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We investigate the effect of disorder on exciton valley polarization and valley coherence in
monolayer WSe,. By analyzing polarization properties of photoluminescence, the valley
coherence (VC) and valley polarization (VP) is quantified across the inhomogeneously
broadened exciton resonance. We find that disorder plays a critical role in the exciton VC,
while affecting VP less. For different monolayer samples with disorder characterized by their
Stokes Shift (SS), VC decreases in samples with higher SS while VP does not follow a simple
trend. These two methods consistently demonstrate that VC as defined by the degree of
linearly polarized photoluminescence is more sensitive to disorder, motivating further

theoretical studies.
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Valley refers to energy extrema in electronic band
structures. Valley pseudo-spin in atomically thin
semiconductors has been proposed and pursued as an
alternative information carrier, analogous to charge and
spin  [1-7]. In  monolayer transition  metal
dichalcogenides (TMDs), optical properties are
dominated by excitons (bound electron-hole pairs) with
exceptionally large binding energy and oscillator
strength [8,9]. These excitons form at the energy
extrema K (K') points at the Brillouin zone boundary.
Due to broken inversion symmetry in combination with
time-reversal symmetry, the wvalley and spin are
inherently coupled in monolayer WSe,. Valley
contrasting optical selection rules make it possible to
optically access and control the valley index via exciton
resonances as demonstrated in valley specific dynamic
Stark effect [10,11] as an example.

For valleytronic applications, particularly in the
context of using valley as an information -carrier,
understanding both valley polarization and valley
coherence are critical. Valley polarization represents the
fidelity of writing information in valley index while
valley coherence determines the ability to optically
manipulate the valley index. Earlier experiments have
demonstrated a high degree of valley polarization in
photoluminescence  (PL) experiments on some

monolayer TMDs (e.g. MoS, and WSe,), suggesting the
valley polarization is maintained before excitons
recombine [4-6,12]. Very recently, coherent nonlinear
optical experiments have revealed a rapid loss of exciton
valley coherence (~ 100 fs) in WSe, due to the intrinsic
electron-hole exchange interaction [13]. The ultrafast
dynamics associated with the valley depolarization (~ 1
ps) [14] and the even faster exciton recombination (~
200 fs) [15,16] extracted from the nonlinear experiments
are consistent with the PL experiments. As long as the
valley depolarization and decoherence occurs on time
scales longer or comparable with exciton recombination
lifetime, steady-state PL  signal shall preserve
polarization properties reflecting the valley-specific
excitations.

It is important to ask the question if disorder
potential influences valley polarization and coherence,
considering the fact that there are still significant amount
of defects and impurities in these atomically thin
materials and the substrate. This critical question has
been largely overlooked in previous studies. Here, we
investigate how valley polarization and coherence
change in the presence of disorder potential. First, valley
coherence is observed to change systematically across
the inhomogeneously broadened exciton resonance
while there is no clear trend in valley polarization.
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Valley properties of an exfoliated monolayer WSe,
encapsulated between hBN layers show a plateau
beyond the mobility edge within the exciton resonance.
We suggest that this systematic change is related to
exciton localization by disorder potential, where the low
energy side of the exciton resonance corresponds to
weakly localized excitons and the high energy side is
associated with more delocalized excitons [17,18].
Furthermore, we investigated a number of monolayer
WSe, samples with different defect density characterized
by the Stokes Shift (SS) between the exciton peak in
photoluminescence and absorption. A higher degree of
valley coherence is observed in samples with a smaller
SS or lower defect density [19,20]. These two
observations consistently suggest that shallow disorder
potential reduces valley coherence. Our studies suggest
that a more qualitative and systematic evaluation of
valley coherence may guide the extensive on-going
efforts in searching for materials with robust valley

properties.
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Figure 1 (color online): a) The band structure of
monolayer WSe, at two degenerate K and K' valleys. A
representative bright exciton transition is drawn at K
valley between the highest valence band and second
lowest conduction band. Valley contrasting spins allow
left (right) circular polarized light to excite excitons in the
K (K') wvalley. The next highest valence band with
opposite spin is separated by ~300 meV and is omitted for
clarity. b) Bloch Sphere representation of valley
pseudospin degree of freedom. Circular polarized light
prepares an exciton in [K> or |K™ state i.e. states at the
poles, whereas linear polarized light prepares an exciton
in a superposition of [K> and |[K"™ i.e. states at the equator.

The low energy bands with associated spin
configurations in monolayer WSe; are illustrated in Fig.
la. A dipole allowed (i.e., an optically bright) transition
can only occur if the electron in the conduction and the
missing electron in the valence band have parallel spins.
Thus, the transition between the lowest conduction band
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and the highest valence band is dipole forbidden, and the
lowest energy bright exciton transition is between the
second lowest conduction band and the highest valence
band as illustrated in Fig. la. Using o, (o_) polarized
excitation light, excitons are preferentially created in the
K (K') valley due to the valley contrasting optical
selection rules [1]. As with any binary quantum degree
of freedom, K and K’ valleys can be represented as a
vector on a Bloch sphere, as shown in Fig. 1b. The
degree of wvalley polarization is defined by the
normalized difference in cross-circular and co-circular
signals as

ICT‘OSS)/(ICO + ICT'OSS) (1)7

where 1., (I.-0ss) represents co (cross) circular polarized
PL intensity with respect to the excitation polarization.
Previous studies on monolayer WSe, have reported a
large valley polarization in steady-state PL experiments
[13,21] suggesting that the valley scattering rate is
slower or comparable with exciton population
recombination rate. In the Bloch sphere picture, a large
VP suggests that once the Bloch vector is initialized
along the north pole, it retains its orientation during
exciton population recombination time. On the other
hand, when a linearly polarized excitation laser is used, a
coherent superposition of two valley excitons is created
[21]. Such a coherent superposition state corresponds to
a Bloch vector on the equatorial circle. Previous
experiments suggest that exciton valley coherence, can
be monitored by the linearly polarized PL signal [22,23].
Here, we follow this method and quantify the degree of
valley coherence by the following definition

Pvc = (Icol - Icsl)/(lcol + Icsl) (),

where I.,;(I.5;) represents co (cross) linear polarized PL
intensity with respect to the excitation polarization.

pvp = (o —

We first investigate the change of VC and VP as a
function of energy across the exciton resonance on
mechanically exfoliated monolayers WSe, sample El
(Fig. 2c¢,d) and ES5 (Fig. 2a,b). Sample E1 is a hBN
encapsulated sample while sample E5 is a bare
monolayer on sapphire substrate. The list of all samples
studied and their labels are provided in the
supplementary material [24]. It is known that the degree
of valley polarization depends strongly on the excitation
wavelength [21,25]. In our experiments, the excitation
energy is chosen to be energetically close to the exciton
resonance to observe a finite degree of VC, but far
enough so that resonant Raman scattering does not
interfere with VC [21,25]. Unless mentioned otherwise,
for all PL measurements presented in this manuscript,
we use a continuous wave laser at 1.88 eV (i.e. 660 nm)
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and keep the power ~ 20 pW at the sample with a
focused spot size of ~ 2 um diameter. All measurements
were performed at temperature of ~ 13 K. A typical PL
spectrum of monolayer WSe, exhibits two spectrally
well resolved resonances corresponding to exciton and
trion (a charged exciton), respectively (data included in
supplementary [24]). There are two additional
resonances at the lower energy, which may be due to
either dark states or impurity bound states [26]. We
focus on valley physics associated with the exciton
resonance in this paper.
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Figure 2 (color online): a) The exciton resonance shows
co (cross) linear PL signal with respect to the linearly
polarized excitation laser on an exfoliated WSe,
monolayer. Corresponding VC is plotted on the right
vertical axis. b) Co and cross circular polarized PL
signal with respect to excitation polarization from the
same sample in a). The VP is plotted on the right vertical
axis. ¢) and d) Same measurements are repeated for a
hBN encapsulated monolayer WSe, with a much sharper
exciton linewidth ~ 4 meV.

Fig. 2a plots the co- and cross-linear polarized PL,
and the corresponding VC across the exciton resonance.
The VC drops to zero at the lower energy edge of the
exciton resonance which spectrally overlaps with the
trion resonance. Trions cannot exhibit VC in PL spectra
due to photon-spin entanglement [21,27]. Interestingly,
we observe a monotonic increase of the VC across the
inhomogeneously broadened exciton resonance with py
varying from 0 to 0.4 as shown in Fig. 2a. This
monotonic change in VC across the exciton resonance is
qualitatively repeated on all measured samples. VC
reaches the maximum value at high energy side of the
exciton and approaches zero at the low energy end. We
suggest that the increase of VC across the exciton
resonance arise from the degree of exciton localization
[17,28,29].
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In contrast, VP remains constant across the exciton
resonance with pyp ~ 0.48 as illustrated in Fig. 2b.
Previous studies suggested that only atomically sharp
potentials can induce inter-valley scattering and
depolarization of valley exciton [21]. Thus, the nearly
constant VP suggests that the inhomogeneously
broadened exciton resonance is mainly due to slowly
varying spatial potentials (in contrast to atomically sharp
potentials). Such disorder potential may be attributed to
local strain as well as shallow impurity potentials
[17,28,29]. This speculation is also consistent with the
observation that strongly localized excitons likely due to
deep, atomically sharp potentials appear at much lower
energy, ~ 100-200 meV below the exciton resonance
[30,31]. An important mechanism causing valley
depolarization is electron-hole exchange unaffected by
shallow potential fluctuations [32-34]. Other valley
scattering mechanisms such as Dyakanov-Perel (DP) and
Eliott-Yafet (EY) mechanisms are slower and considered
unimportant for excitons in TMDs [32].

Next, we study the VP and VC of a hBN
encapsulated monolayer WSe, with a narrow exciton PL
linewidth of ~ 4 meV. Fig. 2c-d plots the degree of
valley coherence and valley polarization across the
exciton resonance. We observe a very sharp rise of VC
at low energy side of the exciton followed by a plateau
of ~ 0.7 near the exciton peak and beyond. The VC
plateau suggests that a mobility edge exists within the
exciton resonance in this high quality sample. At energy
below the mobility edge, weakly localized excitons
experience gradually varying disorder potential. Beyond
the mobility edge, mostly delocalized excitons exhibit
the same degree of VC. The qualitative feature of VP
across the exciton resonance follows a similar trend, a
rapid rise transitioning to a plateau of ~0.6 near the
exciton peak. The rise of the VP in this sample is not
consistent with constant VP observed in other WSe;
monolayer samples. It may arise from other low energy
resonances that are spectrally distinct in the encapsulated
sample with a narrow exciton resonance.

To further investigate the role of disorder on valley
properties, we studied a total of eight monolayer WSe,
samples. We assume that the defect density is correlated
with the spectral shift between exciton resonances
measured in PL and absorption, known as the Stokes
Shift (SS). As a simple method based entirely on
commonly used linear optical spectroscopy methods, SS
has been used to characterize a wide variety of systems
[19,35] including defect density [36-38] and thickness
fluctuations in quantum wells [20,39,40] and size
distribution in ensembles of quantum dots [41,42].
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Figure 3 (color online): a) Stokes shift is shown as the
difference in energy between the absorption spectrum and
PL from the exciton resonance. Inset: SS dependence on
temperature b) VC (VP) is plotted with respect to SS. VC
shows an inverse dependence versus SS whereas VP shows
no recognizable trend.

A typical SS measurement is shown in Fig. 3a. The
PL and white light absorption spectra are taken from the
same exfoliated monolayer WSe, labeled E5. The
absorption spectrum is plotted as a differential and
normalized spectrum (Ts —T,,)/Ts, where T; is the
transmission through the substrate and T, is the
transmission through both the substrate and monolayer
sample. The exciton resonances in the PL and absorption
are fitted with Gaussian functions. The peaks extracted
from the fittings are indicated by the dotted lines,
yielding a 4.8 meV SS for this sample. As we increase
the temperature from 13K to room temperature, SS
varies within £0.6 meV (inset of Fig. 3a), which is
within the error bars of our measurements.
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To quantify the dependence of valley properties on
SS (and on disorder potentials), the above measurements
are repeated on all eight samples. For comparison across
different samples, the VC (or VP) value for each sample
is calculated by taking the average of the VC (or VP) in
a range spanning +o¢/6 from the exciton peak where o is
the fitted linewidth. We found the range of the spectral
integration does not change our qualitative conclusion.
Vertical error bars for VC (VP) in Fig. 3b are the
standard deviation of the VC (VP) values. Horizontal
error bars for SS in Fig. 3b are the sum of the fitting
errors of the absorption spectrum and the PL spectrum.
Some samples have small fitting errors and therefore
their error bars are not visible within the plotted SS
range. The results as summarized in Fig. 3b have a
number of interesting features. Firstly, VC is found to
decrease significantly with increasing SS of samples,
with a fractional drop of ~ 64 % between the samples
with the lowest to highest SS. Specifically, py. varies
from 0.69 to 0.25 as SS changes from 0 meV to 8.6
meV. Secondly, pyp varies from 0.43 to 0.6 across the
samples, and no clear correlation between VP and SS is
observed. Based on the assumption that SS is correlated
with the defect density in different samples, we infer that
disorder potential reduces VC but has no clearly
identified systematic influence on VP. This conclusion is
consistent with the spectral dependence of VC and VP
across the exciton resonance observed on individual
samples as reported in Fig. 2a-d. In addition, a recent
experiment [28] investigated spatial variations of VP and
VC on a CVD grown monolayer WSe,. While VP was
found to be mostly constant, VC showed significant
changes, likely arising from disorder potential.

In summary, we report an experimental study of the
effect of disorder on VC and VP in monolayer WSe,.
The low energy side of the exciton resonance is
associated with weakly localized excitons, and the high
energy side with more delocalized excitons. Using
steady state polarization resolved PL, we observe that
the VC increases across the inhomogeneously broadened
exciton resonance. In the highest quality exfoliated
sample encapsulated between hBN layers, a plateau of
VC is reached at energy beyond a mobility edge within
the exciton resonance. The existence of a mobility edge
within exciton resonance and its effect on trion
formation dynamics have been previously studied in
monolayer MoSe, [17]. VP and VC are then measured
for a number of samples with different SS (a measure of
disorder). VC varies inversely with SS while no clear
and systematic changes of VP have been observed across
different samples. Our observations suggest that shallow
disorder potentials have a crucial effect on the exciton
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valley coherence. Particularly, weakly localized excitons
lose valley coherence more rapidly than the delocalized
excitons. A recent theoretical study suggested that the
exciton intervalley scattering time from disorder
potential does not exhibit monotonic changes [43].
However, scattering time cannot be directly extracted
from steady-state PL experiments reported here. Our
work should motivate future experiments and
microscopic  theoretical studies necessary for a
comprehensive understanding of the effect of disorder
on valley properties in TMDs.
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