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Room-Temperature Manipulation of Spin Texture in a Dirac Semimetal
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Charge-current-induced spin-polarized current, via spin-momentum-locked states, is very attractive for
spintronics. The orientation of spin polarization caused by an electric field depends on the helicity of the
spin texture, which is normally opposite for typical topological surface states and Rashba states. Here,
we report the manipulation of the two opposite spin textures in Dirac semimetal Cd3As2 nanoplates. Spin-
polarized transport signals originated from topological surface states are detected through Hall-bar-like Co
electrodes, showing a maximum at the Dirac point and robustness up to room temperature. By comparison,
opposite helicity of the spin texture is measured by applying Co electrodes across the whole nanoplate.
Furthermore, it is found that the opposite spin texture is only localized underneath the electrodes, and the
spin texture of topological surface states can be singled out by a nonlocal device geometry. The results
show that the clockwise and counterclockwise spin textures can be achieved simultaneously in a single
Dirac semimetal device by patterning metal electrodes with different configurations, which are promising
for future spintronic applications.
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I. INTRODUCTION

Three-dimensional topological insulators possess topo-
logically nontrivial surface states protected by time-
reversal symmetry [1]. One of the most striking properties
of TI surface states is spin-momentum locking [2], where
the in-plane spin is locked perpendicularly to the electron
momentum [3], that is, a helical spin texture [4]. Thus,
a charge current would induce a spin-polarized current,
which is promising for spintronic applications [5]. Simi-
larly, topological semimetals (TSMs) [6] are also believed
to possess topological surface states, that is, Fermi arcs [7],
which connect the surface projection of bulk Weyl nodes
with opposite chirality [6]. The Fermi arc surface states of
topological semimetals are believed to have similar spin
textures to those of the TI surface states [8–12]. Despite
the conductive bulk, the large spin polarization ratio [11]
and highly efficient gate tunability [12] make the TSMs a
potential platform for high-performance spintronic appli-
cations [11–15]. Moreover, TSMs have ultrahigh mobility
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and a long mean free path [14], which is promising for
nonlocal spin filters.

Extensive studies have been carried out on the current-
induced spin polarization in topological insulators [3,4,16–
24] via ferromagnetic (FM) electrodes. Although the topo-
logical surface states induced spin polarization has been
experimentally confirmed, it still remains a puzzle that the
observed effective spin polarization (approximately 1%) in
topological insulators [16,18] is much lower than theoret-
ical expectation (approximately 50%) [25]. Furthermore,
the observed spin texture is even opposite to the one
expected from topological surface states [3,4]. The exis-
tence of the Rashba effect in topological materials gives
a possible origin of the observed opposite spin texture
[4,16]. The formation of a large Rashba spin splitting usu-
ally requires a strong interfacial electric field, which could
occur at the interfaces between topological materials and
FM metals [4,26]. Such an interface is crucial for spin
injection [27] and spin-orbit torque (SOT) induced magne-
tization switching [28–32]. Nevertheless, the coexistence
of the two counterhelical spin textures is harmful for the
formation of spin polarization [4]. Therefore, it is highly
desirable for precise control over the spin contributions
from topological surface states and Rashba states.
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Here, we report the manipulation of the opposite spin
textures in Dirac semimetal Cd3As2 nanoplates by design-
ing specific FM electrode patterns. We fabricate two types
of FM electrodes in a single device, that is, Co elec-
trodes contacting one side of the sample (i.e., Hall-type)
and the ones across the whole sample. The observed spin-
momentum locking via Hall-type Co electrodes is consis-
tent with the topological surface states, which are robust
up to room temperature. On the contrary, the opposite spin
texture is observed via the Co electrode across the sam-
ple. The opposite spin texture can be well understood by
considering the interfacial Rashba effect due to band bend-
ing of Cd3As2 beneath the FM electrode. Furthermore, the
spin texture observed by nonlocal measurements is con-
sistent with the topological surface states, indicating that
Rashba spin splitting is localized on the interface between
topological materials and FM metals.

II. METHODS

Cd3As2 is known as a topological Dirac semimetal
[9] that has demonstrated many exotic physical proper-
ties, such as negative magnetoresistance [15,33,34], Berry
phase π modulated Aharonov-Bohm effect [35], and Fano
effect [36]. Using the chemical vapor deposition method
[37], high-quality Cd3As2 nanoplates are obtained with
a (112) surface plane (see Appendix A). The Cd3As2
nanoplate with a thickness of about 100 nm is transferred
onto the Si substrate with a 285-nm-thick SiO2 layer. The
Ti/Au and Co electrodes are fabricated via two rounds of
electron beam lithography and electron beam evaporation.
The native surface oxide of the nanoplate is removed in
situ by Ar+ etching treatment before metal deposition. The
optical image of a typical device is shown in Fig. 1(a),
where three FM Co electrodes are denoted in blue. Among
them, two detectors are Hall-type electrodes; the other
detector is across the whole sample. The rest of the elec-
trodes are all Ti/Au electrodes. A dc bias current is applied
on the two Ti/Au electrodes and the voltage is measured
on the Co probe with an adjacent Ti/Au electrode as a ref-
erence [Fig. 1(b)]. The magnetic field is applied parallel to
the long axis of Co electrodes, in-plane perpendicular to
the current direction. All measurements are carried out in
a commercial Oxford cryostat. Tens of devices are fabri-
cated and measured, demonstrating reproduceable results.
Here, we report the results measured from a typical device
in the main text.

The FM electrodes are used as spin detectors to directly
detect spin transport and measure the spin-dependent volt-
age, VS, in topological materials [3,4,16–21]. As demon-
strated in Fig. 1(b), an external electric field along the kx
direction could induce net electron momentum along the
−kx direction. Due to the spin-momentum locking of topo-
logical surface states, net spin polarization S along the ky
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FIG. 1. Schematic of spin-transport measurements in Dirac
semimetal. (a) Optical image of a typical device. Three Co elec-
trodes are denoted in blue. Remaining electrodes are Ti/Au
electrodes. (b) Illustration of spin-transport detection via Hall-
type FM electrodes in topological materials. In-plane magnetic
field is applied orthogonal to current direction. Inset shows the
shift of Fermi surface of topological surface states and induced
net spin polarization under an electric field. Illustration of the
sign of the spin-dependent voltage VS when S ‖ y (c) and S ‖ −y
(d). Red arrows denote the direction of spin polarization S.
Green (blue) arrows represent the direction of Dirac semimetal
magnetization MS (FM magnetization M).

direction would be produced. It is worth noting that elec-
trons possess negative charges. Thus, the magnetization of
a Dirac semimetal, MS, satisfies MS = −g(μB/�)S (g is
the g factor, μB is the Bohr magneton, and � is the reduced
Plank constant), which is antiparallel to spin polarization
S. A spin-dependent voltage, VS, would be obtained via the
FM electrode, which is dependent on the relative directions
of FM magnetization, M, and spin polarization, S. For sim-
plicity, we assume that the FM metal is a half-metal. When
S ‖ y, i.e., MS ‖ −y, the majority subband will be occu-
pied with electrons possessing spin moments along the
−y direction [left panel in Fig. 1(c)]. The electrochemical
potentials of majority and minority subbands are denoted
as μmaj and μmin, respectively. When M ‖ y, the electrons
in the FM metal would diffuse towards the minority sub-
band until μFM = μmin, inducing a positively charged FM
metal, and thus, VS > 0 [middle panel in Fig. 1(c)]. On
the contrary, when M ‖ −y, the electrons in the major-
ity subband would diffuse towards the FM metal until
μFM = μmaj, inducing a negatively charged FM metal, and
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thus, VS < 0 [right panel in Fig. 1(c)]. Similar analysis can
be performed for the S ‖ −y case, as shown in Fig. 1(d).
It is found that, when the magnetization of the FM elec-
trode M is parallel to S, a positive VS is expected [4,22],
while a negative VS would occur when M ‖ −S. The spin-
dependent voltage, VS, can be obtained after subtracting
the background from raw data (see Appendix B).

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the results from local spin-
transport measurements via one Hall-type Co detector.
Clear hysteretic loops of VS are observed with forward
and backward sweeps of the magnetic field. For bias cur-
rents of 20 and –20 µA, VS shows inverted high (low)
voltage states and counterclockwise (clockwise) hystere-
sis, indicating the current-polarity-controlled orientation of
spin polarization. The spin orientation is always locked at
right angles to the momentum ke, showing clockwise spin
helicity, which is consistent with the spin texture of topo-
logical surface states (see Appendix C). Consistent results
are obtained from another Hall-type Co detector on the
other side (see Appendix D).

We further investigate the gate and temperature depen-
dence of the spin voltage, VS, as presented in Fig. 3. From
the transfer curve in Fig. 3(a), the Dirac point is found
to be located at Vg ∼ −32 V with resistance maximum.
The absolute value of the loop height as a function of
gate voltage is shown in Fig. 3(b). The loop height, �VS,
is defined as the detected voltage difference at zero mag-
netic field for backward and forward sweeping. It is found
that |�VS| shows a similar Vg dependence with resistance,
demonstrating a maximum at the Dirac point. As theory
proposes [22], the loop height ΔVS ∝ IRBPFM(p · Mu),
where I is the bias current, 1/RB is the ballistic conduc-
tance, PFM is the effective spin polarization of the FM
electrode, Mu is the unit vector along FM magnetization,
and p is the induced spin polarization per unit current.
In Dirac semimetals, topological surface states and bulk
states are always in parallel conduction. When tuning the
gate voltage away from the Dirac point, the bulk-to-surface
conductance ratio increases, resulting in a decrease of the

spin-polarized surface current and |�VS|. As shown in
Figs. 3(a) and 3(b), the loop height, |�VS|, is reduced
nearly 5 times from the Dirac point to Vg = 30 V, which
is approximately consistent with the sixfold increase of
the total conductance. Additionally, �VS shows a linear
dependence on bias current (see Appendix D), which is
consistent with theoretical predictions [22]. The spin sig-
nal is robust against temperature [Fig. 3(c)]. Within the
high-temperature regime, |�VS| measured here is more
significant than that measured in topological insulators
with even a larger bias current (see Appendix E). The
significant spin signals up to 300 K provide a promis-
ing potential for room-temperature spintronic applications
based on TSMs.

Figure 4 demonstrates the spin transport measured via
the Co detector that is across the whole sample. Clear hys-
teretic loops are observed with a bias current of ±300 μA,
as shown in Figs. 4(a) and 4(b), respectively. For this probe
configuration, the spin direction is locked at left angles to
the momentum, indicating the observed spin texture here is
opposite to that of topological surface states. The Rashba
spin-splitting state arising from surface band bending pro-
vides a possible origin for the opposite spin texture [4,38].
As shown in Fig. 4(c), downward band bending would
occur on the surface of the Cd3As2 nanoplate beneath
the Co electrode, where the charge-accumulation layer is
formed at the interface with thickness D, leading to a
strong interfacial electric field and Rashba spin splitting.
Figure 4(d) illustrates the subbands and spin texture of
Rashba states. Other effects that may induce this opposite
spin texture in TSMs, such as local Hall effect [4,39] and
trivial surface states [40], can be safely ruled out in our
case (see Appendix C).

To compare the spin signals under different current bias,
spin resistance is defined as RS = |�VS/I |. At 1.4 K, for
Hall-type Co detector, RS equals 0.61 �, which is an order
of magnitude larger than RS ∼ 0.036 � for the Co detec-
tor across the sample, further indicating that opposite spin
textures indeed have different origins. Figure 4(e) shows
the gate dependence of spin voltage |�VS| and resistance.
Different from the results via the Hall-type Co detector in
Fig. 3, |�VS| is insensitive to gate voltage. This may be
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FIG. 2. Spin transport measured via
Hall-type Co detector. (a),(b) Mag-
netic hysteretic loop of VS via a Hall-
type Co detector at 1.4 K with bias
current of ±20 μA, respectively.
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FIG. 3. Gate and temperature dependence of spin signals. (a) Resistance as a function of gate voltage with Dirac point at Vg =−32 V.
(b) Spin voltage VS loop height, |�VS|, as a function of gate voltage, with a bias current of 20 µA. (c) |�VS| as a function of temperature
at a bias current of 20 µA. Error bars in (b),(c) take values of the standard deviation of multiple measurements.

because of electrostatic screening of the gate voltage from
the high carrier concentration in the interfacial charge-
accumulation layer. As shown in Fig. 4(f), the Rashba-type
spin signal can also survive up to room temperature.

Nonlocal spin transport is further investigated via the
Co detector that is across the sample. A hysteretic loop
is observed with a bias current of 8 mA, as shown in
Fig. 5(a). The direction of spin polarization is determined
according to the high and low voltage states when M ‖ S
and M ‖ −S, respectively. The charge-current-spreading
effect can produce a notable nonlocal signal [41,42]. Carri-
ers could spread within the range of the mean free path,
producing a nonlocal momentum, k′

e (see Appendix F).
With the determined orientations of both S and k′

e, the
right-angle locking of spin momentum is thus obtained
[inset of Fig. 5(a)], corresponding to the spin texture from

topological surface states. The nonlocal resistance, RNL,
and spin signal |�VS| versus gate voltage are shown in
Figs. 5(b) and 5(c), respectively. RNL is defined as VNL/I,
where VNL is the nonlocal voltage, while I is the local
bias current. The gate dependence of both RNL and |�VS|
show a peak feature, indicating a Dirac-type band struc-
ture. It is worth noting that the position of the Dirac point
obtained via nonlocal measurements has a small shift com-
pared with that of the local transfer curve in Fig. 4(e).
This may be related to the fact that nonlocal transport is
dominated by the surface states, where electrostatic screen-
ing of the gate should be significant for the approximately
100-nm-thick nanoplate [37,43].

From the observations above, we find that the mea-
sured spin texture is strongly dependent on the FM elec-
trode configuration and local or nonlocal detection. Highly
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consistent results are observed in different devices, that
is, (1) topological surface states produced spin texture is
observed via the Hall-type FM electrode, (2) a Rashba-
like spin texture is observed via the FM electrode across
the sample, and (3) nonlocal spin detection via the FM
electrode across the sample can restore the spin texture of
topological surface states. In the following, we discuss the
possible mechanisms for the observations.

FM contact may greatly influence the spatial distribu-
tion of surface spin textures. Owing to the work-function
difference between the FM electrode and the sample, a
charge-transfer process is very common near the surface
[44]. Following the prominent charge transfer, a strong
interfacial electrical field is constructed, which can induce
large Rashba spin splitting [4,26,45]. On the other hand,
charge transfer may induce the Fermi level at the interface
to be located in the bulk conduction band, far away from
the Dirac point, suppressing the contribution from topo-
logical surface states. Thus, in our case, the Rashba spin
texture is dominant beneath the FM electrode. The Rashba
spin splitting can be eliminated by weakening the interac-
tion between the FM electrode and sample. For example,
even with the FM electrode across the sample, the Dirac
semimetal with a tunneling barrier on the surface recalls
the spin texture from topological surface states [12].

It is worth noting that an effective external electric field
applied on the sample region with specified spin texture
is necessary to produce the spin-polarized current, that is,
the Edelstein effect. For the FM detector across the sam-
ple, the detected region is completely covered by the FM
electrode and there must be an effective electric field in
this region under an applied bias. By comparison, for the
Hall-type electrode, the detected region contains not only
the small contacting region with the FM detector, but also
the surface that is not covered by the electrode. Near this
region, transport conduction should be dominated by the
topological surface states, and thus, spin polarization from
the topological spin texture can be detected. For nonlocal
measurements, although the Rashba-type spin texture may

still exist beneath the FM electrode, the external electric
field exerted on this nonlocal region is nearly zero. The
nonlocal FM electrode just serves as a spin detector. Thus,
the spin-polarized surface states with topological protec-
tion and a long mean free path [6,12] coming from the
source-drain region can be detected nonlocally.

IV. CONCLUSION

We demonstrate the control of spin texture by design-
ing different electrode patterns in Dirac semimetal Cd3As2
nanoplates. Hall-type Co electrodes facilitate the spin tex-
ture from topological surface states, while Co electrodes
across the whole sample manifest the opposite spin polar-
ization, which provides guidance for the design of high-
efficiency SOT devices based on topological materials
[30,45,46]. By patterning the FM electrodes into differ-
ent configurations, opposite spin polarizations are induced,
even at room temperature in different regions of a single
device. Our results indicate that the interaction between
the FM and topological material plays an important role on
the spin texture and an optimized pattern design can help
to pick out the spin with a specific orientation.

ACKNOWLEDGMENTS

This work is supported by the National Key Research
and Development Program of China (Grants No.
2018YFA0703703 and No. 2016YFA0300802) and the
NSFC (Grants No. 91964201, No. 61825401, and No.
11774004).

APPENDIX A: CHARACTERIZATION OF THE
SYNTHESIZED CADMIUM ARSENIDE

NANOPLATES

High-quality Cd3As2 nanoplates in our work are grown
via the chemical vapor deposition method, as men-
tioned in our previous work [37]. Figure 6(a) shows
a scanning electron microscopy (SEM) image of the
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synthesized nanoplates. The high-resolution transmission
electron microscopy (TEM) image shows an interplanar
spacing of about 0.23 nm, indicating the (11̄0) edge direc-
tion of the nanoplate [Fig. 6(b)]. The selected-area electron
diffraction (SAED) pattern is shown in Fig. 6(c). Besides
the central point, there are six diffraction points, whose
intensities are much larger than those of the other points.
After calculating the distances from each diffraction point
to the central point and their relative orientations, we
can determine the (408̄), (44̄0), and (04̄8) crystal planes,
as highlighted in Fig. 6(c). Then, we can determine the
[221] zone axis based on crystallography calculations,
which indicate that the naturally grown surface of the
nanoplate is the (112) plane. Qualitative analysis of the
energy-dispersive x-ray spectroscopy (EDS) results sug-
gests that the atomic ratio of Cd to As is 60.1:39.9, which

is approximately consistent with the chemical composition
of Cd3As2 [Fig. 6(d)].

APPENDIX B: RAW DATA OF MAGNETIC
HYSTERETIC LOOPS

Since the bulk states of Dirac semimetals are also con-
ducting, the measured voltage, V, contains not only the
spin-dependent voltage, VS, but also a spin-independent
background, VB. We show raw data corresponding to Figs.
2(a) and 2(b) in Figs. 7(a) and 7(b). VB is a linear back-
ground, as denoted by dotted lines. VS is obtained by
removing VB from raw data, i.e., VS = V−VB. Background
subtraction is a very common method in spin potentiomet-
ric measurements [3,17].
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APPENDIX C: CURRENT-INDUCED SPIN
POLARIZATION FOR TOPOLOGICAL SURFACE

STATES AND RASHBA STATES

Topological surface states and Rashba states usually
possess opposite spin textures, as shown in Figs. 8(b) and
8(e). When applying the same bias current along the +x
direction [Figs. 8(c) and 8(f)], the Fermi surface would be

shifted towards the −kx direction and induce net electron
momentum, ke, along the −kx direction. Due to spin-
momentum locking, net spin polarization is expected. For
topological surface states [Figs. 8(a)–8(c)], the induced
spin polarization is along the ky direction, while, for
Rashba states [Figs. 8(d)–8(f)], the induced spin polariza-
tion is along the −ky direction.

Thus, through spin potentiometric measurements, we
can identify the helicity of the spin texture by the polar-
ity of the loop. If the spin polarization, S, is locked at right
angles to ke, the spin signal comes from topological sur-
face states. Otherwise, the spin signal could be attributed
to Rashba states.

The observed spin texture with counterclockwise helic-
ity most likely originates from the Rashba spin-splitting
effect of two-dimensional electron gas near the interfaces.
Other effects that may induce such a spin texture in TSMs
can be safely ruled out in our case. For the local Hall effect
[39], the polarity of the voltage loop is random, which is
inconsistent with our results. Additionally, intrinsic sur-
face states in TSMs can also demonstrate a Rashba-like
spin texture [40]. Sometimes the lower branch surface
states may overlap with the upper branch near the Fermi
level with opposite spin texture, inducing a Rashba-like
spin texture. However, this explanation is inconsistent
with the gate dependence investigations. If the Rashba-like
spin texture originates from lower branch surface states,
it should be sensitive to gate voltages, since the gate can
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FIG. 9. (a),(b) Magnetic hysteretic loop at 1.4 K with bias current ±20 μA, respectively. Local spin-detection configuration is shown
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FIG. 10. (a) Data are collected from
(Bi0.53Sb0.47)2Te3 at 1.9 K (Ref. [16]),
Bi1.5Sb0.5Te1.7Se1.3 at 4.2 K (Ref.
[18]), (Bi, Sb)2Te3 at 1.8 K (Ref.
[20]), Bi2Te2Se at 1.6 K (Ref. [21]),
Bi2Se3 at 1.4 K (Ref. [23]), BiSbTeSe2
at 2 K (Ref. [24]), and Cd3As2 at
2 K (Ref. [12]). (b) Data are col-
lected from Bi2Se3 at 125 K (Ref.
[3]), Bi1.5Sb0.5Te1.7Se1.3 at 300 K (Ref.
[18]), Bi2Se3 at 300 K (Ref. [17]), and
Cd3As2 at 300 K (this work).

effectively tune the Fermi level. Nevertheless, the observed
Rashba-type spin signal is almost unchanged, even when
the Fermi level is tuned far away from the Dirac point.

APPENDIX D: LOCAL SPIN TRANSPORT VIA
ANOTHER HALL-TYPE FM ELECTRODE

Figure 9 demonstrates the local spin-transport measure-
ments via another Hall-type Co electrode in the same
device as that in Fig. 2. As shown in Figs. 9(a) and 9(b),
the spin polarization is locked at right angles to electron
momentum, which is consistent with the spin texture of
topological surface states. The spin loop height, �VS, is
found to be linearly dependent on bias current [Fig. 9(c)],
in accordance with theoretical expectations [22]. The spin
resistance is estimated to be RS ∼ 0.71 �, which is simi-
lar to RS ∼ 0.61 � presented in Fig. 2. As shown in Figs.
9(d) and 9(e), the spin loop height, |�VS|, has a similar
dependence on gate voltage as that of the resistance, indi-
cating that the gate can effectively tune the bulk-to-surface
conductance ratio, which affects the ratio of the spin signal

to the total signal. Interestingly, the spin signal is robust
against temperature, which can survive up to room tem-
perature [Fig. 9(f)] and is beneficial for room-temperature
spintronic applications.

APPENDIX E: COMPARISON OF SPIN
RESISTANCE RS BETWEEN TOPOLOGICAL

INSULATOR AND DIRAC SEMIMETAL

We define spin resistance, RS, as RS ≡ |�VS/I |, where
�VS is the spin voltage loop height and I is the applied
bias current. The spin resistance can be used to characterize
the charge-to-spin conversion efficiency. Figure 10 shows
a comparison of spin resistance, RS, between topologi-
cal insulators and the Dirac semimetal Cd3As2. Compared
with topological insulator materials, the Dirac semimetal
Cd3As2 demonstrates a larger spin resistance in both low-
and high-temperature regimes, which is promising for
practical and high-performance spintronic applications.

(a) (b)

y

x

V +–

I ¢
Au Co Au Au

I

k¢ek¢e

I ¢

V +–

Au Au AuCo
I

FIG. 11. Nonlocal transport induced by
charge-current-spreading (CCS) effect. I
denotes local current, while I ′ denotes
nonlocal current.
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APPENDIX F: MECHANISM OF NONLOCAL SPIN
TRANSPORT

In nonlocal transport, the CCS effect is universally
observed. The CCS effect is similar to the concept of cur-
rent leakage. Current can flow towards the region with low
electric potentials. As shown in Fig. 11(a), when the local
current is along the +x axis, the electric potential of the
local Au electrode adjacent the nonlocal region is high,
inducing a nonlocal current along the –x direction. Oth-
erwise, when the local current is along the –x axis [Fig.
11(b)], the electric potential of the local Au electrode adja-
cent the nonlocal region is low, inducing a nonlocal current
along the +x direction. Thus, for the CCS effect, when the
local current is reversed, the nonlocal current, and thus,
nonlocal electron momentum, k′

e, would reverse the signs.
In the CCS regime, the nonlocal current flows between the
local and nonlocal electrode within the scale of the elec-
tron mean free path. In our devices, the distance between
the nonlocal FM electrode and adjacent local Au electrode
is set to 500 nm, which is much larger than the mean free
path of bulk electrons. Thus, the detected nonlocal signals
mainly originate from the CCS effect of topological surface
states.
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