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Long-distance decay-less spin transport in
indirect excitons in a van der Waals
heterostructure

Zhiwen Zhou , E. A. Szwed, D. J. Choksy, L. H. Fowler-Gerace & L. V. Butov

In addition to its fundamental interest, the long-distance spin transport is
essential for spintronic devices. However, the spin relaxation caused by scat-
tering of the particles carrying the spin limits spin transport. We explored spa-
tially indirect excitons (IXs) in van der Waals heterostructures composed of
atomically thin layers of transition-metal dichalcogenides as spin carries. We
observed the long-distance spin transport: the spin polarized excitons travel
over the entire sample, ~10 micron away from the excitation spot, with no spin
density decay. This transport is characterized by the 1/e decay distances reach-
ing ~100 micron. The 1/e decay distances are extracted from fits over the ~10
micron sample size. The emergence of long-distance spin transport is observed
at the densities and temperatureswhere the IX transport decay distances and, in
turn, scattering times are strongly enhanced. The suppression of IX scattering
suppresses the spin relaxation and enables the long-distance spin transport.

The physics of spin transport includes a number of fundamental
phenomena, such as the current-induced spin orientation (the spin
Hall effect)1–4, the spin drift, diffusion and drag5–7, the quantum spin
Hall effect8–10, and the persistent spin helix11. In addition to its funda-
mental interest, long-distance spin transport with suppressed spin
losses is essential for developing spintronic devices, which may offer
advantages in dissipation, size, and speed over charge-based devices12.

Spatially indirect excitons (IXs), also known as interlayer excitons,
in heterostructures (HS) canenable the realization of the long-distance
spin transfer. IXs are composed of electrons and holes confined in
separated layers13. Due to the separation of electron and hole layers,
the IX lifetimes can exceed the lifetimes of spatially direct excitons
(DXs) by orders of magnitude. Due to their long lifetimes, IXs can cool
down below the temperature of quantum degeneracy and form a
condensate14 and can travel over long distances15. Traveling particles
can transfer the spin state. However, the particle scattering causes
fluctuating effective magnetic fields originating from the spin-orbit
interaction in noncentrosymmetric materials and, as a result, causes
the spin relaxation that limits the spin transfer16. Therefore, the range
of spin transport can be extended by suppressing the scattering of the
particles carrying the spin states. This can be achieved with IXs: The
suppression of scattering in IX condensate can suppress the spin

relaxation and allow long-distance spin transport. In addition, in con-
trast toDXs, the electron-hole separation in IXs suppresses the overlap
of the electron and hole wave functions and, as a result, suppresses the
spin relaxation due to electron-hole exchange17.

IXs can be created in various HS, in particular, in GaAs HS18–22, in
GaN HS23, and in ZnO HS24. Since the temperature of quantum
degeneracy, which can be achieved for excitons, scales proportionally
to the exciton binding energy EX25, IXswith high EX can form aplatform
for the realization of high-temperature long-distance spin transport.

IXs in GaAs HS have low EX ≲ 10meV26,27, and the highest
EX ~ 30meV for IXs in III–V and II–VI semiconductor HS is achieved in
ZnO HS24. Van der Waals HS composed of atomically thin layers of
transition-metal dichalcogenides (TMD) enable the realization of
excitons with remarkably high binding energies28–31 and EX for IXs in
TMD HS reach hundreds of meV25,32,33.

TMD HS also give an opportunity to explore spin transport in
periodic potentials due tomoiré superlattices. The period of the latter

b � a=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δθ2 + δ2
p

is typically in the 10 nm range (a is the lattice con-
stant, δ the lattice mismatch, δθ the deviation of the twist angle
between the layers from iπ/3, i is an integer)34–49. The moiré potentials
can be affected by atomic reconstruction50–52 and by the disorder.
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In addition, due to the coupling of the spin and valley indices in TMD
HS53–56, the spin transport is coupled to the valley transport (therefore,
for simplicity, we will use the term ‘spin’ also for ‘spin-valley’).

Detecting the transport of spin-polarized excitons via spatially-
and polarization-resolved imaging of exciton luminescence gives the
direct measurement of spin transport. Earlier studies using this
method led to the observation of spin transport with 1/e decay dis-
tances ds

1=e up to a few μm in IXs in TMD HS57–60. Spin transport with
ds
1=e of a few μmwas also observed inDXs61, and the excitation-induced

polarization was found to lead to the emergence of ferromagnetic
order62 and to electron or hole spin transport with a spin diffusion
length up to ca. 20μm63,64 in TMD. Spin relaxation due to scattering of
the particles carrying the spin-limited spin transport distances16.

In this work, we observed in a MoSe2/WSe2 HS the IX mediated
long-distance spin transport: the spin polarized excitons travel over the
entire sample, ~10 micron away from the excitation spot, with no spin
density decay. This transport is characterized by the 1/e decay distances
reaching ~100μm. The long-distance spin transport vanishes at high
temperatures.With increasing IXdensity, weobserved spin localization,
then long-distance spin transport, and then reentrant spin localization.

Results
MoSe2/WSe2 heterostructure
We study MoSe2/WSe2 HS assembled by stacking mechanically exfo-
liated 2D crystals [Supplementary Fig. S1]. IXs are formed from

electrons and holes confined in adjacent MoSe2 andWSe2 monolayers
(ML), respectively, encapsulated byhBN layers. No voltage is applied in
theHS. IXs form the lowest-energy exciton state in theMoSe2/WSe2HS
(Supplementary Fig. S1). The HS details are presented in SI.

IX generation and detection
Both the long-distance IX transport65 and the long-distance spin
transport, which is described below, are realized when the optical
excitation has the energy Eex close to the energy of DXs in the HS. The
resonant excitation allows for lowering the excitation-induced heating
of the IX system. In particular, the colder IXs created by the resonant
excitation screen theHSdisordermoreeffectively66–68. In thiswork, the
laser excitation with Eex = 1.689 eV is resonant to WSe2 DX.

Both spin generation and detection in IXs are achieved by optical
means via photon polarization. The circularly polarized laser excita-
tion is focused to a ~ 2μm spot, and the spin propagation is detected
by the polarization-resolved PL imaging. Figure 1a shows a high degree
of circular polarization in the excitation spot, indicating an effective
transfer of the optically generated spin-polarized DXs to the spin-
polarized IXs with the spin relaxation time long compared to the
exciton recombination and energy relaxation times.

IX-mediated spin transport
Thepropagationof spin-polarized IXs from the excitation spot transfer
the spin polarization. For the particular IX densities and temperatures,

Fig. 1 | The long-distance spin-valley transport in IXs in MoSe2/WSe2 HS. a The
circular polarization of IX PL. The blue (red) spectrum is co-polarized (cross-
polarized) with the circularly polarized laser excitation. b Co-polarized Iσ + (blue)
and cross-polarized Iσ� (red) IX PL intensity vs. the distance from the laser excita-
tion spot centered at x =0. The HS active area extends from x ~ − 3 to 10μm. The
polarized IX PL propagates through the entire HS. c The degree of circular polar-
ization of IX PL P = ðIσ + � Iσ� Þ=ðIσ + + Iσ� Þ vs. the transport distance. No decay is
observed for the polarization transport for IXs over the entire HS. The laser exci-
tation power Pex = 0.2mW, T = 1.7 K (a–c). d–f Normalized spin density profiles
Ispin = Iσ + � Iσ� for the LE-IXs for different Pex (d, e) and temperatures (f). In (d),

Pex = 2, 10, 50, 200μW (bottom to top). In (e), Pex = 0.2, 1, 2, 4mW (top to bottom).
In (c), T = 3.5, 15, 50K (top to bottom). The spin density transport non-
monotonically varies with increasing Pex, increases at Pex ≲0.2mW (d) and reduces
at Pex ≳0.2mW (e), and vanishes at high temperatures (f). The dashed line in (b–f)
shows the DX luminescence profile in theMoSe2ML, this profile is close to the laser
excitation profile for short-range DX transport. The LE-IX spectra are separated
from the HE-IX spectra by the spectral integration in the range E < 1.4 eV (b–f). The
HE-IXs appear in the spectra at high Pex ≳0.2mW (Fig. 3). T = 3.5 K (d,e),
Pex = 0.2mW (f). The ~ 2μm laser spot is centered at x =0 (a–f).
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outlined below, both the intensities of co-polarized and cross-
polarized IX PL Iσ + and Iσ� (Fig. 1b) and the degree of circular polar-
ization of IX PL P = ðIσ + � Iσ� Þ=ðIσ + + Iσ� Þ (Fig. 1c) propagate over the
entire HS with no losses.

IX transport is characterized by the propagation of total IX
intensity in both circular polarizations n � Iσ + + Iσ� . In turn, the
transport of spin polarization density carried by IXs is characterized by
the propagation of Ispin =Pn = Iσ + � Iσ� . The dependence of spin den-
sity transport on excitation power Pex and temperature is described
below. The spin transport nonmonotonically varieswith increasing Pex,
increases at Pex≲0.2mW (Fig. 1d) and reduces atPex ≳0.2mW(Fig. 1e),
and vanishes at high temperatures (Fig. 1f). The spin transport is
characterized by the 1/edecay distance of the spin polarization density
ds
1=e. The latter is obtained from least-squares fitting the spin density

transport profiles Ispin(x) (Fig. 1d–f) to exponential decays in the region
from the excitation spot to theHS edge. The variationof spin transport
with excitation power and temperature is presented by the variation of
ds
1=e in Fig. 2. TheHSdimensions allowestablishing that the longestds

1=e
reach 100μm(as outlined in SupplementaryNote 6). The datawith the
fit indicating diverging ds

1=e, that is, with no spin density decay within
the entire HS, are presented by circles on the edge in Fig. 2a, b, and by
cyan color in Fig. 2c.

For low Pex, a single IX PL line is observed in the spectra. However,
a higher-energy IX PL line appears in the spectrum at high Pex (Fig. 3).

We will refer to the IXs corresponding to these PL lines as the lower-
energy IXs (LE-IXs) and higher-energy IXs (HE-IXs). Figures 1 and 2
present the spin transport carried by LE-IXs.

Discussion
Comparison of spin transport and IX transport
Thedata arediscussedbelow. The spin transport (Fig. 2) is carriedbyLE-
IXs and can be compared with the LE-IX transport (Fig. 3c and Supple-
mentary Fig. S7).Due to the separationdzbetween theelectronandhole
layers, IXs have electric dipoles edz, and the interaction between IXs is
repulsive69. IXs in moiré superlattices form a system of repulsively
interactingbosons inperiodicpotentials. Theenhancement followedby
the suppression of the LE-IX transport with density (Fig. 3c) is in quali-
tative agreement with the Bose-Hubbard theory of bosons in periodic
potentials predicting superfluid atN ~ 1/2 and insulating atN ~ 0 andN ~ 1
phases for the number of bosons per site of the periodic potential N70.
For the maximum LE-IX transport distances observed at Pex ~ 0.2 mW
(Fig. 3c), the LE-IX density n estimated from the energy shift δE as
n = δEε/(4πe2dz)69 is n ~ 2 × 1011 cm−2 (dz ~ 0.6 nm, the dielectric constant
ε ~ 7.471). This density is well below the Mott transition density
nMott > 1012 cm−2 25,72. N ~ 1/2 at n ~ 2 × 1011 cm−2 for the moiré superlattice
period b = 17 nm. This period b ~a/δθ corresponds to the twist angle
δθ = 1. 1∘, which agreeswith the angle betweenMoSe2 andWSe2 edges in
the HS (Supplementary Fig. S1). This rough estimate indicates that the
observation of LE-IX localization, then long-range transport, and then
localization with increasing density (Fig. 3c) is in agreement with the
Bose-Hubbard theory70.

In contrast, the data disagreewith the classical diffusive transport.
For classical transport, a substantial increase of transportdistancewith
density occurswhen the IX interaction energy becomes comparable to
the amplitude of in-plane potential so it can be screened by the
repulsively interacting IXs68. However, the amplitude of in-plane dis-
order and moiré potential in MoSe2/WSe2 HS, tens of meV34–49, is
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Fig. 2 | Excitation power and temperature dependence of spin transport in LE-
IXs. a–c The 1/e decay distance ds

1=e of spin density transport Ispin = Iσ + � Iσ� in LE-
IXs vs. the laser excitation power Pex (a), vs. temperature (b), and vs. Pex and
temperature (c). ds

1=e are obtained from least-squares fitting the LE-IX spin density
transport profiles Ispin(x) (Fig. 1d–f) to exponential decays in the region from the
excitation spot to the HS edge, x =0 − 9μm. The data with the fit indicating
diverging ds

1=e are presented by circles on the edge (a, b) or by cyan color (c). The
error bars represent the uncertainty in least-squares fitting the spin transport
decays to exponential decays. The LE-IX spectra are separated from the HE-IX
spectra by the Gaussian fits. The HE-IXs appear in the spectra at high Pex ≳0.2mW
(Fig. 3). T = 3.5 K (a), Pex = 0.2mW (b).
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Fig. 3 | Density dependence of IX PL spectra. a The excitation power Pex depen-
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IX (LE-IX) PL is co-polarized. The higher-energy IX (HE-IX) PL is cross-polarized. The
HE-IXs appear in the spectra at high Pex ≳0.2mW. The spectral profile separation of
LE-IXs and HE-IXs is presented in Supplementary Fig. S3. b The intensity of LE-IX PL
(blue triangles) and HE-IX PL (red points) vs. Pex. c The 1/e LE-IX transport decay
distance d1/e vs. Pex. d1/e are obtained from least-squares fitting the spectrally inte-
grated LE-IX PL intensity including both polarizations Iσ + + Iσ� to exponential
decays in the region from the excitation spot to the HS edge, x =0 − 9μm. The data
with the fit indicating diverging d1/e are presented by circles on the edge. The error
bars represent the uncertainty in least-squares fitting the LE-IX transport decays to
exponential decays. The appearance of HE-IX in the spectrum (a, b) correlates with
the onset of IX transport suppression (c). T = 3.5 K.
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significantly higher than the IX interaction energy given by the LE-IX
energy shift with density, a few meV (Fig. 3a). Therefore, the IX inter-
action energy is insufficiently strong to screen the in-plane potential
and neither the long-distance decay-less LE-IX transport (Fig. 3c) nor
the long-distance decay-less spin transport (Fig. 2) can occur due to
classical screening of the in-plane potential68. In addition, the transport
suppression at high densities (Fig. 3c) is inconsistent with the classical
diffusive transport, which enhances with density58,60,68. Furthermore,
the long-range transport vanishes at high temperatures (Supplemen-
tary Fig. S7), which is inconsistent with the classical diffusive transport,
which enhances with temperature58,60,68.

High values of d1/e (Fig. 3c) indicate high values of IX diffusivity. In
turn, diffusivities are proportional to scattering times, and high IX dif-
fusivities indicate suppressionof IX scattering. For instance, for classical
diffusive LE-IX transport, the IX diffusivity and mean free time (scat-
tering time) are given by � ðd1=eÞ2=τ and � ðd1=eÞ2=τ �m=ðkBTÞ,
respectively (τ andm are the IX lifetimeandmass,m ~ free electronmass
and τ ~ 10 ns for the HS65). These values become anomalously high for
d1/e ~ 100μm.However, as outlined above, the long-range IX transport is
beyond classical diffusive transport, and, therefore, accurate estimates
of IX diffusivities and scattering times should go beyond the formulas
for classical diffusion and that is the subject of future works.

The density dependence of spin transport (Fig. 2a) is qualitatively
similar to the density dependence of LE-IX transport (Fig. 3c): Both
spin transport and LE-IX transport first enhance and then suppress
with density. The temperature dependence of spin transport is quali-
tatively similar to the temperature dependence of LE-IX transport:
Both the long-distance spin transport (Fig. 2b) and the long-distance
LE-IX transport (Supplementary Fig. S7) vanish at T ~ 10 K. The para-
meters for the long-distance decay-less spin transport (Fig. 2) correlate
with the parameters for the long-range LE-IX transport (Fig. 3c and
Supplementary Fig. S7). Figure 4 shows that the enhancement of ds

1=e
with d1/e is observed in a broad range of both excitation density and
temperature variations, corresponding to the range of these para-
meters in Fig. 2 and Supplementary Fig. S7. The correlation of ds

1=e with
d1/e and, in turn, enhanced IX scattering time suggests the suppression
of scattering as the mechanism of the long-distance decay-less spin
transport. This complies with the scattering being the mechanism of
spin relaxation that limits the spin transfer16.

The enhanced d1/e and, in turn, scattering time is observed in the
range of temperatures and densities consistent with those predicted

for superfluidity by the Bose-Hubbard theory70 as outlined above.
Therefore, superfluidity can be the origin of the enhanced scatter-
ing time.

The long-distance decay-less spin transport vanishes at ~ 10 K
(Fig. 2b, c). The mechanism of suppression of spin relaxation due to
suppression of scattering of IXs carrying the spin indicates that long-
distance spin transport with suppressed losses can be achieved at high
temperatures in IX systems with high superfluidity temperatures Tc.
The theory predicts that the superfluidity temperature for bosons in
periodic potentials Tc ~ 4πNJ and higher Tc can be achieved in lattices
with higher inter-site hopping J73. Higher J can be achieved in moiré
superlattices with smaller periods in HS with larger twist angles δθ, or
in moiré superlattices with smaller amplitudes that can be realized in
HS with the same-TMD electron and hole layers74,75, or by lowering the
moiré superlattice amplitude by voltage37,76, or by adding a spacer
(hBN) layer between the electron and hole layers58. For TMD HS with
suppressed moiré potentials, the theory predicts high-Tc
superfluidity25,32. This, in turn, can enable the realization of high-
temperature long-distance spin transport with suppressed losses.

Lower-energy and higher-energy IXs
The above data outline the long-distance spin transport carried by LE-
IXs. Figure 3 shows that HE-IX PL appears in the spectrum at high Pex. In
contrast to the LE-IX PL, which is co-polarized, the HE-IX PL is cross-
polarized with circularly polarized laser excitation. A similar higher-
energy IX PL was observed in earlier studies. Various interpretations for
multiple IX PL lines were considered, including the excitonic states split
due to the conduction band K-valley spin splitting77, trions78, excitonic
states indirect in momentum space and split due to the valley energy
difference79,80 or spin-orbit coupling81, excitonic states in moiré
superlattices40–46 and, recently, excitonic states inmoiré lattice siteswith
single and double occupancy82,83. Our data show that the appearance of
HE-IX PL in the spectrum (Fig. 3a, b) correlates with the onset of IX
reentrant localization (Fig. 3c). As outlined above, in the regime of
reentrant localization, the occupation ofmoiré cells becomes high. This
results in the appearance of moiré cells with double occupancy.
Therefore, the IX reentrant localization in transport measurements
(Fig. 3c) is consistent with the appearance of high-energy IX PL in the
spectra (refs. 82,83 and Fig. 3a, b). The intra-cell IX repulsion enhances
the IX energy. This is inqualitative agreementwith a higherHE-IX energy
(Fig. 3a). (Spin transport in HE-IXs is shorter-range than in LE-IXs and is
not considered in this work.) (Narrow PL lines at low densities (Fig. 3a)
can be related to localized states and are not considered in this work.)

In summary, we observed in a MoSe2/WSe2 HS the IX-mediated
long-distance spin transport: the spin-polarized IXs travel over the
entire sample, ~10μm away from the excitation spot, with no spin
density decay. This transport is characterized by the 1/e decay dis-
tances reaching ~100μm. The emergence of long-distance spin
transport is observed at the densities and temperatures where the IX
transport decay distances and, in turn, scattering times are strongly
enhanced. The suppression of IX scattering suppresses the spin
relaxation and enables long-distance spin transport. This mechanism
of protection against spin relaxation makes IXs a platform for the
realization of long-distance decay-less spin transport.

Methods
Van der Waals HS
TheMoSe2/WSe2 HSwas assembled using the dry-transfer peel-and-lift
technique84. The heterostructure details are presented in Supple-
mentary Note 1.

Optical measurements
Excitons were generated by a cw Ti:Sapphire laser with the excitation
energy Eex = 1.689 eV. PL spectra were measured using a spectrometer
with a resolution of 0.2meV and a liquid-nitrogen-cooled CCD.

Fig. 4 | Correlation between the spin transport 1/e decay distances ds
1=e and the

LE-IX transport 1/edecaydistancesd1/e.The values ford
s
1=e andd1/e are taken from

Fig. 2 and Supplementary Fig. S7. The data with the fit indicating diverging ds
1=e and

d1/e are presented by circles on the edge. The error bars represent the uncertainty in
least-squares fitting the transport decays to exponential decays. The enhancement
of ds

1=e with d1/e is observed in a broad range of both excitation density and tem-
perature variations, corresponding to the range of these parameters in Fig. 2 and
Supplementary Fig. S7.
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The spatial profiles of polarization-resolved IX PL vs. x were obtained
from the polarization-resolved PL images detected using the CCD. The
signal was integrated from y = −0.5 to y = +0.5μm. Representative
polarization-resolved IX PL images are presented in Supplemen-
tary Note 2.

The experiments were performed in a variable-temperature 4He
cryostat. The sample was mounted on an Attocube xyz piezo transla-
tion stage allowing adjusting the sample position relative to a focusing
lens inside the cryostat. All phenomena presented in this work are
reproducible after multiple cooling down to 2K and warming up to
room temperature.

Data availability
Source data files are available via Figshare at https://doi.org/10.6084/
m9.figshare.27003031. All relevant data are available from the corre-
sponding author upon reasonable request.
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