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Using a spatially resolved optical pump-probe experiment, we measure the lateral transport of spin-
valley polarized electrons over very long distances (tens of micrometers) in a single WSe, monolayer. By
locally pumping the Fermi sea of 2D electrons to a high degree of spin-valley polarization (up to 75%)
using circularly polarized light, the lateral diffusion of the electron polarization can be mapped out via the
photoluminescence induced by a spatially separated and linearly polarized probe laser. Up to 25% spin-
valley polarization is observed at pump-probe separations up to 20 pgm. Characteristic spin-valley
diffusion lengths of 18 £ 3 ym are revealed at low temperatures. The dependence on temperature, pump
helicity, pump intensity, and electron density highlight the key roles played by spin relaxation time and
pumping efficiency on polarized electron transport in monolayer semiconductors possessing spin-valley

locking.
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Atomically thin transition metal dichalcogenide (TMD)
semiconductors such as MoS, have sparked a renewed
interest in exploiting both spin and valley degrees of
freedom, owing to the remarkable spin-valley locking
effects that originate from their lack of inversion symmetry
and strong spin-orbit coupling [1-4]. This dictates that the
spin and valley degrees of freedom for carriers in the band
extrema (electron in the bottom conduction band or holes in
the top valence band) are mutually protected; i.e., relax-
ation requires both a change of valley (for instance, with a
momentum-conserving phonon) and also a spin flip. (In the
following and for simplicity we will mainly use the term
“spin” instead of spin-valley knowing that the two degrees
of freedom are coupled.) An important consequence is that
electron or hole spin relaxation times can reach very large
values—in the microsecond range [5—7]. One can expect
that this spin-valley locking will also have a strong impact
on the lateral transport of electron spin polarization [8].
However, very little is known about the spatial dependence
of free carrier spin polarization in these TMD monolayers
(ML) despite its crucial relevance for spin(valley)tronics
applications using 2D materials [9—11]. Spatial mapping of
lateral spin transport in these 2D layers is also important
from the point of view of fundamental physics, as it should
reveal critical information about possible magnetic phase
transitions and valley-polarized collective states that have
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been theoretically predicted in electron- or hole-doped
TMD ML [12-14].

Spatial mapping studies of spin polarization are scarce
since (i) in transport experiments, the fabrication of four-
terminal nonlocal geometry devices is very challenging
with a single TMD ML [15,16] and (ii) in optical
measurements, the properties are usually dominated by
robust exciton complexes that are characterized by pico-
second lifetimes and very limited diffusion lengths, i.e.,
typically ~1 ym at low temperature [17-25]. Small spin
diffusion lengths of holes L, less than 0.1 ym were
estimated from valley Hall effect measurements in a
WSe, ML [26], whereas electron spin transport investiga-
tions in few-layer MoS, using a two-terminal spin-valve
configuration geometry yielded L, ~0.4 yum [27]. The
spin-valley diffusion properties have also been investigated
in WS,-WSe, bilayer heterostructure where the diffusion
length is controlled by both inter-layer excitons and
resident holes [28].

Here, we locally polarize the Fermi sea of resident
electrons in an n-doped WSe, ML with a circularly
polarized pump laser, and study how the imbalance
between spin-up (K’ valley) and spin-down (K valley)
electrons evolves in space by using a weak linearly
polarized probe laser to induce photoluminescence (PL)
at a tunable distance d from the pump spot. The circular
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FIG. 1. (a) Sketch of the charge tunable WSe, ML (not to
scale). Two laser spots (pump and probe) separated by a distance
d, are focused on the sample. The pump is circularly polarized
(o+) and dynamically polarizes the resident electrons in the K’
valley with spin up. This spin-valley polarization diffuses over
long distances (sketched by the vertical red arrows representing
the average electron spin along the direction perpendicular to the
ML) and is detected by a linearly polarized (oy) probe. The
circular polarization of the probe-induced X5~ and X'~ PL
provides a quantitative measurement of the polarization of the 2D
electron sea at the location of the probe spot. (b) Characterizing
the PL from the sample vs gate voltage (i.e., electron doping
density) for the case of a single excitation laser. The horizontal
dashed line indicates the doping region where the experiment is
conducted. (c) Three-particle configurations of triplet (X”~) and
singlet (X57) trions, when resident electrons are polarized in the
K’ valley. X7~ (X57) mainly emits 6+ (6—) PL.

polarization of the induced trion PL reveals the spin
polarization of the resident electrons at the probe’s
location. We demonstrate that the polarization of resident
electrons can propagate over very large distances; we
detect polarizations as large as 25% at a pump-probe
separation of d = 20 ym. The spatial decay of the electron
polarization yields typical spin diffusion length up to L, =
18 um at T =7 K. Finally, we show that the spin-valley
pumping efficiency decreases as the temperature increases,
as a consequence of the strongly temperature-dependent
spin-valley relaxation time.

Figure 1(a) presents a schematic of the pump-probe PL
experiment performed on a high-quality charge-adjustable
WSe, ML encapsulated in hBN [29]. Continuous wave
He-Ne laser beams (4 = 632.8 nm) are used for both pump
and probe. Using the same high numerical aperture objec-
tive, the two beams are focused on the sample at two
different positions separated by a distance d. Spots sizes are

~1 pum diameter. The pump beam is right circularly polar-
ized (0+), whereas the probe beam is linearly polarized (o).
We detect both right (6+) and left (6—) circularly polarized
luminescence triggered by the probe beam, as a function of
the pump-probe separation d. Details of the sample fab-
rication and the experimental setup are given in the
Supplemental Material [30] S1, S2, and S3, which includes
Refs [31-34].

We first show in Fig. 1(b) the characteristic PL response
of the device as a function of bias voltage (i.e., electron
density) in response to a single excitation laser. In agree-
ment with many previous reports, the PL spectra in the high
energy range are dominated by the recombination of the
bright (X°) the dark (X”) neutral exciton and the well
identified intravalley (singlet) X5~ and intervalley (triplet)
X"~ negatively charged excitons which are composed of
two electrons and one hole [see Fig. 1(c)] [35-37]. In the
moderate doping density regime investigated here (a few
10" cm™2), the resident electrons only populate the lower
conduction bands in both the K and K’ valleys. Note that
in this small doping regime the three-particle picture
(i.e., trion) and the Fermi-polaron description are both
relevant [10,38].

Importantly the degree of circular polarization of the
X"~ and X5~ PL can serve as a quantitative probe of the
spin-valley polarization of the resident electrons, as demo-
nstrated in Ref. [39] and as summarized below. Assuming
that the trions are formed through the binding of photo-
generated bright excitons with a resident electron (i.e., a
bimolecular formation process [40]), the circular polariza-
tion of the triplet P.(X”~) and singlet P.(X5~) are simply
related to the spin polarization of the resident electrons
P, = [(an/ — niK)/(an/ + nik)] [where nZK/ and niK
are the populations of resident electrons with spin-up (K’
valley) and spin-down (K valley)] and the polarization of the
photogenerated excitons Py =[(NK —N&')/(NK+NK))
(where N§ and NOK/ are the populations of photogenerated
bright excitons with carriers in the K and K’ valleys):

Py+ P,

Triplet P.(XT-) = 2" "¢ 1
riplet P.(X'™) T+ PoP, (1)
P,—P
Singlet P, (X5~) = —% "¢ 2
inglet P.(X°7) = PoP, (2)

By measuring both P.(X7~) and P.(X5~) we can thus
easily quantify the polarization of the resident electrons P,.

We first characterize in Fig. 2(a) the PL spectra
emitted following a circularly polarized (6+) laser exci-
tation (power =5 yW and electron doping density =
4 x 10" cm™?). The circular polarization of the triplet
trion X7~ PL reaches very large positive values, while it is
negative for the singlet trion X5~ PL. This is a direct
consequence of a spin-valley pumping mechanism that
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FIG. 2. Right (6+) and left (6—) circularly polarized PL spectra
and corresponding circular polarization degree, in response to
(a) the o+ pump only, (b) the linear o probe only and (c) the ox
probe in the presence of a o+ pump separated by distance
d = 15.6 ym. The strong circular polarization of the trion PL
demonstrates that the resident electrons are strongly spin-valley
polarized at the position of the probe laser. T =5 K.

dynamically polarizes the resident electrons in the K’
valley with spin-up [39]. Note that the efficiency of the
spin-valley pumping mechanism depends on both exci-
tation power and doping density. The electron density
chosen here maximizes the electron spin polarization
while keeping a sufficiently intense trion PL [39].
Using the values of P.(X7~) and P.(X5"), we find that
the polarization of resident electrons induced by the laser
attains values as large as P, = 76% (i.e., the resident
electrons mainly populate the lower spin-up conduction
band in the K’ valley) while the polarization of the
photogenerated excitons Py is 51%.

We then show, in Fig. 2(b), the PL spectra emitted
following a weak linearly polarized (cy) laser excitation
(power = 200 nW). As expected, there is no circular
polarization of X7~ or X5~ PL because Py, =0 (linear
excitation) and P, = 0 (no spin-valley pumping mecha-
nism for linear excitation).

Figure 2(c) shows the first key result of our work. It
presents the PL spectra induced by the weak oy laser
(probe), but now in the presence of the o+ laser (pump) that
is separated by a distance d = 15.6 um (see the
Supplemental Material [30] S3 and S4 for a detailed
description of the experimental protocol). Remarkably,
now we observe a very large circular polarization for both

trions (~+50% for X'~ and ~—40% for X57).
Because P, = 0 for the probe (linear excitation), this result
directly reveals the polarization of the resident electrons
at the location of the probe [ie., P.(X'~)=P, and
P.(X57) = —P,; see Egs. (1) and (2)]. Because the linearly
polarized probe itself does not polarize the resident
electrons (as shown above), this demonstrates that the spin
polarization of the resident electrons induced by the pump
propagates in the 2D layer plane and can be detected by
measuring the circular polarization of the trion PL below
the probe. A key advantage of this PL-based pump-probe
experiment in comparison to well-known and powerful
Kerr or Faraday rotation spin imaging methods [41,42] is
that it allows to quantify, in absolute terms, the spin
polarization of the electron Fermi sea. We show in the
Supplemental Material [30] S5 and S6 the dependence of
the signal on both pump and probe power as well as the
dependence with the doping density.

Figure 3(a) presents the main result of this work. It
displays the dependence of the probe PL circular polari-
zation of both trions as a function of the pump-probe
separation d. Additional details are given in the
Supplemental Material [30] S9 that includes Ref [43]. A
spatial decay of the spin polarization of resident electrons
is clearly evidenced, but the resident electron polarization
induced by the pump can propagate on length scales larger
than 20 yum. We find that the spin polarization decays
approximately exponentially with a spin diffusion length
of Ly =18+3 um. This is among the longest spin
diffusion lengths reported in semiconductors, despite a
modest carrier mobility [44—46]. It is ten times larger than
L, measured in silicon or p-type GaAs at low temperature,
and is similar to the spin diffusion length measured in
n-doped GaAs bulk [42,47-49] or quantum wells [50-52].
Remarkably, the spin diffusion length we measure here for
a WSe, ML is very similar to the one determined in
graphene monolayers, which are usually characterized by a
much larger electron mobility and lower spin-orbit cou-
pling. Using ‘nonlocal’ spin valve geometries in graphene,
spin diffusion lengths of 2 ym were measured and record
values of L, =30 ym were more recently reported
[53,54]. This underlines the key role played by the
spin-valley locking effect in TMD ML on carrier spin
propagation. Note that the measured spin diffusion length
of 18 um is consistent with electron spin-valley relaxation
time and electron mobilities recently measured in very
comparable n-doped WSe, ML devices. In a simplified
picture based on Einstein relations, we can infer a calcu-
lated spin diffusion length of L;=+/D,t,~ 10 um, using:
(i) the electron mobility yu, recently measured in hBN
encapsulated TMD MLs—typically 3000 cm?/(V.s)
[44—-46] and assuming that the spin diffusion coefficient
is equal to the charge diffusion coefficient (D, =
D~ u,kT/e) [52,54]; (ii) the spin-valley relaxation time
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FIG. 3. (a) Circular polarization degree of the X7~ and X5~
trion PL, as a function of the pump-probe separation d. The solid
lines are exponential fits. (b) Circular polarization degree of X7~
and X5~ trion PL, at a fixed pump-probe separation, versus the
pump helicity. 7 =7 K.

obtained from time-resolved Kerr rotation (~1 us for a
doping density of about 4 x 10'! cm™2) shown in the
Supplemental Material [30] S7.

Next, we demonstrate that the electron spin polarization
detected at the probe location smoothly tracks the helicity
of the pump beam as expected for spin diffusion process.
Figure 3(b) presents the circular polarization degree of X7~
and X5~ at the probe spot when the pump spot is
continuously tuned from purely circular 6+ to purely
circular 6— through elliptical and linear polarizations. As
expected we observe a change of sign of PL circular
polarization when the helicity of the pump is reversed, and
a near-linear dependence of the electron spin polarization
on the circular polarization degree of the pump excitation.

Finally, we investigate the temperature dependence of
the lateral transport of electron spin in the WSe, ML.
Figure 4(a) shows the spin polarization of the resident
electrons P, as a function of the pump-probe separation,
and at various temperatures. Because slightly different
values of P, can be inferred from the polarization of
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FIG. 4. (a) Temperature dependence of the spin polarization of
the resident electrons (P,) at the probe location, versus pump-
probe separation d. (b) Spin polarization generated below the
pump spot (PY) as a function of temperature, as extracted from the
measurement of the circular polarization of X”~ and X5~ shown
in the Supplemental Material [30] S8. The red dotted line is a
guide for the eye. These values of PO are used to fit the results of
panel (a) with monoexponential decays P,(d) = Pexp(—d/Ly)
that are shown by the solid lines.

X"~ and X5~ (see Fig. 3), we plot here an average between
the two values (P, = {[P.(XT7) — P.(X57)]/2}). While
electron spin transport can be clearly observed up to a
temperature of 25 K, the amplitude of the spin polarization
decreases compared to the measurements at 7 = 5 K. For
temperatures larger than 25 K, no spin polarization can be
observed at a distance larger than 10 ym. It turns out that
the main origin of this drop of the non-local spin polari-
zation is the decrease of the efficiency of the spin pumping
itself, i.e., the generation of spin polarized resident elec-
trons by the pump. Figure 4(b) displays temperature
dependence of the resident electron spin polarization
obtained from the measured X7~ and X5~ trion PL circular
polarizations induced by the pump and detected at the
pump location [39] (same experiment as in Figure 2(a), raw
data are shown in the Supplemental Material [30] S8). We
observe that the dynamical polarization of the resident
electrons decreases drastically between 5 and 30 K. This is
a consequence of the decrease of the spin-valley pumping
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efficiency itself, due to the decrease of the spin-valley
relaxation time which drops by a factor ~10 in this
temperature range, as measured recently by time-resolved
Kerr rotation experiments on a similar gated and hBN-
encapsulated WSe, ML [6].

We note that our spatially resolved studies are consistent
with lateral diffusion of spin polarized electrons in the
WSe, monolayer, and do not show evidence of a sponta-
neous magnetic ordering in the spin-polarized electron gas,
as was theoretically predicted to occur in TMD MLs as a
consequence of strong exchange interactions [12—14,55].
Specifically, the measured non-local electron polarization
varies smoothly with changes in pump intensity, pump
helicity, and temperature, and does not show any abrupt
discontinuities or saturation or hysteresis that would
indicate a transition to an ordered ferromagnetic phase.
Moreover, the approximately exponential spatial decay of
the polarization signal is in line with expectations of a spin
diffusion process, and does not show any sudden variations
that might be expected from the formation of ferromagneti-
cally-ordered domains.

In conclusion we have investigated the spin-valley
diffusion transport of free electrons in a WSe, ML. In
contrast to previous investigations in TMD MLs where the
diffusion properties were dominated by short-lived exciton
complexes, the efficient spin-valley pumping of resident
electrons allows us to evidence transport of spin-valley
information over very long distances, with a typical
diffusion length of 18 ym. This is a consequence of the
long spin-valley relaxation time induced by the unique
spin-valley locking effect in this atomically thin crystal. To
separate the effects of diffusion and relaxation, spin grating
experiments could be performed in the future to measure
accurately the spin diffusion coefficient independently
from the charge diffusion coefficient [50,51]. We also
anticipate that improvements in the charge mobility of
carriers in higher quality material [56] may result in longer
spin diffusion length. Spatially extended hole spin diffusion
is also expected in these TMD monolayers, given similarly
long spin-valley lifetimes and even stronger spin-valley
locking due to the huge spin-orbit splitting in the valence
bands. The control of the spin transport properties with an
in-plane electric field is the next challenge for future
possible applications in spin(valley)tronics.
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