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Nonreciprocal nonlocal spin transport observed in Dirac semimetal Cd3;As; nanoplates
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Nonreciprocal transport phenomena, such as current direction dependent resistance, have recently attracted
substantial research interest due to the underlying physics and potential applications for high-performance
rectifiers. Here we report the observation of nonreciprocal spin transport in Dirac semimetal Cd;As, nanoplates
under nonlocal configuration. Nonlocal spin voltage amplitude exhibits an anomalous nonreciprocity with
respect to the direction of local bias current. It is found that the nonreciprocity is prominent in the region near
current leads and becomes more significant upon increasing the bias current amplitude and tuning the Fermi
level toward the Dirac point. This unusual nonreciprocity can be well understood by combining the charge
current spreading and thermally induced spin polarization of topological surface states. Our results reveal the
influence of thermal effect on the spin transport of topological surface states in nonlocal configuration, which
should be valuable for thermal spintronics based on topological materials.
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I. INTRODUCTION

Three-dimensional topological semimetals are believed to
possess topological surface and hinge states [1-9], both of
which possess a helical spin texture [10—13]. Under an elec-
tric current bias, the spin texture of topological states leads
to spin-polarized currents with the spin polarization locked
to the electron momentum [4,5]. This makes it possible to
control the spin polarization by electric means. Furthermore,
these topological states are robust against environmental per-
turbations (e.g., disorders and temperature lifting) and inherit
a much longer mean free path [9,14,15], showing great
potential for low-dissipation spintronic applications [16].
Current-induced spin polarization has been widely investi-
gated in topological semimetal materials [14,15,17-22]. For
example, the Dirac semimetal Cds;As, demonstrates a much
higher spin-polarization rate than that in topological insu-
lators [14,15,17]. In addition, current-induced perpendicular
magnetization switching has been demonstrated in nanos-
tructured Weyl semimetal WTe, /ferromagnet heterojunctions
[21,23].

Despite the above-mentioned progress achieved so far,
certain obstacles still hinder the applications of spintronic
devices based on topological semimetals. The existence
of conductive bulk channels reduces the contribution of
topological states to conductance and thus decreases the
charge-to-spin conversion efficiency. Additionally, in the pres-
ence of a charge current, the bulk may possibly give rise
to spin polarization on the sample surface via the spin Hall
effect [18,24,25] and Rashba spin splitting states [15,25,26].
Thus, for achieving highly spin-polarized electron transport,
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it is necessary to suppress and even eliminate the bulk contri-
bution. Nonlocal measurements offer a method to single out
the topologically protected spin transport [14,27-31]. In the
nonlocal region, the contribution of Ohmic current leakage
vanishes exponentially [32,33], thus greatly suppressing the
transport from bulk states. By contrast, the large mean free
path of the topological surface and hinge states results in the
current spreading nonlocally away from the region between
source and drain electrodes [31,34-37].

In this work, we investigate spin-polarized transport
in Dirac semimetal Cd;As; nanoplates under nonlocal
configuration. Ferromagnetic Co electrodes are used for
spin-dependent voltage measurements. Driven by nonlocal
spreading currents, magnetic hysteretic loops of spin voltage
are observed in the nonlocal region away from the source-
drain region. The nonlocal spin voltage amplitude exhibits
a strong dependence on the bias current direction, that is, a
nonreciprocal spin transport. This nonreciprocity is enhanced
when the sample Fermi level is tuned to near the Dirac point.
The results are well understood by the combination of cur-
rent spreading and thermal effect induced spin polarization of
topological surface states.

II. METHODS

Cd;As; nanoplates were obtained via the chemical vapor
deposition method [15,17] with a thickness of ~100 nm, and
then transferred onto the Si substrate with a 285-nm-thick
SiO, layer on top. The SiO,/Si substrate acts as the back
gate to modulate the carrier density and Fermi level of the
nanoplate. Two rounds of e-beam lithography were utilized
to pattern the Ti/Au (5 nm/150 nm) and Co/Au (150 nm/10
nm) electrodes. For establishing Ohmic contact between
the nanoplate and Ti/Au electrodes, an in situ Ar* etching

©2023 American Physical Society
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FIG. 1. Nonlocal transport measurements of the Cd;As;
nanoplate. (a) Optical image of the nanoplate device A. The Ti/Au
and Co electrodes are marked by yellow and blue, respectively. The
Co electrodes denoted by 1-4 are mainly used for measurements.
(b) Schematic illustration of nonlocal measurements. The nonlocal
voltage measured on Co electrodes 1 and 2 is denoted by V, and V5,
respectively. The positive current is applied along the 4-x direction,
and the positive magnetic field is applied along the —y direction. (c)
Distribution of the current flow in the nanoplate. The local current
channel between the source (S) and drain (D) is denoted by the
black arrow, and the nonlocal transport is denoted by the bright blue
arrows. Here, the nanoplate is n-type doped and electrons are the
majority carriers. (d) Nonlocal I-V characteristics measured using
the Co electrodes 1 and 2 in device A, respectively, without applying
magnetic field.
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treatment was performed before metal evaporation. An upper
gold layer was used to protect the Co from oxidation. Several
devices were fabricated and measured, showing consistent
experimental results. In the following, we will mainly discuss
two typical devices, denoted as device A and device B (see
Appendix A). Figure 1(a) shows the optical image of device
A, where electrodes are placed along the periphery of the
nanoplate for nonlocal measurements. All the transport mea-
surements were carried out at a temperature of 1.5 K.

III. RESULTS AND DISCUSSION

As shown in Fig. 1(b), a dc bias current is injected into
the nanoplate via the middle two Ti/Au electrodes, whereas
the spin-dependent voltage Vs is measured using the Co elec-
trodes 1 and 2 outside the source-drain region, respectively.
The Vs is dependent on the relative orientation of magnetiza-
tion M of the Co electrode and the electron spin polarization
S. Specifically, M//S and M//-S lead to high- and low-voltage
states [26,38], respectively. An external magnetic field B is
applied along the y axis to modulate the Co electrode mag-
netization M. All the Vs data in this work are obtained after
subtracting the background.

For the Dirac semimetal CdsAs,, bulk, surface, and hinge
states are in parallel conduction to carry the current trans-
port. The bulk-state currents dominate between the source
and drain. In the region away from the source and drain,
the bulk contribution is gradually decreased, and topolog-
ical surface states and hinge states become manifest due

to their topological protection and longer mean free path
[3,8,9,14,15], leading to nonlocal transport [blue arrows in
Fig. 1(c)]. Figure 1(d) presents the nonlocal current-voltage
(I-V) characteristics measured using the Co electrodes 1 and
2. The slopes of two I-V traces are consistent with the direc-
tion of nonlocal current flow depicted in Fig. 1(c). A small
deviation away from the linear /-V dependence is observed at
high current bias (see Appendix B), which may arise from the
thermal effect [39,40].

Figure 2 shows the nonlocal spin transport results mea-
sured using the Co electrodes 1 and 2, which are close to
the source-drain leads [see the measurement configuration in
Fig. 1(b)]. As shown in Figs. 2(a) and 2(b), under a bias
current / = 2 mA, magnetic hysteretic loops of Vs are clearly
observed (see the raw data in Appendix C). The spin polar-
ization S can be obtained according to the spin voltage Vg
and the Co electrode magnetization M. The nonlocal electron
momentum k, is oriented along the +x direction [Fig. 1(c)].
With the determined orientations of S and k., it is found that
S is always locked to k. by the right-handed way, as shown
by the insets in Figs. 2(a) and 2(b). Upon reversing the bias
current direction [Figs. 2(c) and 2(d)], the spin-polarization
orientation is also inverted due to the spin-momentum locking
property [14,15,17]. However, notably, the Vs loop height
experiences an obvious change upon reversing the current
direction, in striking contrast to the spin transport results
reported previously [14,15,17,26,37,41-44]. We define the
magnetic hysteresis window height as |AVg|, which can be
used to characterize the spin voltage amplitude. Figures 2(e)
and 2(f) show the current dependence of |AVg|. It is found
that |AVs| is asymmetric with respect to the direction of bias
current, and this asymmetry becomes more prominent with
higher current bias.

We further investigate the gate voltage dependence of
nonreciprocal spin signals in nonlocal geometry. The local
transfer curve [Fig. 3(a)] indicates the studied nanoplate is
heavily electron doped, where the Dirac point is located
around —60 V. Figures 3(b) and 3(c) display the gate voltage
V, dependence of spin signals |AV;g| and | AV,g|, respectively.
Both |AVig| and |AV,g| exhibit an increasing trend as the
Fermi level is tuned toward the Dirac point, regardless of the
direction of bias current (see Appendix D). This can be under-
stood since the bulk conduction is decreased near the Dirac
point [14,15,17], whereas the helical surface and hinge states
become manifest. In addition, it is found that the spin signal is
nonreciprocal with respect to the current direction in the entire
gate voltage modulation range. |AV)s| is always larger at
I = —2 mA than at I = 2 mA, while |AV,g| exhibits a much
larger value at 2 mA than at —2 mA. The difference of spin
signals between I = 2 and —2 mA, i.e., |AVs|, — |AVg|_, is
plotted versus V,, as shown in Fig. 3(d). When tuning V, from
30 to —60 V, the absolute value of |[AVs|, — |AVs|_ exhibits
an increase by a factor of ~1.4, analogous to the increase of
local resistance by a factor of 1.5 [Fig. 3(a)]. This implies that
the asymmetric effect may be associated with the electrical
resistance between the source and drain electrodes.

Besides the region adjacent to source-drain leads, we also
study the spin transport in the region far away from the source
and drain. As sketched in Fig. 4(a), a dc current is applied on
one side of the nanoplate, while the voltage is measured on
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FIG. 2. Nonreciprocal nonlocal spin transport in device A. (a—d) Nonlocal spin voltage Vs loops measured on the Co electrodes 1 and 2 with
bias current £2 mA. Insets show the corresponding spin-momentum locking, where the nonlocal electron spin and momentum are denoted
by magenta and black arrows, respectively. The Vs is obtained after the background subtraction. Red and black arrows denote the forward
and backward sweeping of the magnetic field, respectively. (e,f) Spin voltage amplitude |AV;gs| and |AV,g| as a function of bias current /.
A nonreciprocity of |AVs] is observed with respect to the current direction. Dashed blue and red lines are linear fits to experimental data at
negative and positive currents, respectively. The error bars represent the standard deviation over multiple measurements.
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FIG. 3. Gate voltage dependence of nonlocal spin transport in
device A. (a) The transfer curve of the nanoplate, obtained from the
local four-probe measurement (as schematized in the inset). (b,c)
Gate voltage dependence of the nonlocal spin voltage amplitude
|AVis| and | AV,s| with bias current £2 mA. The error bars represent
the standard deviation over multiple measurements. (d) The differ-
ence of |AVs|, and |AVs|_ versus gate voltage V, measured on the
Co electrodes 1 and 2, respectively. |AVs|, and |AVs|_ correspond
to the |[AVs| under I = 2 and —2 mA, respectively.

the Co electrodes 3 and 4 situated at the opposite side. Spin
voltage loops are also observed here with the spin orientation
locked at a right angle to the momentum (see Appendix E).
Figures 4(b) and 4(c) show the current dependence of |AVsg|
and |AVys|, respectively. It is found that the spin voltage
amplitude |AVsg| (JAVss|) stays nearly equivalent under the
same magnitude of positive and negative currents, even if the
bias reaches up to =4 mA. In other words, the nonreciprocal
nonlocal spin transport is greatly suppressed in the region far
away from the source and drain.

From the above observations, we find that (1) nonlocal
spin signals exhibit the right-handed spin-momentum locking
property, (2) the nonlocal spin voltage amplitude demon-
strates a nonreciprocity with respect to the current direction
at the high current bias, (3) the nonreciprocity is enhanced
as the Fermi level is tuned toward the Dirac point, (4) the
nonreciprocity is spatially dependent and mainly takes place
near the source-drain leads. Next, we would like to discuss the
possible mechanisms for these observations.

The right-handed spin-momentum locking measured at
two sides of the nanoplate indicates the dominance of topolog-
ical surface states in the nonlocal spin transport (see Appendix
F). Since the spin polarization signals are mainly induced
by nonlocal current flow, it is natural to attribute the non-
reciprocal nonlocal spin signals to the asymmetric current
amplitude when reversing the bias direction. This is expected
when considering the asymmetric electrode geometry and in-
version symmetry broken lattice structure [45-48]. However,
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FIG. 4. Nonlocal spin transport measured in the regions far away from the source-drain leads. (a) Schematic of nonlocal measurement.
The voltage measured on the Co electrodes 3 and 4 are denoted by V; and V,, respectively. The Co electrodes 3 and 4 are farther away from
the source and drain compared to the Co electrodes 1 and 2. (b,c) The |AVsg| and |AVyg| as a function of bias current / in device B, which
has almost the same electrode configuration as device A. The |AVs| is almost equivalent for the same amplitude of positive and negative
bias. Dashed blue and red lines are linear fits to experimental data at negative and positive currents, respectively. The error bars represent the
standard deviation over multiple measurements. (d,e) [llustration of both current spreading induced surface spin polarization (gray arrows) and
thermally induced surface spin polarization (red arrows) in the region near the current leads [highlighted by the dashed rectangle in (a)]. The
filled blue circles represent the electrons, and the gray and red arrows denote the direction of electron spin.

as shown in Figs. 1(d) and 6, at low bias currents (where the
Joule heating can be neglected), the nonlocal voltage shows
a linear dependence on the bias current and an antisymmetric
relationship as the current polarity is reversed. Therefore, the
asymmetric current flow can be excluded as the main origin of
nonreciprocal spin signals. Generally, spin diffusion of topo-
logical surface states from a local to a nonlocal region is also
directional due to the spin-momentum locking. Nevertheless,
the asymmetry of spin diffusion cannot explain the almost
symmetric nonlocal spin transport at low bias current or in
the region far away from the source-drain bias.

The enhanced nonreciprocity at higher bias, that is, the
asymmetric spin signals, can be attributed to the thermal ef-
fect. Upon applying a high bias current (e.g., 2 mA), Joule
heating would result in a temperature gradient VT between
the source-drain region and its outside regions [49-51]. More-
over, the VT is almost the same for positive and negative
current since it is proportional to /2. The VT will drive the
carrier moving from the hot side to the cold side, and there will
be notable spin accumulations due to spin-momentum locking
of the topological surface states, which are independent of the

direction of source-drain current. By contrast, changing the
bias current polarity, i.e., reversing the spreading current di-
rection, results in opposite spin polarizations on the nanoplate
surface due to the spin-momentum locking property of the
topological surface states. Taking both the current spreading
and thermally induced spin accumulations into consideration,
it is expected to observe asymmetric nonlocal spin signals
upon changing the bias current direction, as illustrated in
Figs. 4(d) and 4(e).

The proposed thermal effect can also explain the gate-
dependent nonreciprocity shown in Fig. 3. Since Joule heating
power is proportional to electrical resistance at a fixed bias
current, the thermal effect would be enhanced as the Fermi
level is tuned toward the Dirac point to increase the resis-
tance. This enhancement of thermal effect would enhance
the nonreciprocity of nonlocal spin transport. Moreover, the
Joule heating is mainly concentrated within and near the
current leads. This is consistent with the experimental ob-
servation that nonreciprocity is pronounced near the source
and drain while it is greatly reduced in the far region (see
Appendix G).
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IV. CONCLUSIONS

In summary, we have demonstrated the nonreciprocity of
nonlocal spin transport relative to the direction of source-drain
current in Dirac semimetal Cd3As, nanoplates. It is found
that, under a high current bias, Joule heating has significant in-
fluence on the nonlocal spin-polarized transport of topological
surface states. The nonreciprocity is remarkable near the cur-
rent leads and enhanced when the Fermi level is tuned close
to the Dirac point. Our work exhibits gate tunable spin flow
by means of the thermal effect, paving the way for developing
thermospintronics [52—58] based on topological materials.
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APPENDIX A: CARRIER DENSITY OF THE SAMPLES

The transfer curve of device A, the longitudinal conduc-
tance G versus gate voltage V,, is shown in Fig. 5(a). The
gate voltage is applied onto the Si substrate with an oxide
layer on top. We can obtain the carrier mobility p by the

linear fitting of conductance through p = 29 1P where [,

AV, wepep’
D, w, &, and &, denote the channel lengtgh, tohe thickness
of the oxide layer, the sample width, the vacuum dielectric
constant, and the dielectric constant of the oxide layer, re-
spectivaely [17,59]. The linear fitting of the transfer curve

gives ﬁ =22 x 1072 Q7! V7!, as shown by the red curve

in Fig. 5. Then the carrier density can be estimated as n = o

with the conductivity o = ﬁ, where e, t, and R are electron
charge, sample thickness, and resistance, respectively. Last,
we can obtain n = 1/ (g_\(/i %eRt). At zero gate voltage, the
measured resistance R = 4.8 2 for the nanoplate with thick-
nesst ~ 100 nm. Combined with the empirical value of D,,,
€0, and &,, [17], the carrier density can be estimated as n ~
7.2 x 10'7 cm™3. The Fermi wave vector then is obtained
as kr = (37%n)'> ~ 0.028 A~'. The corresponding Fermi
level Ep = hupkp is about 91 meV using the Fermi velocity

(a) (b) 0.30
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FIG. 5. Transfer curve of device A and device B. The conduc-
tance G as a function of gate voltage V,. The red lines show the linear
fitting of conductance, from which the carrier mobility and density
can be obtained.

1 (mA)

I (mA)

FIG. 6. Polynomial fitting of nonlocal /-V data and the estimated
thermal voltage for device A. Four-degree polynomial fittings for the
nonlocal V| and V, data of Fig. 1(d). (a) Higher-degree polynomials
can always fit the data better, but the same linear components are
still recognized. (b) The estimated thermal voltage Viperma & A2l? +
Asl® + A4l*, where A,, Az, and A, are obtained from the fitting
results in (a).

vE=5x%x10° m/s. Similarly, we can obtain the carrier den-
sity n ~ 1.2 x 10 ecm™ and Er ~ 107 meV for device
B [Fig. 5(b)]. Compared with the previous works on Cd3;As;
nanoplates [14,15,17], the carrier density and Fermi level of
the two devices are low enough to anticipate the observation
of topological surface state spin transport.

APPENDIX B: ESTIMATION OF THERMALLY
INDUCED VOLTAGE

To clarify the thermal effect on the nonlocal voltage, we fit
the I-V data by high-degree polynomials [Fig. 6(a)]. The non-
local voltage V can be expanded as V = Ay + Al + AyI* +
A3 + .. .. The term A, should be zero due to vanishing V
in the absence of bias currents. The term A; is mainly caused
by nonlocal current flow, whereas A, can be caused by the
Joule-Seebeck effect [40]. The higher-order components may
come from other factors such as the temperature-dependent
Seebeck coefficient [60]. Figure 6(a) shows the four-degree
polynomial fitting results of nonlocal I-V data of Fig. 1(d).
The thermoelectric effect generated voltage is estimated by
the nonlinear terms, as displayed in Fig. 6(b). As expected,
the thermoelectric voltage is almost negligible at low bias cur-
rents, and becomes gradually significant when |I| > 0.5 mA.

APPENDIX C: RAW DATA OF MAGNETIC
HYSTERETIC LOOPS

Since bulk states also contribute to the nonlocal transport,
the measured nonlocal voltages contain not only the spin-
dependent signals, but also a spin-independent background.
Figure 7 shows the raw data of magnetic hysteretic loops
measured on the Co electrode 1 of device A and electrode 4
of device B. A linear magnetoresistance background is clearly
observed (dashed lines), which is consistent with previous
observations [17]. The spin-dependent voltage Vs in the main
text is obtained by subtracting the background signals from
raw data.

165423-5



AN-QI WANG, PENG-ZHAN XIANG, AND ZHI-MIN LIAO

PHYSICAL REVIEW B 107, 165423 (2023)

a) . b
(a) -2080 = (b) 1220
2120 #‘
< N < 1200 LI
2 2160 N 2 v
= N, = -t
> 2200 N > 1180} 1;},
\\ ‘
2240+ 2 mA N 4 mA
. 1160} ‘ ‘
02 -01 00 01 02 02 01 00 01 02
B(T) B(T)
(9 d
(©) 2280+ -2mA L ( )-1240 -4 mA .
!
R :K
< 2240 Y. S -1260 NN N4
= 17 = i
= 2200 . > del
> - > 1280 hi.:‘f S~
2160f -~ :
-1300
02 01 00 01 02 02 01 00 01 02
B(T) B(T)

FIG. 7. Raw data of nonlocal spin transport measurements. (a,c)
Raw data of nonlocal spin transport measured on the Co electrode
1 of device A (lower side of nanoplate), corresponding to Figs. 2(a)
and 2(c) in the main text. (b,d) Raw data of nonlocal spin transport
measured on the Co electrode 4 of device B (upper side of nanoplate).
The linear magnetoresistance background is denoted by dashed lines.

APPENDIX D: GATE VOLTAGE DEPENDENCE OF AVy

Figure 8 compares the magnetic hysteretic loops under
different gate voltages in device A. When the gate voltage
is reduced from 0 to —60 V, the height of the hysteretic
window, i.e., the spin voltage amplitude |AVs|, experiences
an obvious increase regardless of the direction of bias current.
Meanwhile, the amplitude of the background signal is also
enhanced. These observations are consistent with previous
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FIG. 8. Comparison of magnetic hysteretic loops under different
gate voltages in device A. (a,c) Raw data of nonlocal spin transport
measured on the Co electrode 1 at V, =0 V and V, = —60 V. (b,d)
Raw data of nonlocal spin transport measured on the Co electrode 2
atV,=0VandV,=—-60V.
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FIG. 9. Nonlocal spin transport measurements on the Co elec-
trodes 3 and 4 in device B. (a) Optical image of the nanoplate
device B. The Ti/Au and Co electrodes are marked by yellow and
blue, respectively. (b) Nonlocal /-V characteristics measured on the
Co electrodes 3 and 4 when the magnetic field B =0 T. (c,d) Spin
voltage loops measured on the Co electrodes 3 and 4 with a bias
current of 4 mA.

results on a Cds;As, nanoplate [15,17]. The |AVs| is mainly
originated from helical surface states (see Appendix F), and
its amplitude is proportional to the charge current flowing
through the surface channel [15]. In the Dirac semimetal
CdsAs;, the bulk and surface states are always in parallel
conduction. As the nanoplate Fermi level is tuned toward the
Dirac point, the bulk to surface conductance ratio is decreased,
leading to an increase of spin-polarized surface current and
|AVg|. On the other hand, the reduced bulk carrier density
near the Dirac point results in an enhancement of electrical
resistance and a larger amplitude of background voltage.

APPENDIX E: NONLOCAL MEASUREMENTS IN THE
REGION FAR AWAY FROM CURRENT
LEADS IN DEVICE B

Figure 9 demonstrates the nonlocal transport results mea-
sured on the Co electrodes 3 and 4 in device B. Device B has
nearly the same electrode geometry as device A [Fig. 9(a)].
A dc bias current is injected into the nanoplate via the two
Ti/Au electrodes between Co electrodes 1 and 2, whereas the
voltage is measured on the Co electrodes 3 and 4 situated
far away from the source-drain region. Linear /I-V curves
are observed even at large bias currents [Fig. 9(b)], in sharp
contrast to Fig. 1(d) in the main text. Spin voltage loops are
also clearly observed on the Co electrodes 3 and 4 [Figs. 9(c)
and 9(d)]. With the determined orientations of momentum and
spin, the right-handed spin-momentum locking relation can be
obtained, which is consistent with the scenario of topological
surface state spin transport.
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FIG. 10. Nonreciprocal nonlocal spin signals measured on the neighboring region to the current leads in device B. (a) Schematic illustration
of nonlocal measurement geometry. The nonlocal voltage measured on the Co electrode 1 is denoted by V). The positive current is applied
along the +x direction, and the positive magnetic field is applied along the —y direction. (b,c) Nonlocal spin voltage Vg loops measured on the
Co electrode 1 with bias current =4 mA. (d,e) Nonlocal spin voltage Vs loops measured on the Co electrode 1 with bias current 500 pA.

APPENDIX F: NONLOCAL SPIN TRANSPORT OF
TOPOLOGICAL SURFACE STATES

In the Dirac semimetal Cd3As,, both the topological sur-
face states and hinge states can contribute to the nonlocal
spin signals due to the intrinsic spin-momentum locking
property. The observed right-handed spin-momentum locking
at both sides of the nanoplate indicates the dominance of
topological surface states in nonlocal spin transport. This is
because the hinge states possess an opposite spin-momentum
locking relation at two sides of the Cd3;As, nanoplate [61],
inconsistent with the experimental observation, which could
not be the main origin of nonlocal spin signals. Moreover,
the observed opposite spin polarizations upon reversing bias
currents is consistent with the scenario of nonlocal charge
current spreading induced surface spin transport. This sug-
gests that the nonlocal spreading current induced surface spin
polarization is dominant over the other factors, such as ther-
mally induced spin polarization and intrinsic spin diffusion
process. This is different from the previous investigation on
ZrTes nanowires [51], where the thermal effect dominates the
nonlocal spin polarization and the charge current spreading
is almost negligible. The reasons for such difference may
lie in the discrepancy of the topological nature of the two
materials. The nonlocal spin transport in our work should
arise from the Fermi arc states which are unique to Dirac
semimetals. Notably, upon the reversal of bias currents, we
here observe a reversal of spin polarization in nonlocal regions
of the Cd;As, nanoplate, which is also different from the
case of Cd3As, nanowires [14]. Compared to nanowires, the
Cd;As; nanoplates usually have a higher carrier mobility, a

higher electrical conductivity, and a longer mean free path
[59,62—-64]. The longer mean free path and higher conduc-
tivity of nanoplates facilitate the dominance of the current
spreading effect in the nonlocal channel, as also evidenced
by the almost linear relation between nonlocal voltage and
electric current [Fig. 1(d)]. As for the nanowire device [14],
the nonlocal cobalt electrode is 350 nm away from the lo-
cal two electrodes, much beyond its electron mean free path
(~ 80 nm). Additionally, the nanowire usually has a higher
electrical resistance due to its larger resistivity and suppressed
cross-section area, and this would produce a considerable
amount of Joule heat even in the presence of a small bias
current. Therefore, the nonlocal current spreading effect is
almost negligible in nanowires, and carrier diffusion comes
into prominence. The carrier diffusion may originate from the
thermal drive due to Joule heating, where the spin polarization
remains the same upon reversing the bias current [14].

APPENDIX G: NONLOCAL SPIN TRANSPORT IN THE
NEIGHBORING REGION TO CURRENT LEADS IN
DEVICE B

Figure 10 shows the nonlocal spin transport results mea-
sured on the neighboring region to the current leads in device
B. Compared to the data of electrodes 3 and 4 [Figs. 4(b)
and 4(c)], electrode 1 detects nonreciprocal spin signals upon
switching the bias direction [Figs. 10(b) and 10(c)]. This is
expected since electrode 1 is situated near the current leads,
where the thermal effect is more predominant than the re-
mote electrodes 3 and 4. A combination of thermal effect
and spin-momentum locked surface states gives rise to the
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observed nonreciprocity. As the bias current is decreased to
a small value [Figs. 10(d) and 10(e)], the Joule heating is
almost negligible and exerts little effect on the spin-polarized
signals, where nonreciprocity would be greatly reduced upon
reversing the current direction. In addition, we find the non-
reciprocity in device B [Figs. 10(b) and 10(c)] is smaller than
that in device A [Figs. 2(a) and 2(b)], although the bias current
is much larger in device B. This is because the magnitude of
nonreciprocity, i.e., the spin voltage asymmetry, depends on
not only Joule heating term IR (the product of current square
and device resistance), but also the thermal parameters of the
nanoplate device, such as heat capacity, heat conductance, and
Seebeck effect. The different carrier density [Fig. 5] would
lead to a divergence of Seebeck coefficient and other thermal
parameters between the two devices. Therefore, after con-
sidering other factors such as device resistance and Seebeck
coefficient, it can be understandable that the nonreciprocity in
device B is smaller than for device A, although the current

in device B (4 mA) is significantly larger than in device A
(2 mA).

APPENDIX H: LOCAL SPIN TRANSPORT IN DEVICE B

Figure 11 shows the local spin detection on the Co elec-
trodes 1, 3, and 4 of device B. In the presence of the same bias
current (I = 300 nA), the Co electrodes 1, 3, and 4 exhibit
different magnitudes of hysteresis window, i.e., different spin
voltage amplitude |AVs|. As we can see, the |AVs| is about
20 wV for Co electrode 1, while |AVg| is about 60 uV for
Co electrodes 3 and 4. On the same Cd;As, nanoplate, the
different |AVs|/I indicates distinct interface quality and dif-
ferent spin detection efficiency of Co electrodes. Specifically,
the efficiency of spin detection may be influenced by the
roughness of the material surface, the crystal quality of the
edge, the uniformity of the intermediate isolating layer, and
the quality of the Co electrode.
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