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Imaging of pure spin-valley diffusion
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Transition metal dichalcogenide (TMDC) materials are promising for spintronic and
valleytronic applications because valley-polarized excitations can be generated and
manipulated with circularly polarized photons and the valley and spin degrees of freedom
are locked by strong spin-orbital interactions. In this study we demonstrate efficient
generation of a pure and locked spin-valley diffusion current in tungsten disulfide
(WS,)-tungsten diselenide (WSe;) heterostructures without any driving electric field.

We imaged the propagation of valley current in real time and space by pump-probe
spectroscopy. The valley current in the heterostructures can live for more than 20 microseconds
and propagate over 20 micrometers; both the lifetime and the diffusion length can be
controlled through electrostatic gating. The high-efficiency and electric-field—free generation
of a locked spin-valley current in TMDC heterostructures holds promise for applications

in spin and valley devices.

ransition metal dichalcogenides (TMDCs)

offer a promising platform for applications

in spintronics and valleytronics because of

their distinctive electronic structure and

strong spin-orbital interactions (7-13). At
the K and K’ points of the Brillouin zone in
TMDCs, two degenerate but inequivalent valleys
are present, and these valleys can be used to en-
code binary information. In addition, spin-orbital
coupling leads to locked spin and valley degrees
of freedom in TMDC monolayers. The locked
spin-valley polarization of charge carriers can
exhibit a very long lifetime because intervalley
scattering requires a large momentum change
and a flip of the spin simultaneously and is there-
fore a rare event (14-18).

An outstanding challenge in spintronics and
valleytronics is to efficiently generate, transport,
and detect pure spin-valley current, which will
be crucial not only for understanding novel spin-
valley physics but also for potential applications
in charge-current-free devices with low power
consumption (79, 20). In traditional spintronic
systems, a transverse spin current is generated
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through the spin Hall effect in materials with a
large spin Hall angle, such as tantalum and tung-
sten (21-23). Similarly, a transverse valley current
has also been realized through the valley Hall
effect in TMDC materials, but with low efficiency
caused by a small valley Hall angle (13). In both
cases a strong driving electric field is necessary,
resulting in a dominant and unavoidable longi-
tudinal electric current.

In this study we exploited TMDC heterostruc-
tures for efficient optical generation of a pure
valley diffusion current without an external elec-
tric field, which is accompanied by a pure spin
diffusion current because of the spin-valley lock-
ing in TMDCs.

Figure 1, A and B, shows an optical microscopy
image and a side-view illustration of a repre-
sentative heterostructure device, respectively.
A WSe,-WS, heterostructure (black dashed box
in Fig. 1A) is encapsulated in two hexagonal
boron nitride (hBN) flakes, with the ~40-nm-thick
bottom hBN also serving as the gate dielectric.
A few-layer graphene (FLG) back gate is used to
tune the carrier concentration in the WSe,-WS,
heterostructure, and two FLG source and drain
contacts (yellow dashed boxes in Fig. 1A) are
symmetrically placed on two sides of the hetero-
structure. All of the two-dimensional materials
were first mechanically exfoliated from bulk crys-
tals and then stacked together by a dry transfer
method with a polyethylene terephthalate stamp
(24). The whole stack was then transferred onto
a 90-nm SiO,-Si substrate.

We first characterized the gate-dependent op-
tical transitions in the heterostructure by reflec-
tion spectroscopy. The results are summarized
in Fig. 1C for carrier concentrations ranging
from -5 x 10%/cm? (hole doping) to 5 x 10**/cm?
(electron doping). Two prominent resonance
features appear around 1.72 and 2.05 €V, corre-

sponding to the A exciton energies in the WSe,
and WS, monolayers, respectively. However, the
WSe, and WS, resonances exhibit distinctively
different gate dependencies. Resonances from
WSe, vary substantially on the hole-doping side,
showing both a decrease in the exciton response
and an emergence of the trion response, consist-
ent with the behavior of hole-doped monolayer
WSe, (25, 26). Meanwhile, the WS, resonance
shows only a slight red shift. The behavior on
the electron-doping side is the opposite: only a
slight red shift occurs in the WSe, resonance,
but the WS, exciton and trion transitions vary
markedly. This peculiar gate dependence can
be understood from the type II band alignment
(27-29) between WSe, and WS, (Fig. 1D): The
conduction and valence bands in WS, are lower
than the corresponding bands in WSe,. Conse-
quently, electrostatically induced electrons and
holes will stay only in the WS, and WSe, layers,
respectively.

We then generated a spin-valley current in the
hole-doped heterostructures by local circularly
polarized laser excitation (Fig. 2, A to D). This
mechanism exploits the selective coupling of
valley excitons to photon helicity, the ultrafast
interlayer charge transfer process, and the ultra-
long valley hole lifetime in WS,-WSe, hetero-
structures. First, left-handed circularly polarized
photons at 1.80 eV selectively excite K valley
excitons in WSe,. The excited electrons transfer
to the conduction band of WS, within the first
~100 fs (28, 29), turning off the exciton valley
depolarization channel (Maialle-Silva-Sham mech-
anism) (30) and creating excess valley-polarized
holes in the WSe, K valley (Fig. 2A) (18). After-
ward, electrons in WS, recombine with holes in
WSe, within ~100 ns. As discussed below, the re-
combinations with K valley and K' valley holes
in WSe, have almost equal probabilities (Fig. 2B),
which leads to an excess of K valley holes and
a deficiency of K’ valley holes in WSe, with an
ultralong lifetime of many microseconds (Fig.
2C). The local imbalance of valley-polarized holes
excited by a focused laser light can drive a pure
spin-valley diffusion current (with zero net charge
current) through diffusion in the heterostruc-
ture (Fig. 2D).

We performed spatial-temporal imaging of
the spin-valley current in the WS,-WSe, hetero-
structure by tracking the valley-polarized holes
in the device with space- and time-resolved cir-
cular dichroism spectroscopy. An elliptically
shaped pump beam at 1.80 eV efficiently gen-
erates spin- and valley-polarized holes in the
heterostructure, and a second elliptically shaped
probe beam at 1.70 eV probes their evolution
in space and time by varying both the spatial
separation and the temporal delay between the
pump and probe pulses (24). Figure 2E displays
the profile of the elliptically shaped pump and
probe beams at the sample, each with a half
width of ~1.5 um. The temporal delay At be-
tween the pump and probe pulses is electron-
ically generated by a data acquisition card with
12.5-ns resolution, whereas the spatial separa-
tion Ax between the pump and probe pulses
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along the width direction is controlled with
~0.2-um resolution by tuning the angle of a mir-
ror (24). The circular dichroic reflection contrast
of the probe pulse directly measures the valley-
polarized hole density in the heterostructure at

a specific probe position and time (18). All ex-
periments were carried out at 10 K.

Figure 2F shows the measured evolution of the
valley-polarized hole density in real space and real
time for the hole-doped WS,-WSe, heterostructure

c

at an initial electrostatic hole doping p, = 1 x
10"%/em?. The horizontal and vertical axes rep-
resent the temporal and spatial separation be-
tween the pump and probe pulses, respectively;
the colors represent the amplitude of the circular

|
o

Fig. 1. Gate-dependent optical transitions in the WSe,-WS, hetero-
structure. (A and B) Optical microscope image (A) and side-view
illustration (B) of the heterostructure device. Black and yellow dashed
boxes in (A) mark the heterostructure region and FLG source and
drain electrodes, respectively. Vg, gate voltage. (C) Doping-dependent
reflection contrast of the WSe,-WS; heterostructure. The dashed

line indicates charge neutrality. The two prominent resonances around
1.72 and 2.05 eV correspond to the A exciton energies in the WSe,

A ws WSe B ws WSe, c
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Fig. 2. Pure spin-valley diffusion current in hole-doped WSe,-WS,
heterostructures. (A to D) Experimental scheme for valley current
generation in hole-doped WSe,-WS, heterostructures. The dashed line
represents the Fermi level before optical excitation. (A) Excitons in the
K valley of WSe, are selectively excited by circularly polarized pump
light and efficiently converted into excess holes within ~100 fs through
the ultrafast interlayer charge transfer process. (B) Electrons in WS,
recombine with K valley and K’ valley holes in WSe, with almost equal
probabilities, resulting in an excess of K valley holes and a deficiency
of K" valley holes in WSe,. (C) This valley-polarized hole population
persists for tens of microseconds. (D) Local excitation of such valley-
polarized holes can drive a pure valley diffusion current (with zero

net charge current) through diffusion in the heterostructure. This pure
valley diffusion current will be unidirectional if holes are excited

at one edge of the device. (E to H) Spatial-temporal imaging of the pure
spin-valley current. (E) Elliptically shaped pump and probe beam
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and WS, monolayers, respectively, which exhibit distinctively different
doping dependencies because of the type Il band alignment of the
heterostructure. (D) Type Il band alignment of the WSe, and WS,
interface. The conduction band minimum and the valence band
maximum reside in WS, and WSe,, respectively. Electrostatically
doped electrons stay only in WS, for the n-doping case (left panel),
whereas holes stay only in WSe, for the p-doping case (right panel).
Er, Fermi energy.
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profiles, each with a ~1.5-um half width. The long axis of the elliptical
light (>50 um) is much longer than the sample width (~10 um). Therefore,
the illumination is nearly homogeneous along the long axis direction.

(F) The spatial-temporal evolution of spin- and valley-polarized holes in the
heterostructure with an initial hole doping po = 1 x 10*?/cm?. The hori-
zontal and vertical axes represent the temporal and spatial separation
between the pump and probe pulses, respectively. The colors represent the
amplitude of the circular dichroism signal on a logarithmic scale, which

is proportional to the valley-polarized hole density. The fast decrease in
signal at small Ax values and the increase in signal at large Ax values
signify the propagation of a valley diffusion current, which can be well
captured by simulation from a diffusion-decay model (G). (H) Horizontal
cuts from (F) (symbols) and fits from the diffusion-decay model (curves)
over a longer time scale. The whole region within Ax = 8 um becomes
homogeneous after 2 us because of the diffusive valley current and shows
an overall slow decay afterward.
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dichroism signal on a logarithmic scale. The sig-
nal at the origin (corresponding to spatially and
temporally overlapped pump and probe pulses)
is normalized to 1. At zero time delay, the valley-
polarized hole population is localized at the origin
with a distribution matching the pump profile
(half width of ~1.5 um), and the circular dichroism
signal is negligible at pump-probe separations
larger than 3 um. After a finite delay time, valley-
polarized holes start to diffuse out of the excita-
tion region, generating a pure spin-valley diffusion
current. This leads to a strong decrease in signal
close to the origin but an increase in signal in the
region with large pump-probe spatial separation.
In particular, a finite signal emerges at Az > 3 um,
where no valley polarization is present from the
direct pump excitation. As illustrated in Fig. 2F,
the valley current can readily propagate to a dis-
tance of more than 8 um within a time period
of 800 ns.

‘We can compare the measured spatial-temporal
image of the valley-polarized hole density to dif-
fusion theory and extract important dynamic
transport parameters. The spatial-temporal evo-
lution of the one-dimensional valley-polarized
hole density Ap,(, t) is described by a simple
diffusion-decay model (24)

_ M g
Apo(, ) ol 1 4D e e 1)

where Ap, is the total number of pump-induced
spin- and valley-polarized holes, o, is the half
width of the pump beam, D is the hole diffusion
constant, and  is the lifetime of valley-polarized
holes (limited by a finite intervalley scattering
time). The pump-probe signal S(Ax, At) can be
calculated by convolving Ap,(x, At) with the
probe beam intensity 7{x) at a given pump-probe
separation Az (24). Figure 2G shows the sim-
ulated pump-probe signal with a hole diffusion
constant of D = 0.2 cm?/s and a valley lifetime of
T = 20 ps. The excellent agreement between the
experimental and theoretical results confirms the
diffusion-dominated dynamics of valley-polarized
holes. Figure 2H shows several horizontal line
cuts of Fig. 2F over a longer time scale (different
curves are shifted vertically and successively by
40% of the major tick separation for visual clar-
ity; fig. S2 illustrates vertical line cuts). We ob-
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Fig. 3. Strong modulation of spin-valley current with electrostatic
gating. (A and C) Spatial-temporal imaging of spin-valley current at
initial hole concentrations of near zero (A) and 2.8 x 10*2/cm? (C).

(B and D) Corresponding simulation results from the diffusion-decay
model. The valley-polarized holes have negligible diffusion near the charge-

Jin et al., Science 360, 893-896 (2018) 25 May 2018

served that the whole region within Az = 8 um
became homogeneous after 2 us because of the
diffusive valley current and exhibited an overall
slow decay afterward. This dynamic is well cap-
tured by the diffusion-decay model in Eq. 1 (curves
in Fig. 2H). The valley lifetime of © = 20 us ex-
tracted here is more than one order of magnitude
longer than the earlier reported values (14-18).
From the valley hole diffusion constant and val-
ley polarization lifetime, we obtain a valley dif-
fusion length of I = v/Dt = 20 pm. In addition,
the optical generation can produce a very high
valley current density, reaching 2 x 107 A/m? in the
~1-nm-thick heterostructure at a valley-polarized
hole density of 10%/cm? (24).

The photo-generated valley diffusion current
can be modulated substantially through electro-
static gating. Figure 3, A and C, shows the spatial-
temporal mapping of the valley-polarized hole
density with the initial hole doping at ~0 and
2.8 x 10™%/cm?, respectively. We found that the
valley-polarized hole density decays over time
but maintains the same spatial profile for near-
zero initial doping (Fig. 3A). This indicates that
at the low-doping limit valley-polarized holes are
largely localized and there is no valley current.
In contrast, the valley diffusion current flow be-
comes quite large for the highly hole-doped het-
erostructure at 2.8 x 10%/cm? (Fig. 3C), leading
to a peak spin-valley diffusion current density of
1.2 x 10° A/m? at a valley-polarized hole density
of 10%/cm?® (24).

Figure 3, B and D, shows theoretical mod-
eling of the valley hole diffusion at p, = 0 and
2.8 x 10'%/cm?, respectively. The extracted diffu-
sion constants are summarized in Fig. 3E. From
the diffusion constant, we can directly obtain
the density-dependent hole mobility using the
Einstein relation for a Fermi liquid at 10 K (24).
The holes are almost completely localized at a
doping level close to the charge neutrality point.
Therefore, both the diffusion constant and the
mobility are negligibly small. At larger carrier
concentrations, the hole diffusion constant and
the mobility both increase substantially, reach-
ing D =12 cm?*/sandp = 160 cm?/(V -s) at p, =
2.8 x 10/cm> The localization of holes at low
carrier density signifies a mobility edge in TMDC
materials, which may be related to Anderson lo-
calization from potential fluctuations (3I). Tra-

0
800 0 50 100
Delay time (ns)

6
1 1D

ditional low-temperature transport measurements
at such low carrier concentrations are quite chal-
lenging or almost impossible because of an expo-
nentially large contact resistance. In this study the
spatially and temporally resolved optical imaging
provided a contact-free approach to measure the
intrinsic charge transport in TMDCs, and it can
be a powerful and general tool for characterizing
the transport behavior of two-dimensional sys-
tems at low carrier concentrations.

Like the hole diffusion constant, the valley-
polarized hole lifetime also depends strongly
on the electrostatic gating. Notably, the valley-
polarized hole population (Ap, = Apx — Apx'),
where Apx and Apy- are photo-generated excess
hole densities in the K and K’ valleys of WSe,,
respectively, can exhibit very different behav-
ior from the total excess hole population (Apy =
Apx + Apx’). The different dynamic behaviors
of Apot and Ap,, can be probed from the sum
and difference responses of left and right cir-
cularly polarized probe light, respectively (18).
Figure 4A shows the population decay of the total
excess holes in the heterostructure at Ax = 0
for different initial carrier concentrations, with
the decay constants summarized in Fig. 4B (tri-
angles). The decay lifetime of Ap, ranges from
20 to 500 ns and becomes shorter at both greater
electron doping and greater hole doping of the
heterostructures. In contrast, the valley-polarized
hole lifetime (circles in Fig. 4B) is the same as
the total hole population lifetime for charge-
neutral and electron-doped heterostructures but
decouples and becomes much longer for hole-
doped cases.

The unusual dynamics of doping-dependent
valley lifetime arises from the distinctive inter-
layer electron-hole recombination process in the
heterostructure, as illustrated in Fig. 4, C and D
(24). For electron-doped or charge-neutral het-
erostructures (Fig. 4C), all of the holes in WSe,
are pump-generated “excess holes.” Therefore,
when Apy,; decays to zero because of interlayer
electron-hole recombination, no holes—and cer-
tainly no valley-polarized holes—remain in the
WSe,. In these cases, the valley lifetime is lim-
ited by the total excess hole lifetime. The scenario
is completely different for hole-doped hetero-
structures (Fig. 4D). If the original hole density
is much larger than the photo-generated one,

D . o
0o 8 Azoo 2 %
e 2 A
5 o % 150} 152
4 052 =
% ‘0;100 Vo o%
3 a % — A g
1 98
2 6:{ g sor 05§
6 o vV — 2
. 45 2 o ﬁ . . _ J0oE
=]
150 0 50 100 150 B 0 1 2 3
Delay time (ns) Hole density (10'%/cm?)
neutral point (A and B). In contrast, holes diffuse efficiently at large
hole doping (C and D), creating a large spin-valley current density
up to 1.2 x 10% A/m? at an optical excitation density of 10%/cm?.
(E) Extracted hole diffusion constant (red) and mobility (blue) show a
strong dependence on the initial hole concentration.
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Fig. 4. Doping-dependent lifetime of total excess hole and valley-
polarized hole populations. (A) Decay dynamics of the total excess hole
density at different initial carrier concentrations. The decay lifetime is
longest near charge neutrality and decreases with both electron doping
(positive carrier concentration) and hole doping (negative carrier concen-
tration). (B) Comparison between valley-polarized hole lifetime (circles)
and total excess hole lifetime (triangles). The valley lifetime is limited by
the total population lifetime in charge-neutral and electron-doped hetero-
structures; in hole-doped heterostructures the valley lifetime can be orders
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of magnitude longer than the total excess hole lifetime. (C) For electron-
doped or charge-neutral heterostructures, interlayer electron-hole recom-
bination directly reduces the valley-polarized hole density. Dark and light
blue colors represent the electrostatically injected electrons and photo-
generated electrons, respectively. (D) If the initial hole doping density
(dark red) is much larger than the photo-generated one (light red),
electrons in WS, (blue) will recombine with holes at K and K’ valleys of
WSe, with almost equal probabilities, reducing only the total excess hole
population but not the valley-polarized hole density.

excess electrons in WS, will recombine with holes
from both valleys of WSe, with almost equal prob-
abilities (24). Consequently, the valley-polarized
hole density Ap, decouples from the net excess
hole population Ap,,; and persists long after the
latter decays to zero, enabling the generation of
a pure spin-valley diffusion current.

The generation efficiency of a pure spin-valley
diffusion current in our heterostructure-based
device can be very high because of the near-
perfect conversion from optical excitation to the
pure valley diffusion current (24). Because of the
lack of any associated charge current in our
device, the pure spin-valley diffusion current
density scales linearly with the optical excita-
tion power, as opposed to the square-root scaling
with power for electrically generated current.
Therefore, the power efficiency of heterostruc-
ture devices can be favorable for generating
large spin and valley current. Along with the
ultralong spin-valley lifetimes and diffusion
lengths, TMDC heterostructures provide exciting
opportunities to realize future spintronic and
valleytronic devices.
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Tracking the spin-valley current

Taking advantage of the electron's spin and valley degrees of freedom requires a method for generating currents
of carriers that have a particular spin or come from a particular valley in the electronic structure. Jin et al. used a
heterostructure made out of adjacent layers of WSe 5 and WS to create a spin-valley diffusion current without applying
an external electric field. Instead, they used circularly polarized laser light to initiate the diffusion and a second laser
pulse to image the propagation of the carriers. With long lifetimes and diffusion lengths, the method may be of practical
use in future valleytronic devices.
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