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Spin current generation and manipulation remain the key challenge of spintronics, in which relativistic
spin-orbit coupling (SOC) plays a ubiquitous role. In this paper, we demonstrate that hidden Rashba spins in the

nonmagnetic, centrosymmetric lattice of multilayer SnSe, can be efficiently activated by spin-orbit scattering
introduced by Se vacancies. Via vacancy scattering, conduction electrons with hidden spin-momentum locked
polarizations acquire out-of-plane magnetization components, which effectively break the chiral symmetry
between the two Se sublattices of an SnSe, monolayer when electron spins start precession in the strong built-in

Rashba SOC field. The resulting spin separations are manifested in quantum transport as vacancy concentration-
and temperature-dependent crossovers from weak antilocalization to weak localization, with the distinctive spin
relaxation mechanism of the D’yakonov-Perel” type. In a nonlocal geometry, the generated spins exhibit a long
diffusion length exceeding 5 um, when fast momentum scattering protects the effective spin polarizations by
driving the random-walk evolution of spin precessions subject to rapidly changing Rashba SOC field. Our study
shows the great potential of two-dimensional systems with hidden-spin textures for spintronics.
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I. INTRODUCTION

For a nonmagnetic centrosymmetric bulk system, relativis-
tic spin-orbit coupling (SOC) effects are quenched due to
the coexistence of both time-reversal and inversion symme-
tries, which enforce spin double degeneracy for all electronic
bands [1-4]. However, recent theoretical works reveal that
many crystal systems host hidden spin polarization intro-
duced by atomic-site inversion asymmetries, viz., local dipole
field (corresponding to R2-Rashba SOC) and site inver-
sion asymmetry (D2-Dresselhaus SOC), respectively [5-7].
Hidden-spin textures, in particular R2-Rashba SOC, become
an eminent feature in various van der Waals (vdW) crystals
with the 17-type transition metal dichalcogenide (TMDC)
monolayer structure, in which two opposite spin-momentum
locked polarization directions within the vdW plane man-
ifest the local dipole field asymmetry exerted on the two
inversion-symmetric chalcogen sublattices [8,9]. Recently,
many research efforts have been focused on the main-group
IV-VI dichalcogenides GeS,, SnS,, and SnSe,, aiming for
diverse device applications ranging from thermoelectric [10]
and optoelectronic [11] to composite photocatalyzing [12].
Noticeably, the doubly degenerate electronic bands of these
vdW semiconductors are also spin polarized by the innate
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strong R2-Rashba SOC, rooted in the 17-TMDC monolayer
lattice.

From a spintronics point of view, these emergent two-
dimensional (2D) materials are promising spin transport
channels for the next-generation spin logics and field-effect
transistors (FETs) [13,14], considering that the inherent SOC
of these systems is an order-of-magnitude larger than that of
the intensively explored graphene [15]. However, spin trans-
port and spin relaxation studies focusing on heavy-element
2D systems remain scarce at the moment [15,16]. Most crit-
ically, for hidden-spin crystals, it seems to be formidable to
achieve long spin diffusion lengths and long spin relaxation
times, since there is a minimal energy cost for a conduction
electron to hop between two sublattices by flipping the spin
polarization directions.

In this paper, we show that counterintuitively, spin
transport and relaxation in the centrosymmetric lattice of
multilayer SnSe, are not limited by random spin flipping,
but rather tailored by motional narrowing associated with
the D’yakonov-Perel’ (DP) mechanism, when fast momen-
tum relaxation facilitates the random walking of electron spin
precessions in the strong built-in R2-Rashba SOC field. The
activation of the hidden Rashba spins is realized by spin-orbit
scattering induced by Se vacancies, which enable conduction
electrons to acquire out-of-plane magnetization components
and thus effectively break the chiral symmetry between the
two Se sublattices. The resulting spin polarizations are man-
ifested in quantum transport as vacancy concentration- and
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FIG. 1. Unlocking hidden Rashba spins in 17-SnSe, by SOC scattering. (a) Optical image of a multilayer SnSe, device. Scale bar, 15 um.
(b) HRTEM image of few-layer SnSe,, in which a single Se vacancy in darker contrast is highlighted by the red dashed circle. (c) Vacancy-
induced SOC scattering and the unlocking of hidden R2-Rashba spins in 17-SnSe,. Upper left: SOC scattering by a negatively charged Se
vacancy introduces effective SOC fields Bsoc with opposite signs for left- and right-side scattered electrons, respectively, i.e., the extrinsic
SHE. Upper right: DFT-calculated in-plane spin projection (gray arrows) of the first conduction band in the first Brillouin zone. The red and

blue arrows are the hidden-spin textures of FSs with n =1 x 10" cm™

2. Note that the experimental FSs of ~10'3 cm~? are too small for

illustration. Bottom: sublattice-indexed chiral symmetry of 17-SnSe,. Spin precessions break the chiral symmetry and prohibit intersublattice

hopping.

temperature-dependent crossovers from weak antilocalization
(WAL) to weak localization (WL), which are excellently fitted
by the Iordanskii—Lyanda-Geller—Pikus (ILP) theory. Using
nonlocal measurements, we demonstrate that the spin-orbit-
scattering-induced effective spin polarizations have a long
diffusion length exceeding 5 um, providing unambiguous ev-
idence of the activation of hidden Rashba spins.

II. VACANCIES INDUCED SPIN-ORBIT SCATTERING

SnSe; single crystals with controllable Se-vacancy con-
centrations are synthesized by the self-flux method [17].
Standard micromechanical exfoliations readily yield thin
SnSe, flakes, as shown in the Supplemental Material [18]
(see also Refs. [17,19-23] therein) for a representative
sample with consecutive thicknesses from monolayer to
sextuple-layer [24]. All transport-measuring SnSe, devices
[one representative optical image is shown in Fig. 1(a)] have
been further characterized by Raman spectroscopy to confirm
the trigonal lattice structures, which have the fingerprinting E,
and A, phonon modes [17]. Using high-resolution transmis-
sion electron microscopy (HRTEM), we confirm the existence
of randomly distributed Se single vacancies with a moderate
density of ~10'" cm~? [Fig. 1(b)], corresponding to electron
doping of n ~ 10'> cm~2 based on density functional theory
(DFT) calculations [18]. In brief, the vacancy concentrations
can be controlled by the growth temperature 7 with a fixed
Sn-to-Se stoichiometric ratio of 1 : 2 [17]. Typically, a growth
T of about 600 °C will lead to SnSe, crystals containing Se
vacancies comparable to those in Fig. 1(b). By lowering T,
the vacancy densities of SnSe, crystals decrease accordingly,
which become negligible for crystals synthesized at around

400 °C. Since multilayer and few-layer microflakes may show
significant variations from the bulk crystals, we use Hall
measurements for calibrating the sample-dependent vacancy
densities. Multilayer SnSe, FETs with typical channel thick-
nesses of ~10 nm for quantum transport were prepared by
electron beam lithography followed by thermal evaporation
of metal electrodes (5 nm Ti and 50 nm Au). The devices
were then measured in a variable-temperature Oxford 14-T
system using the standard four-probe technique with lock-in
amplifiers.

As illustrated in the upper left panel of Fig. 1(c), the
presence of negatively charged Se vacancies [18] causes
strong SOC scattering for conduction electrons to acquire
out-of-plane magnetization components, which is essentially
the spin Hall effect (SHE) [25]. Although similar extrinsic
SHE phenomena have been reported in surface hydrogenated
graphene [26], the inherent strong R2-Rashba SOC makes
a fundamental difference in the spin relaxation mechanism
of multilayer SnSe,. Without vacancy-site SOC scattering,
electron spins are in-plane polarized along two opposite spin-
momentum locking directions with the same energy, as shown
by the DFT-calculated hidden-spin textures in the upper right
panel of Fig. 1(c) [18]. Like pseudospins in graphene, the
clockwise (counterclockwise) spin-momentum locking rela-
tion describes the instantaneous location of an electron spin
wave function in the Se-top (Se-bottom) atomic layer of an
SnSe, monolayer, i.e., the sublattice-indexed chiral symme-
try. Due to the energy degeneracy, conduction electrons are
constantly hopping between two Se sublattices by flipping the
spin polarizations, suggesting long spin diffusion lengths and
long spin relaxation times unrealistic for a hidden-spin system
such as SnSe,. However, once they acquire an out-of-plane
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FIG. 2. Quantum signatures of the hidden-spin activation in multilayer SnSe,. (a) T-dependent MR characteristics of SnSe, FET device
SS5, showing distinctive WAL-to-WL transitions. (b) The corresponding MC curves, fitted by the ILP theory. Each MC curve is offset to
show the remarkable consistency between the experimental results and the ILP model. (c) H, and Hy; extracted from the ILP fitting. Inset: the
fitting results of the ILP theory compared with the HLN model. (d) tso extracted from the ILP theory fitting, showing an inverse relation of

Tso X T 1, hallmarking the DP mechanism.

magnetization, SOC scattered electrons start spin precession
as driven by the strong built-in Rashba SOC field (Hgy). As
shown in the bottom panel of Fig. 1(c), the spin precession
effectively breaks the chiral symmetry between the two Se
atomic layers, because intersublattice electron hopping now
must enforce a reversal in the spin precession directions as
required by the flipping of Hg;.

Intriguingly, by unlocking hidden Rashba spins using Se-
vacancy scattering, spin polarizations obtain a finite relaxation
time tgo dependent on the competition between the spin pre-
cession time 77 o« 1/Hg, and momentum scattering time Ty,
which can be quantitatively probed by T-dependent quantum
transport measurements [16,27-29]. As shown in Fig. 2(a) for

J

a representative device (FET device SS5), helium temperature
charge transport of multilayer SnSe, FETSs is characterized
by pronounced crossover behaviors from low-field WAL to
high-field WL, hallmarking quantum interference corrections
of spin-polarized electron wave functions to the mesoscopic
current flow [27,30-33]. By gradually warming up the sam-
ple, it is evident that the WAL phenomena are vanishing
at 15 K, while the WL-contributed negative magnetoresis-
tance (MR) persists up to 7 = 40 K. By plotting the data
onto the magnetoconductivity (MC) curves, we can clearly
see the dwindling of the characteristic WAL cusps as a
function of 7', which can be fitted excellently by the ILP
theory [34],

2 1 H, H, 1 1 H, H 1 1 H
AoB)=— w420 TR}y Sy 2y Ty pTR) . g Z T
Zﬂzh 2 Bl BL 2 2 Bl BL 2 2 Bl
H, H 1. (H, _H 1. (H,
() (22422 o (22 )
B, B.) 2 \B, ' "B, 2 \B,

in which W is the digamma function, H, is the character-
istic field of phase coherence [35], and B, represents the
external magnetic field. As shown in Fig. 2(b), the ILP for-
mula not only reproduces the low-field WAL cusps but also
captures the B, -dependent WAL-to-WL crossover with re-
markable consistency. In the seminal works of D’yakonov
and Perel’ [36] and Pikus and co-workers [37], it has been

(

elucidated that the applicability of the ILP theory is a man-
ifestation of the DP spin relaxation mechanism. In contrast,
for an inversion-symmetric system, WAL of spin degenerate
electron wave functions should be activated by the Elliot- Yafet
mechanism with tso o 7, modeled by the Hikami-Larkin-
Nagaoka (HLN) theory [38—40]. As compared in the inset of
Fig. 2(c), the HLN model can fairly fit the low-field WAL with
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FIG. 3. Se-vacancy-concentration-controlled WAL-to-WL crossovers and effective spin polarizations in SnSe,. (a) MC curves of seven
multilayer SnSe, FETs (designated as FET devices SS0-SS6, respectively) at T = 2 K with increasing electron doping, which are proportional
to the Se-vacancy densities. Note that FET device SSO has negligible Se vacancies. The different curves are normalized by the zero-field
maximum and offset for clarity. (b) H, and Hso extracted from the ILP theory fitting. By increasing Se-vacancy densities, enhanced SOC
scattering makes conduction electrons more effectively spin polarized, leading to the monotonic growth in Hg,.

an overshooting zero-field peak; however, it fails completely
to conform to the crossover regime and the succeeding WL
growth.

Using the ILP theory fitting, we are able to extract the
T-dependent H, and Hg,. As shown in Fig. 2(c), below 15 K,
Hg, is much larger than H,,, which explains the robust WAL
behaviors in this 7' regime. Noticeably, Hg, exhibits a very
weak T dependence, which is expected for a built-in R2-
Rashba SOC field. In contrast, H, monotonically increases
as a function of T, due to enhanced inelastic scattering at
elevated T. The different T dependence of Hg, and H, is
responsible for the dwindling of the WAL cusps. Equally
important, the ILP theory is microscopically originating in the
DP spin relaxation mechanism, which correlates 5o inversely
to 1, by motional narrowing [14,26], i.e., frequent momentum
scattering interrupts the full spin precession cycles and causes
random walking in spin dephasing. For Se-vacancy scattered
conduction electrons in SnSe;, motional narrowing effec-
tively increases the lifetime of the SOC-induced out-of-plane
magnetization, during which inter-Se-sublattice hopping costs
finite energy to reverse the spin precession directions. By
extracting 7, using the Drude model [41], we can indeed see
the inverse relation of 7o 7, !, as shown in Fig. 2(d).

The critical role of Se-vacancy scattering in the activation
of hidden Rashba spins is also demonstrated by a positive
dependence of Hg, on electron doping n, which is directly
controlled by vacancy densities. As compared in Figs. 3 and
S5 [18] for seven different FETs (designated as FET devices
SS0-SS6), with the presence of more Se vacancies, the con-
duction electrons have increased SOC scattering rates, causing
them to acquire out-of-plane magnetization components, and
thus Hg, monotonically grows while H, remains nearly un-
changed. By defining the WAL minima as Hwar, which also
reflects the magnitude of Hgy, it is also clear that the pres-
ence of increased Se vacancies contributes positively to spin
polarizations and tgp in SnSe, [18].

It should be noticed that Eq. (1) is a reduced form of
the original ILP theory, with the prerequisite of the k-cubic
Rashba terms (HI({32)) being predominant over the k-linear

Rashba SOC (H.}) [42,43]. Explicitly, Hg, should be ex-
pressed as Hgr, = nglz) + HSZ) , in which HIS) is sensitive to
the Fermi surface (FS) positions due to its cubic dependence
on k [44]. The leading contribution of H}g) to the WAL-to-
WL transitions is verified by a study of MR dependent on
gate voltage V;, which dynamically reveals the evolutions of
WAL-to-WL crossovers as a function of FS positions. Fig-
ures 4(a)—4(d) summarize the Vy-dependent transport results
of FET device SS3 within the range +50 V. For positive
Ve, which enlarges the FS areas by introducing more elec-
tron doping, the ILP theory analyses indeed reveal a linear
decrease in Tso, accompanied by the inverse growth of t,.
In contrast, for negative V;, the inverse relation between tso
and 1, exhibits a significantly smaller slope. The changes are
mainly due to a slower tso growth for negative V,, because
the Hall signals are linear over the whole V, range [18,45]. By

introducing a coefficient r = nglz) /H1(132) [47], we have also fit-
ted the V,-dependent WAL-to-WL crossovers in Fig. 4(b) with
the original ILP theory, which further confirms the dominant
role of Hl(é) with » < 1/3. Such a finding also explains the
DFT-calculated hidden-spin textures in Fig. 1(c), which con-
spicuously deviate from the helical spin-momentum locking
structure of k-linear Rashba SOC.

III. NONLOCAL TRANSPORT

After elucidating the mechanism of unlocking hidden R2-
Rashba spins, it is natural to ask how long these locally
generated effective spins can diffuse along the working chan-
nel, a critical parameter for spintronics. To our delight, we
have observed robust nonlocal transport behavior in SnSe,.
As shown in Fig. 4(e) for a representative device, nonlo-
cal (NL) device S2, the SOC-scattering-generated spins can
readily reach a spin diffusion length A, exceeding 5 pm.
Unlike conventional inversion-asymmetric spin systems [1],
fast momentum scattering in SnSe, protects the effective
spin polarizations by motional narrowing rather than to flip
the spin polarizations. For such a unique DP spin relax-
ation system, nonlocal signals Rnp/p have the following
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FIG. 4. Gate-tunable hidden-spin activations and nonlocal measurements. (a) The V,-dependent MR curves of FET device SS3 at 2 K.
(b) The corresponding MC characteristics fitted by the ILP theory. Note that the fitting is limited to 1.5 T, beyond which the conventional
quadratic MR growth gradually takes over. (c) Gate-tunable H, and Hy,, extracted from the ILP fitting. (d) tso deduced from the fitting,
showing the V,-polarity dependence of the inverse Tso-7, relation. (e) T'-dependent nonlocal transport in NL device S2 with a channel width
of W = 0.5 um. Ry /p shows the characteristic exponential decrease as a function of diffusion channel length. (f) 7T-dependent A, deduced
from the Eq. (2) fitting. Note that there is no correlation between A; and G. Inset: Optical image of NL device S2 with a scale bar of 5 um.

Electrodes 1 and 6 are used for current injection.

dependencies:

hT, \*W
RxL/p ~ (m ;’%> P Re(e™H), )
where L and W are the channel length and width, respectively,
and k is a complex wave vector proportional to 1/A; [48].
By fitting the experimental data to Eq. (2), we have extracted
T-dependent X, in Fig. 4(f). We have also measured the elec-
trical conductance G for different nonlocal channel lengths.
The results consistently show an opposite 7 dependence in G
compared with A, evincing that there is no cross talk between
these two signals.

IV. CONCLUSION

In summary, we have demonstrated that by introducing
Se vacancies, the resulting SOC scattering can effectively
create spin polarizations with finite spin relaxation time in
multilayer SnSe,. The surprising finding is rooted in the
motion-narrowing random walks of precessing conduction
electrons in the strong built-in R2-Rashba fields, when the
chiral symmetry between the two Se sublattices is broken

by vacancy-site SOC scattering. The leading contributions
of cubic Rashba SOC in the ILP theory analyses suggest
that our current understanding of the hidden spins may re-
quire further exploration. The robust nonlocal transport of
the SOC-scattering-activated spins and unique gate tunability
for tgo may open a playground for exploring unconven-
tional spin physics and device prototypes. It is noteworthy
that the aforementioned spin polarization mechanism emerges
from sublattice chiral symmetry breaking, which is gen-
erally applicable for 17-TMDC systems. Indeed, we have
noticed that defect-induced WAL has also been observed in
1T-PtSe; [9,49,50].
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