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Valley polarization in MoS, monolayers by

optical pumping

Hualing Zeng', Junfeng Dai?'", Wang Yao'3, Di Xiao* and Xiaodong Cui'*

Most electronic devices exploit the electric charge of electrons,
but it is also possible to build devices that rely on other prop-
erties of electrons. Spintronic devices, for example, make use
of the spin of electrons'2. Valleytronics is a more recent devel-
opment that relies on the fact that the conduction bands of
some materials have two or more minima at equal energies
but at different positions in momentum space3-5. To make a
valleytronic device it is necessary to control the number of
electrons in these valleys, thereby producing a valley polariz-
ation® ™. Single-layer MoS, is a promising material for valley-
tronics because both the conduction and valence band edges
have two energy-degenerate valleys at the corners of the first
Brillouin zone'2. Here, we demonstrate that optical pumping
with circularly polarized light can achieve a valley polarization
of 30% in pristine monolayer MoS,. Our results, and similar
results by Mak et al.’®, demonstrate the viability of optical
valley control and valley-based electronic and optoelectronic
applications in MoS, monolayers.

In many crystalline materials, it often happens that the conduc-
tion-band minima and valence-band maxima are located at degener-
ate and inequivalent valleys in momentum space. The valley index
can be regarded as a discrete degree of freedom for low-energy
carriers, which is robust against smooth deformation and low-
energy phonons because of the large valley separation in momentum
space. To make use of the valley index as an information carrier, the
crucial step is to identify a process in which the valley carriers
respond differently to external stimuli. Recently, a simple scheme
based on inversion symmetry breaking has been proposed to
realize the manipulation of the valley index through electric, mag-
netic and optical means>!!. In particular, it was shown that inversion
symmetry breaking can lead to contrasting circular dichroism in
different k-space regions, which takes the extreme form of contrast-
ing optical selection rules at the high symmetry points of the
Brillouin zone!!. This enables a valley-dependent interplay of
electrons with light of different circular polarizations, in analogy
to the spin-dependent optical activities in semiconductors such
as GaAs.

Here, we report our observation of selective photoexcitation of
the degenerate valleys by circularly polarized optical pumping in
MoS, monolayers, an emerging multi-valley two-dimensional semi-
conductor with remarkable optical and transport properties'*!°.
Bulk MoS§, has a hexagonal-crystal layered structure with a covalently
bonded S-Mo-S hexagonal quasi-two-dimensional network packed
by weak van der Waals forces. Previous studies have shown that, with
a decrease in thickness, MoS, crosses over from being an indirect-
bandgap semiconductor (with multiple layers) to a direct-bandgap
semiconductor (as a monolayer)!>!¢. The direct bandgap is in the
visible frequency range (~1.9 eV) and is therefore ideal for optical

applications, with both conduction and valence band edges located
at the K (K') points of the two-dimensional hexagonal Brillouin
zone. In addition to the changes to its electronic structure, MoS,
thin film also undergoes a structural change, as outlined in Fig. 1a.
The inversion symmetry present in bulk and in thin films with an
even number of layers is explicitly broken in thin films with an odd
number of layers, giving rise to a valley-contrasting optical selection
rule!217 where the inter-band transitions in the vicinity of the
K (K') point couple exclusively to right (left)-handed circularly
polarized light o+ (o-) (Fig. 1). The direct-bandgap transition at
the two degenerate valleys, together with this valley-contrasting
selection rule, suggest that one can optically generate and detect
valley polarizations in a MoS, monolayer.

Our main result is summarized in the following. We find that in
MoS, monolayers, the photoluminescence has the same helicity in
its circularly polarized component as the excitation laser, a signature
of optically pumped valley polarization. Below 90K, a high
photoluminescence circular polarization is observed, which decays
with temperature. The photoluminescence polarization shows no
dependence on the in-plane magnetic field. The absence of the
Hanle effect is a strong indicator that the polarized photolumines-
cence arises from the polarization of the valley rather than spin,
as the former cannot be rotated by the magnetic field. Moreover,
in MoS, bilayers, we find that photoluminescence from MoS,
bilayers is unpolarized under the same excitation conditions,
consistent with the presence of inversion symmetry.

MoS, flakes, shown representatively in Fig. 2a, were mechanically
exfoliated from SiO,/silicon substrates using sticky tape in a
manner similar to the technique used to produce graphene sheets.
The monolayer, bilayer and multilayer flakes could be identified by
two characteristic Raman modes: the in-plane vibrational E;,mode
and the out-of-plane vibrational A,, mode around 400 cm ™'
(ref. 14). Following ref. 14, we labelled the sample thickness according
to the frequency difference between the Ej, and A,, modes:
Aw=19cm ' indicating monolayers and Aw=21cm'
bilayers (Fig. 2b). The layer assignment was confirmed by atomic
force microscopy (AFM). Photoluminescence spectra around
1.9 eV, corresponding to excitons from the direct inter-band
transition'®, were also used as a monolayer and bilayer indicator
from the transition from indirect- to direct-gapped semiconductor,
as illustrated in refs 15,16.

The polarization-sensitive photoluminescence measurement was
carried out using a confocal-like microscopic set-up. The collimated
backscattering light was passed through a broadband 1/4A wave
plate, a beam-displacing prism to separate the light beam into two
orthogonally polarized beams and a depolarizer, and was then
focused to two spots at the entrance slit of the monochromator
equipped with a charge-coupled device (CCD) camera. The
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Figure 1| Schematic of MoS, monolayer and optical selection rules at K(K') point. a, Schematic of MoS, monolayer structure (left) and bulk unit cell
(right), clearly showing the spatial inversion symmetry breaking in monolayers. b, Schematic of proposed valley-dependent selection rules at K and K’ points
in crystal momentum space: left (right)-handed circularly polarized light o+ (o—) only couples to the band-edge transition at K (K') points for the sake of

angular moment conservation and time reversal symmetry.
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Figure 2 | Polarization-sensitive photoluminescence spectra from MoS, monolayers. a, Representative optical image of MoS, monolayer, bilayer and thin-
film flakes. b, Characteristic Raman spectra from different MoS, flakes (monolayer, bilayer and thin film), showing an in-plane vibrational E;g mode and an
out-of-plane vibrational A;; mode around 400 cm ™. ¢, Polarization resolved luminescence spectra under circularly polarized excitation from a HeNe laser at
1.96 eV and 10 K. Circular polarizations of P=3242% and —32+ 2% are observed along the out-of-plane direction with right- and left-handed circular

excitation, respectively.

polarization resolved spectrum could then be obtained by analysing
the two branches of dispersion on the CCD. (For details regarding
the set-up, see Supplementary Information.)

Figure 2c presents the circularly polarized luminescence spectra
of a pristine MoS, monolayer, which peak around 1.9 eV with right-
and left-handed circularly polarized excitation (HeNe laser,
1.96 eV) at a near-resonant condition at T= 10 K. The lumines-
cence corresponds to a direct inter-band transition at the K (K')
valley. The helicity of the luminescence exactly follows that of the
excitation light. In other words, the right-handed circularly
polarized excitation generates right-handed luminescence, and the
left-handed circularly polarized excitation generates left-handed
luminescence. To characterize the circular component in the lumi-
nescence spectra, we define the degree of circular polarization

_ I(o+) —I(0-)
- I(o+) +1(o—)
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where I(o+) is the intensity of the left (right)-handed circular
component. For perfectly circularly polarized light, P=1 (o+) or
-1 (0—) (for details see Supplementary Information). The lumines-
cence spectra demonstrate a symmetric polarization for excitation
with opposite helicities: P=0.32 under o+ excitation and
P = —0.32 under o— excitation for the most representative MoS,
monolayer out of four samples that gave values of P=+0.23,
+0.25, +£0.28 and +0.32 under o+ excitation, respectively, at
10 K. This behaviour is fully expected under the mechanism of
the valley-dependent optical selection rule. As well as the unpolar-
ized background, there is also a linearly polarized component, and
the linear polarization shifts by ~25° between o+ and o— exci-
tation. If one switches the excitation light to a higher energy at
2.33 eV, no polarization can be observed in the luminescence
spectra. We note that the valley selection rule is valid in the vicinity
of the K (K') point''2, whereas the optical transition with 2.33 eV
occurs far away from the K points in band dispersion.
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Figure 3 | Photoluminescence under an in-plane magnetic field and from bilayers. a, Circularly polarized components of luminescence spectra at zero
magnetic field (black) and under an in-plane magnetic field of 0.65T (red). The two curves overlap within the resolution of the apparatus. b, Upper left inset:
schematic of a MoS, bilayer unit cell. Upper right inset: photoluminescence spectra of monolayer (blue) and bilayer (green) MoS, under the same conditions
(base temperature, 10 K; 0.2 mW linearly polarized excitation at 1.96 eV). The intensity of the bilayer luminescence is slightly weaker than that of the
monolayer. Main panel: circularly polarized components of luminescence spectra from MoS, bilayers (green) and monolayers (blue) under circular excitation
at 1.96 eV and 10 K. Negligible circular polarization is observed for the MoS, bilayers.

In many semiconductor systems such as GaAs bulk and hetero-
structures, the circular polarization of luminescence from circularly
polarized excitation originates from electron (hole) spin polariz-
ation as a result of the spin-dependent optical selection rule!®?.
This mechanism can be excluded here by examining the change
in the photoluminescence spectra in an in-plane magnetic field
(Fig. 3a). With a non-zero in-plane g-factor, spin polarization
will precess about the in-plane magnetic field, and the time average
of the spin projected along the z-axis will be found
at S, = fg Sy exp(—t/7g) cos(gugBt/h)dt, where S, is the initial
spin along the z-axis, 7 is the spin relaxation time, uy is the Bohr
magneton and 7 is the lifetime of the photoexcited carriers.
Consequently, the polarization of the luminescence under continu-
ous-wave excitation should follow

P(B) ~ P(B=0)
o1 + (g/J“BBTS/h)Z

where P(B = 0) is the polarization of the luminescence without the
magnetic field. This is the well-known Hanle effect. If we assume
that the spin relaxation time 7y is of approximately the same order
as the photocarrier lifetime 7~ 10 ps (ref. 21), then the polarization
P(B=10.65T) will drop to a few per cent of P(B=0). As shown in
Fig. 3a, however, there is no visible difference between the photolu-
minescence polarization at zero field and in an in-plane field of
B = 0.65T. Therefore, spin polarization cannot explain the polarized
photoluminescence observed here. Instead, this magnetic-field-inde-
pendent photoluminescence polarization is a fully expected conse-
quence of valley polarization through the valley-dependent
selection rule; because the in-plane magnetic field does not couple
to the valley index, the valley polarization cannot be rotated by the
magnetic field, so no Hanle effect can be observed.
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Further evidence for attributing the polarized photolumines-
cence in monolayers to the valley-dependent optical selection rule
can be found from a comparison with photoluminescence spectra
from MoS, bilayers (Fig. 3b). The intensity of the luminescence in
bilayers is relatively weaker than that of monolayers, with the strik-
ing difference being that the circular polarization of luminescence
from bilayers is negligible under the same conditions. This differ-
ence can be easily understood: the polarized photoluminescence is
a consequence of the valley-dependent optical selection rule
arising from inversion symmetry breaking in MoS, monolayers
with D, symmetry!?. In contrast, MoS, bilayers are composed of
two structurally identical monolayers stacking with hexagonal
symmetry (the sulphur atoms in one layer sit directly upon/below
the molybdenum atoms in the other) and have Dg, symmetry.
Inversion symmetry is preserved in the bilayer unit cell, so the
valley-dependent selection rule is not allowed in bilayers'!. If the
excitation power is increased above 1 x 10° W cm™?, circularly
polarized photoluminescence is observed in bilayers, suggesting
that the heating effects could induce structural anisotropy and
consequently break the inversion symmetry in the bilayer.

Figure 4 displays the typical temperature dependence of the
circular polarization of luminescence from monolayers under
circularly polarized excitation. The circular polarization has a flat
plateau at ~31% below 90 K, then dramatically drops with increasing
temperature. The small temperature dependence of the polarization
at low temperatures implies that the inter-valley scattering (K <> K)
results mainly from scattering at grain boundaries and atomically
sharp deformations. Because the sample is a natural mining
product, abundant impurities and vacancies presumably provide
inter-valley scattering centres and populate conduction electrons at
the energetically degenerate K and K’ valleys. The linearly polarized
component of luminescence also suggests possible coherent mixing
of the two valleys.
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Figure 4 | Degree of circular polarization P as a function of temperature.
The fitting curve (red), assuming an inter-valley scattering proportional to

the phonon population, gives a phonon energy of ~240 cm ™.

As the temperature increases above 90 K, the circularly and
linearly polarized components of the luminescence spectra gradually
decrease, which is an indicator of phonons dominating the inter-
valley scattering at high temperatures. The steady-state photolumi-
nescence polarization is inversely proportional to the valley
scattering rate vy,. Phonons near the K points of the Brillouin zone
can directly supply the momentum change for inter-valley scattering.
In such a situation, the valley scattering rate is proportional to the
population of these phonons—v, oc exp(-E/kyT)—where Ey is
the phonon energy near the K points. The solid curve in Fig. 4 is a
fit assuming an exp(-Ey/kT) dependence, from which we extract
E~240 cm ™', consistent with the acoustic phonon energy near
the K point reported in the bulk and monolayers*>?*. To obtain a
complete understanding and microscopic pictures of valley depolar-
ization in this material, further systematic experimental and
theoretical investigations will be required.

In summary, we have observed circularly polarized luminescence
from MoS, monolayers under circularly polarized excitation. The
circular polarization originates from the contrasting selection rules
for optical transitions in the K and K’ valleys. It provides us with
a viable tool with which to generate and detect valley polarization
in MoS, monolayers, which may form the basis for developing inte-
grated valleytronic and spintronic applications on this platform,
with strong valley-spin coupling'2.
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