which
can be extended to other W-based and even Mo-based TMDC
materials. Bright (Xb) and dark (Xd) excitons are split primar-
ily by conduction-band spin-orbit splitting [35]. Bright trions
include the intravalley singlet state (X−

s ) consisting of carriers
(three-particle complex) located within a single valley and
the intervalley triplet state (X−

t ) comprising an electron-hole
pair in one valley and an additional electron in the other
valley [Fig. 1(a)]. An energetic splitting δex between X−

s and
X−

t emerges due to the electron-hole exchange interaction,
with δex ≈ 6 meV in monolayer WSe2, giving rise to the fine
structure of trions [14] [Fig. 1(b)]. A dark trion X−

d is com-
posed of a dark exciton in one valley and an extra electron in
the other valley [Fig. 1(a)]. Note that, in Fig. 1(a), we only
illustrates the spin and valley contributions of different trion
species with the electron-hole pairs residing in the K valley.
Clearly, there also exists the other three configurations (coun-
terparts) with the electron-hole pairs being accommodated in
the K ′ valley (not shown), since the two valleys are related to
each other by time-reversal symmetry. Below we determine
the energy of relevant excitonic states with distinct spin and
valley configurations.

B. Energy of excitons and trions

We first compute the energy of excitonic states at zero field.
Then, we determine the corresponding valley Zeeman shift
under the impact of magnetic fields.

1. Zero magnetic field

Based on the two-band model proposed by Xiao et al. [4],
one can determine the energy of excitonic states in the K
and K ′ valleys by resorting to the band-edge energies of in-
dependent electrons and holes (single-particle picture). Then,
we take into account many-body interactions to determine
the binding energy of excitonic states by solving the Bethe-
Salpeter equation (BSE) [48–51], for which the two-particle
exciton state reads �n = ∑

c,v,k J (n)
c,v,k|vk → ck〉, where c (v)

denotes the conduction (valence) band, k is the wave vector,

and J stands for the BSE expansion coefficient. To more accu-
rately determine the single-particle states used for evaluating
many-body corrections as well as electronic band structures of
monolayer WSe2, we adopt an eleven-band tight-binding (TB)
model of five d orbitals of W atoms and six p orbitals of two
Se atoms and take into account the second-nearest-neighbor
hopping terms [52]. For more details about single-particle
and many-body calculations, see Refs. [48–51] as well as our
recent works [1,53,54].

Now we are ready to write down the energy of an electron
(E c,τ

Se
) and hole (E v,τ

Sh
) at the conduction- and valence-band

edges,

Ec,τ
Se

= Eg + τSe�c, (1)

and

E v,τ
Sh

= −τSh�v, (2)

respectively, where Eg is the fundamental band gap, τ repre-
sents the valley index for K (τ = 1) and K ′ (τ = −1) valleys,
Se(h) denotes the spin index with Se(h) = 1/2 for spin-up
(↑) and Se(h) = −1/2 for spin-down (↓) states of electrons
(holes), and �c(v) indicates the spin-orbit splitting energy in
the conduction (valence) band. With the help of Eqs. (1)
and (2) as well as the many-body calculation via solving the
BSE [1,53], the energy of bright excitonic states at zero field
is written as

E τ
Xb

(B = 0) = Ec,τ
Se

+ E v,τ
Sh

− 〈V τ
e−h〉

= Eg + 1
2�c − 1

2�v − VXb , (3)

E τ
X−

s
(B = 0) = Ec,τ

Se
+ Ec,τ

−Se
+ E v,τ

Sh
− 〈V τ

e−e−h〉
= 2Eg − 1

2�v − VXb − VX−
s
, (4)

E τ
X−

t
(B = 0) = Ec,τ

Se
+ Ec,−τ

Se
+ E v,τ

Sh
− 〈V τ

e−e−h〉
= 2Eg − 1

2�v − VXb − VX−
t
, (5)

where 〈V τ
e−h〉 and 〈V τ

e−e−h〉 represent the many-body correc-
tions, i.e., averaged expectation values obtained from the
BSE, with the former 〈V τ

e−h〉 = VXb referring to the exciton
binding energy. Regarding the latter 〈V τ

e−e−h〉 = VXb + VX−
s

and VXb + VX−
t

for the singlet and triplet trions, respectively,
we have as usual defined VX−

s
(VX−

t
) the binding energy of

singlet (triplet) trions by taking the exciton binding energy
as a reference. With the help of the BSE, we obtain VXb =
450 meV, consistent with experimental reports about the
exciton binding energy in WSe2 on SiO2 substrates, which
are about 500 meV [17,55–57]. And, for trions, we obtain
VX−

s
= 27 meV, and VX−

t
= 21 meV, with VX−

s
− VX−

t
= 6 meV

determining the fine structure of trions. These values are
also consistent with experimental reports about the excitonic
emission spectrum [41,44,57,58]. For more energy parameters
used in our simulation, see Table I.

It is worth noting that the binding energies of trions are
calculated using the BSE containing three-body terms [48,49],
i.e., two electrons and one hole for negatively charged
excitons. Specifically, the trion states are constructed as
|X−, Q〉 = ∑

v,c1,c2
AQ

v,c1,c2
|v, c1, c2〉, where Q is the total mo-

mentum of trion states and |v, c1, c2〉 = â†
c2

â†
c1

âv|0〉, with |0〉
standing for the ground state of an N-electron system and
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TABLE I. Relevant energy parameters for monolayer WSe2

(Sec. II B 1). We consider the band gap Eg = 2.2 eV [56,79] and
the conduction- and valence-band SO splitting �c = 35 [61,78] and
�v = 460 meV [4,61,78]. The binding energies (in meV) of exci-
tonic states are listed below, including bright exciton (Xb) and singlet
(X−

s ) and triplet (X−
t ) trions as well as dark exciton (Xd) and trion

(X−
d ).

VXb VX−
s

VX−
t

VXd VX−
d

Binding energya 450 27 21 433 15

aFrom our two-particle (exciton) and three-particle (trion) BSE cal-
culations, close to the values in Refs. [17,55–57,80] for excitons and
in Refs. [41,44,57,58] for trions.

the index v (c1 and c2) referring to occupied valence (empty
conduction) states.

2. Valley Zeeman shift

The main effect of an out-of-plane magnetic field (Faraday
geometry) on monolayer TMDCs is to break time rever-
sal symmetry and further lifts the valley degeneracy. The
energy shift mainly comprises three contributions from the
spin magnetic moment, valley pseudospin magnetic moment,
and transition-metal atomic magnetic moment [6]. The spin
and valley contributions respectively read �s = gsszμBB and
�v = gvτμBB, where we have defined μB as the Bohr magne-
ton, gs = 2 as the spin g factor, sz = ±1/2 as denoting the up
and down spins, and gv = m0/m∗ as the valley g factor with
m0 (m∗) the bare (effective) mass for electrons and holes [6].
Here we have assumed that the valley g factor gv ≈ 2 is the
same for conduction and valence bands, which is true up to
leading order in the k · p approximation for band-edge carri-
ers [6]. Furthermore, the atomic contribution is written �a =
gaτμBB, with ga the magnetic quantum number of atomic
orbitals. As a first approximation, this contribution does not
affect the conduction-band edges which are mainly composed
of d orbitals with ga = 0, while it does shift the valence-band
edges which primarily consist of d orbitals with ga = 2.

In addition to the above band-edge shifts of the single-
particle band structure, the exchange induced modification
of the trion dispersion leads to the trion states with center-
of-mass momentum ±K carrying a large Berry curvature
�(k), which is accompanied by a contribution to the magnetic
moment μ(k) = (e/2h̄)�(k)δex for k ≈ ±K , with �(k) ∼
10−4 Å2 [20,30]. Note that this additional contribution to the
magnetic moment exists only in the initial trion state of optical
emission, giving rise to a larger splitting of the peak energy for
laser excitation with different circular polarizations as com-
pared with that of excitons [58]. Clearly, the Berry-curvature
associated μ yields an extra energy shift �b = (1/2)g�μBB
for trions, with the related Landé factor g� = (me/h̄2)�δex.
We consider g� ≈ 4 in our WSe2 monolayer [30]. We should
emphasize that the Berry curvature �(k) of trion states due
to the fine structure arising from the electron-hole exchange
interaction that is introduced above is in contrast with that
of individual conduction (or valence) bands for band-edge
electrons [4,59,60], with the former around two or three orders
of magnitude larger than the latter [4,20,30].

With all these considerations, for B > 0 it follows straight-
forwardly the field-dependent energy changes of excitons and
trions,

�E τ
Xb

(B) = −�a, (6)

�E τ
X−

s
(B) = �v − �a − �s − �b, (7)

�E τ
X−

t
(B) = �s − �a − �v − �b, (8)

and then the corresponding valley Zeeman splitting en-
ergy, with �EKK ′

Xb
= −2�a, �EKK ′

X−
s

= 2(�v − �a − �s −
�b), and �EKK ′

X−
t

= 2(�s − �a − �v − �b). Clearly, the

equality �E τ
Xb

(−B) = �E−τ
Xb

(B) for excitons holds because
of magnetic nature of the valley degree of freedom, sim-
ilarly for trions �E τ

X−
t

(−B) = �E−τ

X−
t

(B) and �E τ
X−

s
(−B) =

�E−τ

X−
s

(B).
As a remark, here we decompose the contribution of or-

bital angular momentum to magnetic moment into the atomic
(intracellular) and valley (intercellular) constituents, referring
to the g factors of ga and gv, respectively, in the way that
is widely adopted in literature [6,30,47,61,62]. Note that this
treatment of orbital angular momentum for monolayer WSe2

is consistent with more rigorous considerations dealing with
valley and atomic contributions in a unified way through ab
initio calculations [63–66], which are also verified by recent
experimental measurements [66–68]. On the other hand, for
van der Waals heterostructures of TMDCs, in which the g
factors may even be strongly stacking dependent [64], one
should resort to more rigorous way of ab initio calculations
for determining the valley Zeeman effect.

3. Excitonic peak energy

The excitonic peak energy is defined as the energy differ-
ence between the initial and final states. Equations (3)–(8)
define the energy of excitons and trions (initial state), in-
volving the zero-field energy [Eqs. (3)–(5)] and an energy
modification due to the valley Zeeman effect [Eqs. (6)–(8)].
Regarding the final state, for excitons the electron-hole pair
just recombines radiatively, while for trions after the recom-
bination of electron-hole pairs there is still an extra electron
left, which may involve the recoil effect and Landau-level
quantization [30]. With all these considerations, we have the
peak energy for excitons and singlet and triplet trions,

�E τ
hν (Xb) = Eg + 1

2�c − 1
2�v − VXb − �a, (9)

�E τ
hν (X −

s ) = Eg − 1
2�v + 1

2�c − VXb − VX−
s

− �a − �b − �e − �l , (10)

�E τ
hν (X −

t ) = Eg − 1
2�v + 1

2�c − VXb − VX−
t

− �a − �b + �e − �l , (11)

in which for the peak energy of trions we have defined
�l = (1/2)glμBB as the Landau-level contribution of the
final-state electron [30]. Note that the Landau-level quanti-
zation for the initial trion state has been neglected thanks to
its much larger effective mass than the electron. Also, with
the excess electron in the K (K ′) valley, the trions have the
center-of-mass wave vector QX −

s,t
≡ K + k (QX −

s,t
≡ −K + k),
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TABLE II. Relevant g factors associated with the valley Zeeman
effect (Secs. II B 2 and II B 3), including the contributions from the
spin (gs), valley (gv), and atomic (ga) constituents as well as the
contributions from the recoil effect (ge), Landau level (gl ), and trion
Berry curvature (g�), with g� depending on the fine structure of
trions induced by the electron-hole exchange interaction.

gs gv ga ge gl g�

g factora 2b 2b 2b 2.6c 4c 4d

aHere the contribution of orbital angular momentum to magnetic
moment is decomposed into the atomic (intracellular) and valley
(intercellular) constituents, referring to the g factors of ga and gv,
respectively [6,30,47,61,62]. This is consistent with recent more
rigorous considerations treating the two constituent contributions
in a unified way through ab initio calculations for monolayer
WSe2 [63–66], which are also verified by experimental measure-
ments [66–68].
bFrom Refs. [6,47].
cFrom Refs. [30].
dFrom Refs. [20,28,30].

in favor of the recombination of trions as the recoil of the
excess electron facilitates the momentum conservation [20].
Here the recoil effect of the final-state electron is taken into
account through �e = (1/2)geμBB [30]. Based on the exper-
imental reports of Ref. [30], we consider gl = 4 and ge = 2.6
in the WSe2 monolayer. Note that here ge = 2.6 characterizes
the valley Zeeman splitting of the lower spin branch of con-
duction band (c1 band), and hence is twice the value of the
band g factor [i.e., g(c1)], namely, corresponding to g(c1) =
1.3, close to the value of 0.9 demonstrated in recent studies

through either ab initio calculations [63] or experimental mea-
surements [67,68]. All relevant g factors are summarized in
Table II.

C. Exciton and trion valley dynamics under magnetic field

To explore the effect of valley Zeeman shifts described in
Sec. II B 2 on the magneto-optical properties of excitons and
trions in a WSe2 monolayer, we resort to a set of coupled
rate equations describing the valley dynamics. And we take
into account all the relevant transition and scattering channels
of both intra- and intervalley kinds, as illustrated in Fig. 2,
among excitonic states including the bright (Xb) and dark (Xd)
excitons and bright (singlet X−

s ; triplet X−
t ) and dark (X−

d )
trions in the K and K ′ valleys.

1. Intravalley scattering channels

We first look at the intravalley case. As the K and K ′ valleys
are related to each other by time-reversal symmetry, there is a
one-to-one correspondence between the two valleys for either
the excitonic states or the scattering channels. Hence, we only
focus on the K valley (left panel of Fig. 2) [69], in which the
bright excitons Xb are photocreated under the laser exciton of
σ+ circularly polarized light with the generation rate g, see
the solid red (up) arrow. The solid red, blue, and green (down)
arrows indicate that the bright states Xb, X−

t , and X−
s decay

radiatively, with the lifetime of τx, τt , and τs, respectively.
Analogously, the dark states of Xd and X−

d , which separately
have the lifetime τd and τtd, undergo the nonradiative decay
to the ground states, as indicated by the solid gray (down)
arrows. In Table III, we list all relevant excitonic lifetimes.

K

ground state

Laser
exc.

Radiative
emission

+σ

Bright
states

Non-radiative
decay

Non-radiative
decay

σ
Laser
exc.

32

Dark
states 4

5 6 5 6

3 2

4 Dark
states

Bright
states

x
x

Radiative
emission

ground state

Invervalley
scattering

1

xx
xx

Invervalley
scattering

7

8

9
101

K'

FIG. 2. (a) Schematic of the intra- and intervalley relaxation and scattering channels involving the bright states of Xb, X−
t , and X−

s and
dark states of Xd and X−

d , under the circularly polarized σ+ (σ−) pumping light for the K-valley (K ′-valley) excitation. The solid up (red)
arrows denote generation of excitons by laser excitation, and the solid down arrows indicate the radiative emission of Xb (red), X−

t (blue), and
X−

s (green) as well as the nonradiative decay of Xd and X−
d (gray). The dotted arrows indicate nonradiative intra- and intervalley scatterings

among excitonic states, which are labeled by the numbers 1–6 for the intravalley and 7–10 for the intervalley relaxation channels. Regarding
the former intravalley scenario, label 1 represents scattering processes only for excitons, labels 2–4 between excitons and trions, and labels 5
and 6 only for trions; for the latter intervalley case, scattering channels between dark states are greatly suppressed [21] and hence is ignored.
The double arrows for each scattering channel (e.g., channel 1) indicates reversible processes of down- and up-conversions, with the former
energetically favorable and the latter not.
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TABLE III. Relevant lifetimes (in ps) for Xb (τx), X−
s (τs), X−

t

(τt), Xd (τd), and X−
d (τtd) (Secs. II C 1 and II C 3) at T = 30 K. In the

table, for τx, τ0 = τ (T = 0) = 0.7 ps and α = 0.15 ps/K [54,76]; for
τs,t , β = 100 ps K and γ = 0.001 ps K−2 [38,54,77].

τx τs τt τd τtd

Lifetime αT + τ0 β/T + γ T 2 β/T + γ T 2 150a 230b

aFrom Ref. [81].
bFrom Ref. [41].

In addition to the aforementioned optical transitions in-
volving the excitonic states and ground state, there also exists
intravalley relaxation and scattering channels among excitonic
states with distinct spin and valley configurations. To facilitate
our discussions, we classify these scattering channels into
three groups, with group I only for neutral excitons, group II
between neutral and charged excitons, and group III only for
charged excitons.

In the first group, the scatterings contain a reversible relax-
ation channel of down- and up-conversions, as indicated by
the double-arrow process labeled by 1, with the former ener-
getically favorable and the latter not. In this process, a bright
exciton can relax nonradiatively to a dark exciton through the
spin-flipping process with the scattering rate �1. In turn, the
exciton in the dark (low-energy) state can be thermo-excited to
the bright (high-energy) state with the transition rate weighted
by a Boltzmann factor u1 = exp(−�Ebd/kBT ). Here we have
defined �Ebd as the energy separation between bright and
dark excitons, kB as the Boltzmann constant, and T as the
temperature.

In group II, as labeled by 2, 3, and 4, the scattering chan-
nels refer to the formation and dissociation of X−

s , X−
t , and

X−
d , respectively. Namely, the bright and dark excitons can

capture an additional electron to form charged three-particle
complexes, i.e., triplet (X−

t ), singlet (X−
s ) trions, and dark

trions (X−
d ). The formation rate of trions may depend linearly

on the electron density ne and is inversely proportional to tem-
perature, with the form f = 2.45 × 103ne/T nm2 K ps−1 [54].
As for the reversed (dissociation) process, which refers to
the up-conversion process, the scattering rate clearly de-
creases with ne and increases with growing temperature and
is described by di = 5 × 10−4ui/ne nm−2 ps−1 [54]. Here the
subscript i represents the corresponding scattering channel,
with i = 2, 3, 4 for X−

s , X−
t , and X−

d , respectively. Also, ui =
exp(−�Ei/kBT ) refers to the Boltzmann factor characterizing
the up-conversion process, with �Ei the energy separation
between the ith trion state and the corresponding exciton state
after the trion dissociation. Note that here we have assumed
that different trion states of X−

s , X−
t , and X−

d have the same
formation rate f , and the distinction of their dissociation rates
is encoded in the Boltzmann factor which is energy dependent.

Group III consists of scattering channels 5 and 6 referring
to the intravalley relaxation processes between bright and dark
trions, with 5 (6) denoting the reversible channel between
X−

s (X−
t ) and X−

d . The scatterings from X−
s (X−

t ) to X−
d

are energetically favorable with the scattering rates described
by �5 (�6). Regarding the backward-scattering processes,
they are energetically unfavorable and the scattering rates are

TABLE IV. Relevant intravalley scattering rates (in ps−1)
(Secs. II C 1 and II C 3). In the table, the trion formation rate f and
dissociation rate d depend on electron concentration ne [54,82,83],
the value of which is ne = 2 × 1011 cm−2.

�1 f di (i = 2–4) �5 �6

Intravalley 1a 2.45 × 103ne/T 5 × 10−4ui/ne 0.75a 1a

aFrom Refs. [25,54].

determined by �5u5 and �6u6, where the Boltzmann distribu-
tions u5 = exp(−�Esd/kBT ) and u6 = exp(−�Etd/kBT ) act
as weighting parameters to the forward-scattering rates and
determine the thermalized excitation, with �Esd (�Etd) the
energy separation between singlet (triplet) and dark trions.
The relevant intravalley scattering rates are summarized in
Table IV.

2. Intervalley scattering channels

In the middle panel of Fig. 2, we illustrate the intervalley
relaxation and scattering channels, as indicated by the labels
7–10. Process 7 represents the scattering channel for bright
excitons with relaxation rate αKK ′

x , which is induced by the
electron-hole exchange interaction through the Maialle-Silva-
Sham (MSS) mechanism [21,70,71]. In this process, electrons
in the conduction band of the K valley and valence band in
the K ′ valley are scattered to the valence band in the K valley
and conduction band in the K ′ valley, respectively. Alterna-
tively, this process can also be thought as the result of virtual
recombination of a bright exciton in the K (K ′) valley and
generation in the K ′ (K) valley. Similarly, the intervalley scat-
tering also exists for triplet (process 8) and singlet (process 9)
trions with the relaxation rates αKK ′

t and αKK ′
s , respectively. As

compared with excitons, for which 1/αKK ′
x ≈ 1 ps [29], the in-

tervalley scattering of trions may have much longer relaxation
time, with 1/αKK ′

t and 1/αKK ′
s more than 25 ps in monolayer

WSe2 [29], because the scattering involves the transfer of a
single electron from one valley to the other [29,72], accom-
panied by a simultaneous large momentum transfer and spin
flip.

In addition to the intervalley transfer of excitonic states
of the same type, an intervalley scattering can also transfer
the singlet (triplet) trion state in the K valley into the triplet
(singlet) state in the K ′ valley, and vice versa, with the relax-
ation rate αKK ′

st , as illustrated by the process 10. Note that the
intervalley scattering between singlet and triplet states does
not involve the spin flip and thus is much more favorable than
process 9 between singlet and singlet states and process 8
between triplet and triplet states [29,72].

Regarding the intervalley scattering of dark states, i.e., Xd

and X−
d , the process is greatly suppressed as a consequence

of vanishing matrix elements for both the intervalley long-
range and short-range exchange interactions [20], and hence
is ignored in our model. In Table V, we list relevant intervalley
scattering rates.

3. Valley dynamics of excitons and trions: Coupled rate equations

Armed with the aforementioned transition and scattering
channels of both intra- and intervalley types, we are ready
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TABLE V. Relevant intervalley scattering rates (in ps−1)
(Secs. II C 2 and II C 3). The field-dependent scattering rates [see
Eqs. (17) and (18)] are obtained by fitting our simulation to experi-
mental data of Refs. [6,30].

αKK ′
x αKK ′

st αKK ′
s αKK ′

t

Intervalley Eq. (17) Eq. (18) 30a 30a

aFor αKK ′
s and αKK ′

t , our fitting shows that they are essentially inde-
pendent of magnetic field as a result of long intervalley scattering
time due to suppressed valley relaxation, which is also consistent
with experimental measurements [29].

to write down a set of coupled rate equations describing the
valley dynamics of excitons and trions in the K valley,

dnb

dt
= g − nb

τx
− �1nb + �1u1nd − 2 f nb

+ d2n−
s + d3n−

t + αK ′K
x n′

b − αKK ′
x nb, (12)

dnd

dt
= − nd

τxd
− �1u1nd + �1nb − f nd + d4n−

d , (13)

dn−
t

dt
= −n−

t

τt
+ f nb − d3n−

t − �6n−
t + �6u6n−

d

+ αK ′K
st u10n−′

s − αKK ′
st n−

t + αK ′K
t n−′

t − αKK ′
t n−

t ,

(14)

dn−
s

dt
= −n−

s

τs
+ f nb − d2n−

s − �5n−
s + �5u5n−

d

+ αK ′K
st n−′

t − αKK ′
st n−

s + αK ′K
s n−′

s − αKK ′
s n−

s ,

(15)

dn−
d

dt
= −n−

d

τtd
+ f nd − d4n−

d + �5n−
s

− �5u5n−
d + �6n−

t − �6u6n−
d , (16)

where nb, nd, n−
s , n−

t , and n−
d are the K-valley concentrations

of Xb, Xd, X−
s , X−

t , and X−
d , respectively. All quantities la-

beled by a superscript “′” (e.g., n′
b) on the right-hand side of

the equations represent the corresponding counterparts of the
K ′ valley, indicating the coupling of the two valleys. The val-
ley dynamics of excitonic states in the K ′ valley is connected
to that in the K valley through time-reversal symmetry.

Referring to Eqs. (12)–(16), we should emphasize two
points. First, for the intervalley scattering rates αKK ′

(αK ′K ),
we have resorted to the superscript “KK ′” (K ′K) for iden-
tifying the intervalley scattering of relevant excitonic states
from the K (K ′) to the K ′ (K) valleys, with αKK ′

(αK ′K ) is
energetically favorable when B is greater (less) than zero.
Second, all the involved Boltzmann factors in the thermo-
excited process depend not only on the temperature but also
on the magnetic field. Specifically, the magnetic field modifies
the energy separation through Zeeman shifts, which combine
with the temperature determine thermal equilibrium processes
between excitonic states.

We compute the PL intensity for each individual excitonic
states via n/τ [73], where n and τ generally represent the

excitonic concentrations and the corresponding recombina-
tion times appearing in the above rate equations. By directly
solving the set of coupled rate equations, one can obtain
the time evolution of PL [38]. By setting the left-hand side
of the rate equations equal to zero, i.e., dn/dt = 0, we de-
termine the steady-state solution for the PL intensity. The
valley polarization η is associated with the distinction of PL
intensity between the K and K ′ valleys, i.e., ηi = [PLi(K ) −
PLi(K ′)]/[PLi(K ) + PLi(K ′)] [74,75], with the superscript i
standing for excitonic states.

III. RESULTS AND DISCUSSION

We first introduce our system and the relevant parameters
adopted. From fitting our model to experimental data, we
also extract the intervalley relaxation times of excitonic states
as well as the corresponding B-field dependence. Then we
present our numerical outcome on valley dynamics of excitons
and trions under the impact of magnetic field.

A. System and relevant parameters

In our numerical simulation, we consider monolayer
WSe2, which is in favor of hosting excitonic complexes of
neutral and charged excitons [27]. The wavelength of exci-
tation is 400 nm and the laser spot size is assumed to be
1 μm [27,45]. A Gaussian pulse duration of σ = 44 ps is
adopted, P = P0 exp[−4 ln(2)(t2/σ 2)], with P0 being the ex-
citation fluence [27,45]. We consider the exciton generation
rate g ≈ 1.87 × 10−6 nm−2 ps−1. The radiative decay time
of bright excitons in general is temperature dependent and
is written as τx = αT + τ0, where τ0 = τ (T = 0) = 0.7 ps
and α = 0.15 ps/K [54,76]. For bright trions, the radiative
decay time reads τt = β/T + γ T 2, with β = 100 ps K and
γ = 0.001 ps K−2 [38,54,77]. Note that, since the difference
between singlet and triplet-trion binding energies is only sev-
eral meV, their dipole oscillator strengths are expected to be
close. Also, in the case of low and intermediate free carrier
concentrations, the trion radiative lifetime is mainly deter-
mined by that of its constituent bright exciton, which is the
same for the singlet and triplet trions. Thus, we assume the
same radiative lifetime for singlet and triplet trions, i.e., τs =
τt , as is widely adopted in the literature [44,54]. Regarding
the nonradiative decay of dark excitons and trions, we choose
τxd = 150 ps [54,77] and τtd = 230 ps [24,40], respectively.

The intravalley scattering channels among excitonic states
contain relaxation processes 1–6, which are illustrated in
Fig. 2. The bright-dark exciton scattering rate associated with
the process 1 is chosen as �1 = 1 ps−1. The formation ( f )
and dissociation (d) rates of trions, which correspond to
channels 2–4, depend on both the electron density and tem-
perature, see Sec. II with the explicit form. Both the singlet
and triplet (bright) trions connect with dark trions, and we
take the corresponding scattering rates �5 and �6 equal to
0.75 and 1 ps−1 [25], respectively. At zero B field, the energy
separation between singlet and triplet trions is δex = 6 meV
and the bright-dark splitting energy �Ebd = 35 meV is con-
sidered [25,78], unless stated otherwise. The temperature is
30 K [77].
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As for intervalley relaxation channels [processes 7–10
in Fig. 2], a perpendicular magnetic field lifting valley de-
generacy may affect the valley dynamics by modifying the
intervalley relaxation time, which depends on the initial and
final states of distinct valleys before and after scattering. Since
the intervalley scattering is the key source leading to the valley
depolarization, a field dependence of VP follows. Recently,
the field effect on the valley polarization has been experi-
mentally confirmed through polarization-resolved PL [6,41].
For neutral excitons, experimental data reveal that the VP
under σ+ and σ − excitations as a function of magnetic field
“crosses” at B = 0 and exhibits an X pattern. In contrast, the
magnetic response of trion VP features a V pattern.

The X pattern of excitons can be understood as a conse-
quence of the magnetic tuning of excitonic dispersion [6],
which gives rise to asymmetric valley-conserving and valley-
flipping exciton formation processes in the presence of a
perpendicular magnetic field. The V pattern of trions may
depend on the trion fine structure, which suppresses the inter-
valley relaxation and further protects the valley polarization
for either sign of B.

Based on our model, by fitting the exciton and trion VPs
simultaneously with the experimental data of Ref. [6], as
shown in Figs. 3(d) for excitons and 4(f) trions, we observe
a linear dependence of intervalley scattering times on B.

Under the laser excitation of σ+ circularly polarized light,
we obtain the following field-dependent intervalley scattering
times for excitons:

1

αKK ′
x

=
{−0.02 ps T−1B + 0.5 ps if B � 0

−0.06 ps T−1B + 0.5 ps otherwise,
(17)

and for trions of distinct types (i.e., singlet-triplet relaxation),

1

αKK ′
st

=
{−0.02 ps T−1B + 0.6 ps if B � 0

−0.14 ps T−1B + 0.6 ps otherwise.
(18)

Note that the valley scattering time (≈0.6 ps) at zero field
that we extracted from fitting our model with experimental
data agrees with recent reports in the literature [29]. Regard-
ing the intervalley scattering between trions of the same types,
i.e., singlet-singlet or triplet-triplet scattering, the relaxation
time has been experimentally demonstrated to be more than
25 ps [29]. The suppressed valley relaxation is attributed to the
quenched intervalley transfer of the extra charge of the trion,
which involves a simultaneous spin flip and large momentum
transfer. From our fitting, we reveal that 1/αKK ′

s and 1/αKK ′
t

equal 30 ps, consistent with experimental measurements [29].
Also, we observe that 1/αKK ′

s (1/αKK ′
t ) is essentially indepen-

dent of magnetic field, as a result of long intervalley scattering
time due to suppressed valley relaxation.

On the other hand, under the σ− circularly polarized laser
excitation, the B-field dependence of intervalley scattering
times features opposite slopes to those described in Eqs. (17)
and (18) for σ+ polarization. This is attributed to the valley-
dependent Zeeman splitting. In other words, following from
the spin-valley locked band structure, magneto-optical prop-
erties under optical pumping of σ+ (σ−) circularly polarized
light for B > 0 are expected to be similar to those under laser
excitation with helicity σ− (σ+) for B < 0.

For avoiding fragmentation of parameters distributed in
different sections, in Tables I–V, we summarize the rele-
vant parameters adopted in our calculation, including energy
parameters (Table I), valley Zeeman g factors (Table II), ex-
citonic lifetimes (Table III), and intravalley (Table IV) and
intervalley (Table V) scattering rates.

B. Peak energy and valley Zeeman splitting
for excitons and trions

Before discussing in detail the valley dynamics of exci-
tonic complexes of neutral and charged excitons in monolayer
WSe2, we first determine the peak energies and valley Zeeman
effects, which are essential for magneto-optical properties. In
Fig. 1(b), we schematically illustrate the valley Zeeman shifts
of singlet (X−

s ) and triplet (X−
t ) trions in the K and K ′ valleys,

comprising three contributions from the spin magnetic mo-
ment, valley (pseudospin) magnetic moment, and the atomic
magnetic moment (Sec. II). It is clear that the valley splitting
energy of X−

t (6 μBB) is three times larger than that of X−
s

(2 μBB), due to distinct spin/valley configurations of the extra
electron between singlet and triplet state trions [Fig. 1(a)].
Despite this distinction, the PL peak splitting for X−

s and X−
t

due to the Zeeman shift is expected to be the same and should
be identical to that of excitons, i.e., about 4 μBB [58], as
the extra electron in this trivial picture contributes identically
to both the initial and final-state magnetic moments of the
trion, as also illustrated in Fig. 1(b) by the optical emission
of σ+ (red arrow) and σ− (blue arrow) circularly polarized
lights (dichroism paradigm). This intuitive description is in
stark contrast to experimental reports [30,58], in which the
trion peak splitting is much larger than that of excitons, as we
analyze next.

In Fig. 1(c), we show our numerical outcome of excitonic
peak energies for singlet and triplet trions in monolayer WSe2

under both σ+ (red solid curves) and σ− (blue solid curves)
circularly polarized light fields. The dotted (black) curves rep-
resent the peak energies without including the contributions of
magnetic moments from the Berry curvature of the initial state
(trion) and from the recoil effect of the final state (electron).
Thus, they also represent peak energies of neutral excitons. It
is found that there exists a great agreement (discrepancy) be-
tween solid (dotted) curves and circular markers, which refer
to experimental data of Ref. [30], indicating the importance of
the trion-fine-structure induced Berry curvature (initial state)
and the recoil effect of the extra electron (final state) for trion
peak energies.

More specifically, from Eqs. (9)–(11) it is straightforward
to obtain the peak energy splitting between σ+ and σ− circu-
lar polarizations, with 2(�a + �b − �e) for X−

s and 2(�a +
�b + �e) for X−

t . Here the first term represents the atomic
magnetic contribution, which also refers to the peak energy
splitting of neutral excitons; the second term stands for the
Berry curvature contribution from the initial-state trion, and
the third term describes the recoil effect of the final-state
electron. Due to the Berry-curvature contribution, the peak
energy splitting for either X−

s or X−
t is found greater than that

for excitons, consistent with experimental reports [30,58], cf.
solid (red and blue) and dotted (black) curves of Fig. 1(c).
Moreover, because of the recoil effect of the extra electron,
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the splitting for X−
s is greater than that for X−

t , cf. red and
blue (solid) curves of Fig. 1(c). Furthermore, under the laser
pumping of circularly polarized light with a given helicity,
we also observe that the B-field dependence of peak energies
of both singlet and triplet trions have distinct variation rates
between B > 0 and B < 0, which is attributed to the Landau
level quantization, see Eqs. (10) and (11).

Figure 3(a) shows the energy separation (�Ebd) between
bright and dark excitons of the same valley (red curves)
and the singlet-triplet splitting (�Est) between X−

s and X−
t

of different valleys (green curves). Note that here we focus
on the singlet-triplet splitting of different valleys, because it
greatly affects thermal equilibrium process of the essential
relaxation channel 10, instead of singlet-singlet and triplet-
triplet splittings, which plays a negligible role in the trion
valley dynamics due to quenched intervalley relaxation of the
same trion types (Fig. 2). For the K-valley excitation (red
solid curve) under the laser pumping of σ+ polarization, we
find that �Ebd grows with increasing magnetic field, primarily
due to the spin magnetic moment of electrons in the conduc-
tion band. Since the two valleys are bridged by time-reversal
symmetry, the bright-dark energy separation in the K ′ valley
will exhibit opposite magnetic response (red dotted curve).
The singlet-triplet splitting �Est (B = 0) = δex = 6 meV de-
termines the fine structure of trions at zero field. When the
magnetic field is switched on, we observe that �Est between
X−

s in the K ′ (K) valley and X−
t in the K (K ′) valley tends to be

quenched (enhanced) as B increases, see green dotted (solid)
curves, following from combined contributions of distinct
magnetic moments (Sec. II). From the green dotted (solid)
curves for B > 0 (B < 0), it implies that �Est may vanish
for either a larger B field or a less δex. These features are
helpful for clarifying relevant magneto-optical properties in
monolayer WSe2, which we will discuss later on.

In Fig. 3(b), we show the valley Zeeman splitting �EKK ′
i =

EK
i − EK ′

i , with i representing the excitonic states of Xb, X−
s ,

and X−
t [Eqs. (6)–(8)]. Clearly, the magnitude of �EKK ′

i ,
which characterizes the valley degeneracy lifting, increases
with growing strength of magnetic field. Our calculation re-
veals that the associated Landé factors for Xb, X−

s , and X−
t are

gXb = 4, gX−
s

= 6, and gX−
t

= 10, respectively. Note that here

�EKK ′
i only accounts for the initial state (trion), in contrast

with the energetic peak splittings between σ+ and σ− polar-
izations shown in Fig. 1(c), which also incorporate the final
state (electron) of trions with the corresponding g factors equal
to 4, 10.6, and 5.4, respectively, consistent with experimental
reports [30]. Clearly, these two descriptions are equivalent
for excitons, giving rise to the same g factor equal to four,
as there is no extra electron left when the electron-hole pair
recombines.

We should emphasize that there exists quite a discrepancy
for the trion valley g factors among different experimental
reports ranging from 3.9 to 10.5 [30,58,66,68,84–87]. Some
of them indicate that the trion g factors are larger than that
of excitons [30,58,68,84,85], indicating the importance of
the emergent Berry curvature associated with the trion fine
structure induced by the exchange interaction. In contrast,
there are also experimental measurements showing that the
trion and exciton g factors are essentially the same [66,86,87],

implying that the contribution from the atomic d orbital of
the transition-metal atom dominates the trion valley Zeeman
splitting. Moreover, even for the exciton g factors, there are
also reports of about gXb = 2 [32], which is essentially half
of the widely reported value (4) in the literature, primarily
because of the distinct masses between electron and hole.
Note that these discrepancies for valley g factors demonstrated
in different experiments will not alter the main feature (e.g.,
X and V shapes) of the magnetic response of excitonic valley
polarization, which mainly depends on the fine structure of
trions, as we discuss below.

Now, we are ready to analyze our numerical outcome
on exciton and trion valley dynamics. We first turn to the
magneto-optical properties of neutral excitons.

C. X-shape valley polarization for neutral excitons

Figure 3(c) shows the PL intensity of Xb as a function
of magnetic field under laser excitation of both σ+ and σ−
circularly polarized light fields. It is found that the B-field
dependence of PL features an X-type shape. More specifically,
for σ+ (K-valley) excitation and B > 0, the optical emissions

FIG. 3. (a) Left vertical axis: magnetic-field dependence of
bright-dark exciton energy separation in the K (solid red line) and
K ′ (dotted red line) valleys; right vertical axis: singlet-triplet trion
splittings between X−

s in the K valley and X−
t in the K ′ valley (solid

green line, denoted “KK ′”) and between X−
s in the K ′ valley and X−

t

in the K valley (dotted green line, denoted “K ′K”) as functions of
magnetic field. (b) Valley Zeeman splitting �EKK ′

of bright excitons
(Xb) and singlet (X−

s ) and triplet (X−
t ) trions as functions of magnetic

field. (c) PL intensity and (d) valley polarization of bright excitons
for both σ+ and σ− excitations as functions of magnetic field. In
panel (b), the associated g factors for Xb, X−

s , and X−
t are equal to

gXb = 4, gX−
s

= 6, and gX−
t

= 10, respectively. In panel (c), for σ+

(σ−) excitation, the PL is detected in co-polarized configurations,
implying that the corresponding optical process occurring in the K
(K ′) valley. In panel (d), the markers refer to experimental data of
Ref. [6] and the lines are obtained from our theoretical simulation.
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become weakened as B increases. Here the quenching PL with
increasing B primarily arises from two resources. First, as the
magnetic field strengthens, the bright-dark separation �Ebd

in the K valley increases [Fig. 3(a)], in favor of more bright
(higher-energy) states relaxing into dark (low-energy) states
through the scattering channel 1 (Fig. 2). Second, the field-
dependent intervalley scattering time 1/αKK ′

x [Eq. (17)], which
is obtained by fitting exciton and trion VPs to experimental
data of Ref. [58] (Sec. III A), decreases with B and further
enhances the intervalley scattering of Xb from K to K ′ valleys,
which is mainly caused by the electron-hole exchange interac-
tion (phonon-assisted scattering) in the absence (presence) of
a magnetic field [21,88], leading to the reduction of emission
for σ+ excitation with detection by σ+ polarization. Consid-
ering the magnetic nature of the valley degree of freedom, the
X-shape magnetic response of excitons between σ+ and σ−
excitations follows straightforwardly.

In Fig. 3(d), we show the dependence of exciton VP on
magnetic field under both σ+ and σ− excitations. Similar to
PL, the VP also exhibits an X-shape magnetic dependence on
B, agreeing with experimental data of Ref. [58]. Specifically,
for σ+ excitation, the exciton VP weakens when the magnetic
field increases, as a direct consequence of decreased inter-
valley relaxation time [Eq. (17)]. Here we should emphasize
two points: First, the discrepancy between our simulated VP
and experimental data for σ− excitation is attributed to the
experimental sample itself [58], which features an overall tilt
of the X shape; cf. blue and red markers. The reason is as
follows: Since the two valleys at zero B field are connected by
time-reversal symmetry (i.e., spin-valley locking), the valley
Zeeman shifts for the two valleys are opposite while with the
same magnitude. Accordingly, the valley polarization under
σ+ excitation for a positive B field is expected to be the same
as that under σ− excitation for a negative B field of the same
magnitude. In other words, even though the time-reversal
symmetry is broken in the presence of magnetic field, the
magneto-optical properties are expected to remain invariant
for σ+ (K-valley) excitation at B > 0 and σ− (K ′-valley)
excitation at B < 0. It is worth noting that the diamagnetic
shift (quadratic correction) may also lead to the asymmetry
of the X shape, while this high-order effect usually becomes
important in the high-field regime [89], which is not the case
here. Second, the fitting is made simultaneously for exciton
and trion VPs, with the latter also consistent with experimen-
tal data [58], as shown in Fig. 4(f) that we will discuss later
on, ensuring the validity of our model.

In addition, under the laser excitation of a given helicity
we also reveal distinct slopes of the B-field dependence of
PL (and VP) between the B > 0 and B < 0 cases [Figs. 3(c)
and 3(d)], resembling the magnetic response of excitonic peak
energies [Fig. 1(c)] [30]. Specifically, for σ+ excitation, the
slope of PL with the magnetic field at B > 0 is less than that
at B < 0. This can be understood as follows: When B > 0
(B < 0), the energy of Xb in the K valley is lower (higher) than
that in the K ′ valley [Fig. 3(b)], which quenches (reinforces)
the thermal process of intervalley scattering of Xb from the
K to K ′ valleys and accordingly refrains (enhances) the de-
pendence of PL intensity on magnetic field. Thus, different
dependence of PL (and VP) on magnetic field for different
signs of B follows.

D. X- and V-shape valley polarizations for trions

Now we move to the magneto-optical properties of trions.
Experimentally, the measured trion PL and VP are usually
superposition of X−

s and X−
t emissions as their peak ener-

gies only have a separation of a few meV [6,30]. Here, our
simulation allows us to identify the PL and VP from distinct
contributions of X−

s and X−
t . In Figs. 4(a)–4(c), we show

the PL intensity of singlet and triplet trions as well as their
total emissions, respectively. Since the singlet X−

s state has a
lower energy than the triplet X−

t state, which facilitates the
relaxation from the latter to the former (see scattering 10
in Fig. 2), the PL intensity of X−

s is found larger than that
of X−

t ; cf. Figs. 4(a) and 4(b), consistent with experimental
measurements [30]. Below we analyze the magnetic response
of trion PLs and VPs in detail.

Similar to neutral excitons, we observe that the B-field
dependence of PL intensity of X−

s exhibits the X-type shape
[Fig. 4(a)], which is mainly attributed to the role of the singlet-
triplet scattering channel (see process 10 in Fig. 2). For σ+

FIG. 4. PL intensity of (a) singlet (X−
s ) and (b) triplet (X−

t ) trions
as well as the total PLs of the two trion states (c) as functions of
magnetic field, under the laser excitation of σ+ and σ− circularly
polarized light. For σ+ (σ−) excitation, the PL is also detected
by σ+ (σ−) polarization. (d)–(f) Magnetic-field dependence of the
corresponding valley polarizations associated with panels (a)–(c),
respectively. In panel (f), the V-shape valley polarization of the total
trion emissions including contributions of X−

s and X−
t , with the

markers referring to experimental data of Ref. [6] and the lines from
our theoretical simulation.
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(K-valley) excitation, it is the thermal excitation determining
the intervalley scattering of X−

s to X−
t , which depends on the

energy separation �Est. When B > 0, �Est between X−
s in the

K valley and X−
t in the K ′ valley increases with B [Fig. 3(b)].

This suppresses the thermal process of intervalley scattering
from X−

s to X−
t , giving rise to enhancing X−

s PL with increas-
ing B for σ+ excitation. Analogously, when B < 0, �Est will
have opposite dependence on the magnitude of B, as compared
with the case of B > 0. Thus, for negative B fields the PL
intensity of X−

s under σ+ excitation decreases with increasing
field strength. Considering the optical dichroism characteristic
of the two valleys, the X-type shape of PL between σ+ and
σ− polarizations follows. Note that there also exists distinct
slopes under laser excitation of a given helicity between posi-
tive and negative fields, similar to those for excitons.

In contrast to X−
s , the magnetic response of PL for X−

t
features a V-type shape [Fig. 4(b)]. Clearly, the relaxation
from X−

t (higher energy) to X−
s (lower energy) of distinct

valleys are energetically favorable. Thus, it is the combined
effect of the field-dependence of the intervalley scattering
time 1/αKK ′

st [Eq. (18)] and thermal excitation determining the
magneto-optical properties of X−

t . In the two cases of B > 0
and B < 0, different variation rates for 1/αKK ′

st as functions of
B lead to distinct increasing rates of the PL. As for the total
contribution of X−

s and X−
t to PL [Fig. 4(c)], the behavior of

magnetic response exhibits the V-type shape, dominated by
the triplet species. Note that the PL intensity also features
nonlinear field dependence, which is attributed to the inter-
play of multiscattering channels among excitonic states, in
particular the intervalley scatterings between singlet trions in
the K (K ′) valley and triplet trions in the K ′ (K) valley. The
involved thermal process, which depends on the fine structure
of the trion states, gives rise to the nonlinear part of the trion
emissions.

In addition to the singlet-triplet relaxation channel afore-
mentioned, we should emphasize that the nonradiative scat-
tering between X−

s (X−
t ) and X−

d , i.e., process 5 (6) of Fig. 2,
in general also affects the trion valley dynamics. However,
the effect of this latter process on the magnetic response of
trion PLs is negligible as compared with the process 10 ana-
lyzed above. This is because the bright-dark energy separation
�Ebd ≈ 35 meV [78] is much larger than the singlet-triplet
splitting δex = 6 meV [25], quenching the magnetic effect of
the process 5.

Figures 4(d)–4(f) show the corresponding valley polariza-
tions of different trion species referring to Figs. 4(a)–4(c),
respectively. We observe that either X−

s and X−
t VPs feature

an asymmetric V shape as functions of magnetic field with
respect to B = 0. Since the intervalley relaxation of the same
type of trions, i.e., singlet-singlet or triplet-triplet scattering,
is greatly suppressed (Sec. II), it is the singlet-triplet (inter-
valley) scattering channel dominating the field dependence of
VPs. We first focus on singlet X−

s state. For σ+ excitation,
the concentration of X−

s in the K and K ′ valleys respectively
increases and decreases with increasing magnetic field when
B > 0 [Fig. 4(a)], which is determined by the magnetic re-
sponse of �Est, leading to enhancing VP of X−

s . On the other
hand, when B < 0, although the X−

s concentration in both val-
leys decreases, while in the K ′ valley it reduces more abruptly
due to quenched intervalley scattering [Eq. (18)], giving rise

to an asymmetric V-shape magnetic response of X−
s across

B = 0.
For the triplet X−

t state, we observe that its B-field
dependence also exhibits a V-type shape, similar to X−

s . Re-
markably, the VP asymmetry between the two trion species
may compensate to each other, cf. Figs. 4(d) and 4(e), pri-
marily because the relaxation from X−

t to X−
s is energetically

favorable while the reversed process is not. This yields a
nearly symmetric V shape for combined contributions of the
two trion species, see Fig. 4(f). Our simulated trion VP is
in great agreement with experimental data, cf. curves and
markers in Fig. 4(f). As we already mentioned before, the
fitting is made simultaneously for exciton and trion VPs, ei-
ther of which is consistent with experimental measurements
[Figs. 3(d) and 4(f)], ensuring the validity of our model.

E. Fine structure mediated new paradigm more than
X and V shapes

Since the singlet-triplet intervalley scattering process,
which depends on the fine structure of trions, dominates the
trion valley dynamics, below we explore the effect of trion
fine structure on valley polarization. We demonstrate that the
V shape of trion VP is largely tunable. More specifically, when
the exchange interaction is reduced, we reveal an X-V shape
conversion and even a new paradigm more than the X and V
shapes, determined by a switch of the ground state for bright
trions.

In Figs. 5(a)–5(d), we show the trion VP of total X−
s and

X−
t emissions, for the zero-field singlet-triplet splitting δex

equal to 6, 3, 1, and 0.5 meV, respectively. As δex decreases,
we observe that the V shape tends to transform to the X-like
shape; cf. Figs. 5(a)–5(d). Actually, in Figs. 5(c) and 5(d)
with smaller values of δex, the magnetic response of VP can
be divided into two regimes, marked by a critical value of
magnetic field Bc (see orange circles) at which the B-field-
dependent singlet-triplet splitting vanishes, i.e., �Est (B =
Bc) = 0. When |B| � Bc, the VP as a function of magnetic
field display an X-type shape. Namely, as the strength of
magnetic field grows, the trion VP increases and decreases
for positive and negative B fields, respectively. On the other
hand, when |B| > Bc, the field dependence of VP with B is
reversed, more than the X- and V-type shapes. Note that in
experiment it is feasible to realize a tuning of δex by modi-
fying the dielectric environment of WSe2 monolayer, which
varies the exchange interaction. Alternatively, for a given δex,
one can also resort to ferromagnetic substrate, which gives
rise to strong exchange interaction [53,90], for realizing the
ground-state switch between singlet and triplet trion states and
a further the new paradigm of magnetic response for trions.

Clearly, the valley dynamics of charged excitons depends
on the concentration (ne) of free carriers. Due to screening
effect, the free carriers in general may reduce the excitonic
binding energy and oscillator strength as well as electron-
hole exchange interaction, giving rise to an enhancement of
radiative lifetime and valley relaxation time [91,92]. Fur-
thermore, a higher carrier density also favors the conversion
of more excitons to trions, suppressing (enhancing) exciton
(trion) emissions [54,93,94]. Accordingly, an enhanced valley
polarization in principle follows as the free carrier density
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FIG. 5. Valley polarization of the total trion emissions including
contributions of X−

s and X−
t as functions of magnetic field, for four

cases of trion fine structures with (a) δex = 6, (b) 3, (c) 1, and
(d) 0.5 meV. The orange circles mark where a swap of ground states
for bright trions between X−

s and X−
t occurs. The monolayer WSe2

is pumped by laser excitation of σ+ or σ− circularly polarized light
fields.

increases [54,94]. Despite this, we should emphasize that the
general feature of X- and V-type shapes of magnetic response
of excitons and trions remains as ne varies.

It is also worth noting that, in the presence of free car-
riers, in addition to the bounded three-particle trions, there
may also exist other intriguing quasiparticles including ex-
citon polarons (i.e., excitons dressed with a Fermi sea of
charges) [95,96] and trion polaritons [97]. And, when the
Fermi level is above the conduction-band edge at an even
higher carrier density, the trion binding energy may also ac-
quire a term due to state-filling effects [32]. More work is
needed to explore these interesting possibilities.

IV. CONCLUDING REMARKS

Considering the lagging theoretical study on magneto-
valley dynamics of different trion species in TMDC monolay-
ers, we construct a model which takes into account excitonic
states of both bright and dark types, to determine magnetic
responses of the PL intensity and the VP degree. To this
end, we first compute the excitonic peak energies and valley
Zeeman shifts, which are essential for magneto-optical prop-
erties. In this process, we account for all relevant contributions
to excitonic energy shifts, including the spin magnetic mo-
ment, valley (pseudospin) magnetic moment, and orbital

magnetic moment as well as the magnetic moment due to the
trion-fine-structure associated Berry curvature (initial state)
and the recoil effect and Landau-level quantization of the extra
electron (final state). Taking monolayer WSe2 as a model sys-
tem, our computed peak energy and valley Zeeman splitting
for both singlet and triplet trion states are consistent with ex-
periment data by Lyons et al. [30], where the Berry-curvature
associated magnetic moment enhances the trion peak energy
splitting between circular polarizations of distinct helicities
and the recoil effect of the extra electron distinguish the peak
energy splittings of singlet and triplet trion states. Then, we
further determine the PL intensity and the VP degree. We
reveal that the exciton and trion VPs respectively exhibit
the X- and V-shape dependence on magnetic field, consis-
tent with experimental measurements by Aivazian et al. [6].
Furthermore, beyond current experiments, for the trion VP
our calculation also indicates an X-V shape conversion and
even a new paradigm more than the X and V shapes, de-
pending on the fine structure of trions. Our results are helpful
for elucidating recent experimental data about the valley-
degeneracy-lifting mediated valley dynamics of different trion
species, and should stimulate experiments probing relevant
new magneto-optical features.

In our calculation on magneto-optics of TMDCs, we have
mainly adopted rate equations, while it is worth noting that
from a more microscopic point of view, one can also resort
to the semiconductor Bloch equation [42,98–100] for deter-
mining the excitonic optical properties. In this procedure, for
simplicity it is widely done in the exciton basis by solv-
ing the Wannier equation [43,101]. Then, with the help of
the Heisenberg equation of motion, the semiconductor Bloch
equation, in which the carrier-carrier interaction, carrier-light
interaction, and carrier-phonon interaction are also included,
can be obtained [42,100,102].

As a final remark, since the valley polarization monoton-
ically depends on magnetic field, a high VP is expected to
achieve, e.g., by putting TMDC samples on ferromagnetic
substrates [53,90,103], which through exchange interaction
provides much stronger magnetization. Also, the proximate
effect of TMDCs-ferromagnet van der Waals heterostructures
allows us to tailor the electronic band structure of adjacent ma-
terials [104–106], offering an ideal platform for manipulating
spintronic [107], superconducting [108], excitonic [109], and
topological [110] phenomena.
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