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Valley and spin dynamics in MoSe2
two-dimensional crystals
Nardeep Kumar,a Jiaqi He,b Dawei He,b Yongsheng Wang*b and Hui Zhao*a
We study valley and spin dynamics in monolayer molybdenum diselenide by polarization-resolved femtosecond transient absorption spectroscopy. Valley- and spin-polarized excitons are injected by a circularly
polarized laser pulse, with an excess energy of 120 meV. Relaxation of the valley polarization is time-
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resolved by measuring dynamical circular dichroism of a linearly polarized probe pulse tuned to 790 nm,
the peak of the exciton resonance of monolayer MoSe2. We obtain a valley relaxation time of 9 ± 3 ps at
room temperature, which is at least one order of magnitude shorter than the simultaneously measured
exciton lifetime. The results illustrate potential applications of MoSe2 in room-temperature valleytronic
and spintronic devices.

Introduction

Semiconducting transition metal dichalcogenides, MX2
(MvMo, W; XvS, Se, Te), have drawn considerable attention
since 2010.1 Similar to graphene,2 the weak van der Waals
interlayer coupling in these layered crystals allows fabrication
of atomically thin two-dimensional (2D) films.3 These 2D crystals have properties that are remarkably diﬀerent from their
bulk counterparts,4–6 and have shown potential applications in
electronics7–9 and optoelectronics.10–14
Due to their unique spin and valley properties,15–17 MX2 2D
crystals have also emerged as promising materials for
spintronics18–20 and valleytronics,21 where the spin degree of
freedom or valley index of electrons is used for information
processing. Fig. 1(a) shows a top view of the lattice structure of
a MX2 monolayer. It is composed of one layer of M atoms (blue
circles) that is sandwiched by two layers of X (yellow circles).
Since this lattice is not inversion symmetric, in momentum
space the 6 energy valleys form two inequivalent sets, labeled
as K and K′ in Fig. 1(b), respectively. Fig. 1(c) shows the conduction (C) and valence bands [VA (spin 3/2), VB (spin 1/2)] in
K (left) and K′ (right) valleys, respectively. The large spin splitting in the valance bands (several hundreds of meV) is
induced by the spin–orbital coupling in d orbitals of the X
atoms.22–24 The unique aspect of the spin properties in MX2
2D crystals is that the spin and valley degrees of freedom of
holes in the valance bands are inherently coupled: time-rever-
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Fig. 1 (a) Lattice structure of MX2 2D crystals. Each yellow circle represents two X atoms vertically separated. The blue circles indicate the
plane of M atoms located between the two X planes. (b) Energy valleys K
and K’ in momentum space. (c) Electronic structures in K (left) and K’
(right) valleys, showing the conduction (C) and valance (VA and VB) bands
and their spin states (up and down arrows). (d) Spin conﬁgurations of the
bright excitons in the two valleys and their coupling to circularly polarized light.

sal symmetry and the lack of inversion symmetry in space
dictate that the spin splitting at diﬀerent valleys must be opposite.15,25 As illustrated in Fig. 1(c), in the K valleys, the spindown (spin −3/2) and spin-up (spin +1/2) holes occupy the VA
and VB bands, respectively; while in the K′ valleys the spin
occupation is the opposite. Since holes in opposite valleys
carry opposite Berry curvatures and spin moments, a number
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of interesting phenomena resulted, such as spin and valley
Hall eﬀects.15,17,26–29 In both valleys, the conduction bands (C)
are degenerate near the bottom of the bands.
One important consequence of these spin and valley structures is the spin- and valley-selective optical coupling.15–17 The
optical properties of MX2 2D crystals are dominated by excitons due to their large binding energies. Fig. 1(d) shows the
two exciton bands, A and B, formed by the holes in VA and VB,
respectively, with electrons in the conduction bands. Since in
the K valleys only spin-down holes populate VA, an A-exciton in
the K valley is formed by a spin-down hole (−3/2) with either a
spin-up (+1/2) or a spin-down (−1/2) electron. The former
[shown in Fig. 1(d)] has a net spin of −1 (spin-down exciton)
and therefore couples to σ− photons, while the latter, with a
net spin of −2, is a dark exciton that does not couple to
photons (not shown). On the other hand, in the K′ valleys, a
bright A-exciton is formed by a spin-up hole (+3/2) and a spindown electron (−1/2), with a net spin of +1 (spin-up exciton),
and hence couples to σ+ photons. Based on these selection
rules, a circularly polarized light can inject spin- and valleypolarized excitons in MX2 2D crystals,15–17 which then emit circularly polarized photoluminescence. This eﬀect has been
observed by several groups in steady-state photoluminescence
experiments.16,30–36 Dynamics of spin and valley polarized excitons have also been revealed in time-resolved photoluminescence37 and transient absorption38,39 measurements.
Here we demonstrate optical injection and detection of
valley- and spin-polarized excitons in MoSe2 monolayers at
room temperature by polarization-resolved transient absorption measurements. We deduce a valley relaxation time of 9 ±
3 ps in monolayer samples at room temperature. Previous
observations of valley polarization have mostly focused on one
member of MX2, MoS2,16,30–36,38,39 and were limited to low
sample temperatures. Our results illustrate potential applications of MoSe2 2D crystals for room-temperature valleytronics and spintronics.

2. Experimental section
Thin flakes of MoSe2 are mechanically exfoliated from bulk
crystals, and then deposited on silicon substrates with a 90 nm
SiO2 layer. Monolayer flakes are first identified with an optical
microscope, according to their optical contrasts,40,41 and then
confirmed
by
photoluminescence42–44
and
Raman
42,44–47
spectroscopy.
Fig. 2 illustrates the experimental setup. A left-circularly
polarized (σ+) pump pulse with a 730 nm central wavelength
and 100 fs temporal width resonantly injects excitons into the
sample. The pulse is tightly focused to about 1 μm and is
located at the center of the monolayer flake to avoid any potential eﬀects from the flake boundary. According to the selection
rules illustrated in Fig. 1(d), spin-up excitons are injected into
the K′ valleys. The dynamics of these excitons is probed by
using a linearly polarized (x) pulse tuned to the A-exciton
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Fig. 2 Polarization-resolved diﬀerential reﬂection setup to measure
pump-induced circular dichroism, which reﬂects spin and valley
dynamics of excitons (QW: quarter-wave plate, WP: Wollaston prism).

resonance (790 nm), by utilizing the dynamic circular dichroism induced by the valley- and spin-polarized excitons.
It has been well established that an exciton population can
change the absorption coeﬃcient of a semiconductor by
various mechanisms such as phase-space state filling, screening, bandgap renormalization, etc.48 For low and even moderate densities, the change in absorption coeﬃcient is
proportional to the exciton density.48 In our measurements,
this change is monitored by diﬀerential reflection, which is
defined as the relative change of the probe reflection induced
by the excitons, ΔR/R0u[R(N) − R0]/R0, where R(N) and R0 are
probe reflections with and without excitons, respectively.
The x-polarized probe has two circular components, σ+ and
−
σ , of equal magnitude. We first consider the σ− component.
The diﬀerential reflection of a σ−-polarized light can be
written as
ΔR
¼ C1 N # þ C2 N " ;
R0

ð1Þ

where N↓ and N↑ are the densities of spin-down and spin-up
excitons, respectively. The coeﬃcients C1 and C2 describe the
eﬀectiveness of spin-down and spin-up excitons in altering the
absorption of the σ− probe. Here C2 originates from spininsensitive mechanisms, while C1 is from both spin-insensitive
and spin-sensitive processes. Hence, C1 > C2. That is, the spindown excitons, or excitons in the K′ valley, are more eﬃcient in
altering the absorption of σ− light. Similarly, the diﬀerential
reflection of the σ+ component,
ΔRþ
¼ C1 N " þ C2 N # :
R0

ð2Þ

By measuring the sum and diﬀerence of these two components, we obtain
ΔRþ ΔR
þ
¼ ðC1 þ C2 ÞðN " þ N # Þ ¼ ðC1 þ C2 ÞN;
R0
R0

ð3Þ

ΔRþ ΔR

¼ ðC1  C2 ÞðN "  N # Þ ¼ ðC1  C2 ÞS;
R0
R0

ð4Þ

and
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where N and S are the exciton and spin (valley) densities,
respectively. Furthermore,
ΔRþ  ΔR C1  C2 S C1  C2
¼
¼
P;
ΔRþ þ ΔR C1 þ C2 N C1 þ C2

ð5Þ

where P is defined as spin and valley polarizations of the
excitons.
As shown in Fig. 2, to separate the two circular components
of the probe, a portion of the reflected probe is sent through a
quarter-wave plate (QW) with the fast axis oriented such that it
converts the two circular components to x and y linear polarizations. A Wollaston prism (WP) separates the two components,
which are measured by the two photodiodes of a balanced
detector. Since the balanced detector outputs a voltage that is
proportional to the diﬀerence between the optical powers on
the two detectors, it monitors the diﬀerence of the two diﬀerential reflections, and hence the spin density. This output is
measured by a lock-in amplifier synchronized with a mechanical chopper in the pump arm, which modulates the pump
intensity at about 3000 Hz. The other portion of the reflection
probe is measured directly by another photodiode, which
monitors the sum of the two spin systems, i.e. total exciton
density.

3. Results and discussion
Fig. 3(a) shows the measured ΔR/R0 as a function of the probe
delay after excitons are injected by a σ+-polarized pump pulse
with a central wavelength of 730 nm. The peak density of the
injected excitons is about 5 × 1011 cm−2, which is estimated
from the pump fluence used and the absorption coeﬃcient of
the sample at the probe wavelength. Since ΔR/R0 measures the
total exciton density, its decay reflects loss of exciton density

Fig. 3 Diﬀerential reﬂection (a, c, e) and the ratio between diﬀerence
and sum of the two circular components (b, d, f ) of monolayer MoSe2
measured with pump pulses of σ+ (a, b), x (c, d), and σ− (e, f ) polarizations, respectively.
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due to recombination. After an initial rapid decay, which has a
time constant of about 0.5 ps, the signal decreases slowly. A
separate measurement over a longer time range (not shown)
yields a relatively long decay time of 130 ps. We attribute the
short time constant to thermalization and energy relaxation of
excitons, and the long time constant to the exciton lifetime.
Furthermore, when the laser spots are moved to a region of
the substrate that is not covered by MoSe2, no signal is
detected under the same conditions. This verifies that the
Si substrate makes a negligible contribution to the observed
ΔR/R0.
Fig. 3(b) shows (ΔR+ − ΔR−)/(ΔR+ + ΔR−) as a function of
the probe delay. This quantity is obtained by measuring ΔR+ −
ΔR− and ΔR+ + ΔR− simultaneously with the two detectors
shown in Fig. 2, and then taking the ratio numerically. As
shown in eqn (5), this quantity is proportional to the valley
and spin polarizations of the excitons. Clearly, a positive polarization is injected by the pump, which decays quickly. We find
that the decay can be described by a bi-exponential function
(red line), with a short time constant of 0.36 ± 0.05 and a long
time constant of 9 ± 3 ps. We speculate that the short time
constant has the same origin as the fast component in the
ordinary diﬀerential reflection. The long time constant reflects
the relaxation of the valley and spin polarization. Hence, it is
the valley and spin relaxation time. Similar results are
obtained in several other fresh monolayer samples tested.
Next, we change the pump polarization to x. Since the linearly polarized light has two circular components of the same
magnitude, it injects the same number of excitons to the two
valleys, without a net valley or spin polarization. Consequently,
no spin signal is observed, as confirmed in Fig. 3(d). Fig. 3(c)
shows that the exciton recombination is not changed from
Fig. 3(a). Hence, the exciton recombination rate is independent of the valley and spin polarization. Finally, we change the
pump to σ− to inject excitons with an opposite valley and spin
polarization. As clearly shown in Fig. 3(f ), the sign of the circular dichroism changes, while the dynamics remain the same.
The diﬀerential reflection signal still remains unchanged, as
shown in Fig. 3(e).
The valley-selective coupling illustrated in Fig. 1(d) holds
only for monolayers. In bulk MoSe2 with inversion symmetry,
the valance bands are degenerate in both valleys, and hence
the optical transitions become independent of valley. However,
a circularly polarized pump still injects net spin polarization
due to the spin-selection rules. Similarly, the circular dichroism of the probe still measures the spin polarization, but not
the valley polarization. To study spin dynamics in bulk, we
repeat the measurement summarized in Fig. 3 with a thick
flake that is fabricated together with the monolayer flake and
on the same substrate. The results are plotted in Fig. 4. No circular dichroism is detected, which suggests an ultrafast spin
relaxation process in bulk. Without the spin–valley locking,
spin relaxation can be induced by scattering events that do not
involve intervalley transfer of excitons. Hence, a faster spin
relaxation in bulk is expected. This further confirms that the
spin–valley coupling in monolayer eﬀectively increases the
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Fig. 4 Diﬀerential reﬂection (a, c, e) and the ratio between diﬀerence
and sum of the two circular components (b, d, f ) of bulk MoSe2
measured with pump pulses of σ+ (a, b), x (c, d), and σ− (e, f ) polarizations, respectively.
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can be achieved in MoSe2 monolayers even at room temperature. Recently, several groups have observed circularly polarized photoluminescence in MoS2 monolayers;16,30–36,38,39 but
there has been no report on such observations in MoSe2.
Based on our results, the exciton lifetime (130 ps) is much
longer than the valley relaxation time (9 ps). Furthermore,
since non-radiative recombination likely contributes to the lifetime too, the radiative recombination time can be expected to
be even longer. Therefore, it is reasonable that time-integrated
measurements cannot eﬀectively detect circularly polarized
photoluminescence.
We note that the detected peak signal of (ΔR+ − ΔR−)/(ΔR+
+ ΔR−) is only about 0.02. Although a circularly polarized
pump is expected to inject 100% valley polarization, as dictated by the selection rules, such rules are relaxed when
moving away from the K and K′ points (or the bottom of the
bands), due to state mixing. In our measurements, the excitation access energy of the pump is about 120 meV. Hence, it
is expected to inject excitons with a valley polarization lower
than unity. Furthermore, according to eqn (5), the eﬃciency of
using transient absorption to probe valley polarization is
determined by the coeﬃcients C1 and C2. In particular, if
the mechanisms that cause transient absorption are dominated by valley- and spin-independent ones, such as screening
eﬀects, the values of C1 and C2 are expected to be close, resulting in low detection eﬃciency. Nevertheless, this does not
change the result of the measurement of valley relaxation
time.

4.

Fig. 5 Diﬀerential reﬂection (a, c, e) and the ratio between diﬀerence
and sum of the two circular components (b, d, f ) of a few-layer MoSe2
ﬂake with pump pulses of σ+ (a, b), x (c, d), and σ− (e, f) polarizations,
respectively.

spin lifetime. In addition, the exciton lifetime is longer than
monolayers, due to the indirect bandgap in bulk. We also
study a few-layered flake as an intermediate case, which contains about 5–7 layers, estimated from its optical contrast. As
shown in Fig. 5, no circular dichroism is detected, and the
exciton lifetime is in between the values obtained from the
bulk and monolayer samples.
Previously, the transient absorption technique had been
used to study valley dynamics in MoS2 monolayers at low
temperatures.38,39 Valley relaxation times of a few picoseconds
and sub-picoseconds have been deduced from these measurements. Our study shows that a longer valley relaxation time
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Conclusions

We have performed the first experimental study on valley and
spin dynamics in monolayer MoSe2, an important member of
the newly developed 2D crystals. We demonstrated optical
injection of valley- and spin-polarized excitons in this material
by a circularly polarized pulse, utilizing the unique optical
selection rules of monolayer transition metal dichalcogenides.
Evolution of the injected valley polarization is monitored by
measuring dynamic circular dichroism of a probe pulse tuned
to the exciton resonance. We obtained a valley relaxation time
of 9 ± 3 ps at room temperature. Our study demonstrated a
new 2D crystal for room temperature valleytronics and spintronics, and illustrated the prospects of using heterostructures
formed by diﬀerent 2D crystals for valleytronics and
spintronics.
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