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Spin-momentum locking arising from strong spin-orbit coupling is one of the key natures of topological

materials. Since charge can induce a spin polarization due to spin-momentum locking, the search for materials

that exhibit this feature has become one of the top priorities in the field of spintronics. In this paper, we report the

electrical detection of the spin-transport properties of ZrTe5 nanowires, using a nonlocal geometry measurement.

A clear hysteresis voltage signal, which depends on the relative orientations between the magnetization of the

ferromagnetic electrodes and the carrier spin polarization, has been observed. The hysteresis voltage states can be

reversed by altering the electron movement direction, providing direct evidence of the spin-momentum locking

feature of ZrTe5 nanowires and revealing its topological nature. Furthermore, the current-dependent measure-

ment suggests that the charge (spin) current is induced by thermal effect, which utilizes the thermoelectric

properties of ZrTe5. Using the thermal effect to control the spin-polarized current protected by spin-momentum

locking offers possibilities for small-sized devices based on the topological materials.

DOI: 10.1103/PhysRevB.104.035429

I. INTRODUCTION

One of the key characteristics of topological materials
is spin-momentum locking, which is caused by a strong
spin-orbit coupling. The spin-momentum locking feature
has been observed in the three-dimensional topological
insulators [1–4], as well as the topological Dirac-Weyl
semimetals [5], following theoretical predictions [6–9]. This
remarkable property leads to a charge-induced spin polariza-
tion [2,10], which can be used to enhance the spin-torque
effect [5], as well as the spin Seebeck effect [11]. Therefore,
topological materials with these helical surface states have
great potential for applications in electronic and spintronic
devices. The electrical detection of spin-polarized current pro-
tected by spin-momentum locking has become one of the top
priorities in the field of spintronics.

On the other hand, with the emergence of thermospin-
tronics (also called spin caloritronics), which refer to the
manipulation of electron spins with thermal effects, the in-
teraction between heat transport and the charge, as well as
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the spin degrees of freedom, has recently drawn considerable
attention [12–14]. Indeed, thermoelectric effects [15,16] have
demonstrated important roles in the applications of nano-
electronics, as well as spintronics [17,18]. Up to now, studies
on the spin-caloritronics mostly utilize the spin freedom of
ferromagnetic materials [12,13,15,19–24]. The explorations
on the interplay between the thermoelectrical effect and the
spin transport of topological materials are rare. Therefore, a
deep understanding, as well as a utilization of the thermal
effect, in spin transport based on topological materials is es-
sential for the development of spintronics devices.

As a topological material, ZrTe5 is an idea platform to
investigate this interplay due to its nontrivial helical surface
state, as well as strong thermoelectrical effect with a large
Seebeck coefficient. Transition metal pentatelluride ZrTe5

has been intensively studied due to its potential applications
in thermoelectricity [25–27]. In recent years, following the
discovery of topological quantum materials, ZrTe5 has ig-
nited renewed interests as a topological material [28–38].
Many intriguing properties associated with its nontrivial topo-
logical phase have been observed, such as chiral magnetic
effect [29], Zeeman splitting [34–36], as well as quantum
oscillations [30,31,39].

In this paper, we have carried out a systemic spin-
transport measurement of ZrTe5 nanowires using nonlocal
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geometry. The nonlocal voltage signal demonstrates a hys-
teresis loop as the external magnetic fields sweep back
and forth. A high (low) voltage state is observed when
the magnetization M of the ferromagnetic electrode (Py) is
parallel (antiparallel) to the spin polarization s of the car-
riers. This hysteresis voltage state was reversed by altering
the direction of the electron movements, which unambigu-
ously reveals the spin-momentum locking feature of ZrTe5.
More importantly, the charge (spin) flow is generated and
controlled by thermal effects under nonlocal geometry, and
therefore, we validate a feasible method using basic thermo-
electrical effect to control the charge (spin) flow in a ZrTe5

nanowire.

II. EXPERIMENTAL DETAILS

A. Crystal growth

ZrTe5 crystals consisting of Zr powder (purity: 99.99%)
and Te powder (purity: 99.999%) were prepared via the chem-
ical vapor transport method using iodine as the transport
agent. A typical temperature gradient from 500 to 400 °C was
employed. The structural characterization of obtained bulk
ZrTe5 crystals can be found in Fig. S1 in the Supplemental
Material [40].

B. Device fabrication

The ZrTe5 nanowires were exfoliated from bulk crystals,
then transferred onto a precleaned SiO2/Si substrate (tSiO2 =

280 nm). The contacts of the devices were patterned via stan-
dard ultraviolet exposure technology. Here, MgO (2 nm), Py
(150 nm), and Au (8 nm) were deposited sequentially by
electron beam evaporation. The vacuum pressure was main-
tained at 2 × 10−7 mbar during the deposition. The inserted
thin MgO layer was used to decouple the magnetization of
the Py electrodes and the ZrTe5 nanowire channel. An 8 nm
Au coating on the Py electrodes was used to prevent sub-
sequent oxidation. To reduce the contamination and damage
during device fabrication, four ferromagnetic contacts were
used, in which the two outer Py contacts were well separated
from the inner contacts. The detailed information of the con-
tact separation can be found in Fig. S2 in the Supplemental
Material [40]. This measurement geometry has been used
in previous studies [41,42]. The exfoliated ZrTe5 nanowires
were measured by scanning electron microscope (SEM) and
atomic force microscope (AFM) to determine its feature
size.

C. Transport measurements

The low-temperature spin-transport measurements were
performed using an Oxford instruments cryogenic sys-
tem (TeslatronPT, Oxford) which can provide a magnetic
field up to 14 T and temperatures down to 1.6 K. A
Keithley 6221 ac/dc current source was used to apply
the current, while a lock-in amplifier (Stanford Research
SR830) was employed to detect the voltage signal. A
lock-in technique was used to extract the relatively small
spin signal from the background noise, and nonlocal mea-
surement geometry was adopted to exclude the contact

FIG. 1. Structure and morphology of ZrTe5 crystal. (a) The crys-

tal structure of ZrTe5. The purple spheres represent the Zr atoms,

while the red and blue spheres represent the Te atoms. The trigonal

prismatic chains of ZrTe3 (TeI) run along the a axis (indicated by

the black dashed line), forming a two-dimensional (2D) sheet of

ZrTe5 in the a-c plane via parallel zigzag chains of 2 Te atoms

(TeII). The sheets of ZrTe5 stacked along the b axis form a layered

crystal structure. (b) Top view of two ZrTe5 layers. The primitive

cell of two prismatic chains and two zigzag chains is indicated by

a black rectangle. (c) Optical and electronic microscopic images

of the device, clearly indicating four ferromagnetic (Py) contacts

and the ZrTe5 nanowire with a width of 125 nm. (d) Atomic force

microscopy (AFM) image of the ZrTe5 nanowire, from which the

thickness of the nanowire is determined to be ∼10 nm.

resistance and any spurious signals induced by the Py
contact.

III. RESULTS AND DISCUSSION

A. Basic characterizations

ZrTe5 has a typical orthorhombic layered structure with
a space group of Cmcm (D17

2h) [43]. Figure 1(a) displays the
schematic crystal structure of ZrTe5, where the purple spheres
represent the Zr atoms, and the red and blue spheres represent
the prismatic (TeI) and the zigzag (TeII) Te atoms, respec-
tively. The trigonal prismatic chains of ZrTe3 (TeI) are visible
along the a axis (indicated by the black dashed triangle),
which form a two-dimensional sheet of ZrTe5 in the a-c plane
via parallel zigzag chains of two Te atoms (TeII). The sheet
stacks along the b axis, coupled via weak van der Waals
forces, forming a layered crystal structure. Figure 1(b) is a top
view image of two ZrTe5 layers, in which the primitive cell
with two prismatic chains and two zigzag chains is indicated
by a black dashed rectangle.

The nanowires were exfoliated along the a-c plane from
bulk crystals. The developed device was inspected by SEM,
and the result is shown in Fig. 1(c), from which, the width
of the ZrTe5 nanowire is determined to be ∼125 nm, and the
thickness of the nanowire is ∼10 nm, as examined by AFM
[Fig. 1(d)].

B. Theoretical understanding of the spin signal detection

In terms of the spin generation and detection under non-
local measurement geometry, ZrTe5 is well known as a
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FIG. 2. Theoretical understanding of spin detection under a non-

local geometry measurement. (a) Schematic illustration of the device

structure with four ferromagnetic (Py) contacts. The currents were

applied through C1 and C2, while a nonlocal voltage was measured

between C3 and C4. The magnetization M of Py electrodes along

the +y or the −y direction (yellow arrow) was controlled by an

external magnetic field. A temperature gradient between the hot

region C2 and the cold region C4 is generated by the Joule heating.

(b) Schematic diagram of the migration of carriers driven by the

temperature gradient. The temperature gradient defined as �T results

in a movement of electrons from the hot region (C2) to the cold

region (C4). The direction of spin polarization is indicated by the

blue arrow.

thermoelectric material even at low temperatures [26,27]. This
is attributed to its large thermopower P (P = α2σ ) and high
Seebeck coefficient α(α = �V/�T ), the latter of which can
result in the production of a large voltage, given a small tem-
perature gradient [44]. A schematic illustration of the device
structure with four ferromagnetic (Py) contacts is shown in
Fig. 2(a). When currents are applied through contact 1 (C1)
and contact 2 (C2), Joule heating can be generated by the cur-
rents, and a temperature gradient is formed [45,46] between
contact 2 (C2) and contact 4 (C4). The temperature gradient
then drives the electrons in the ZrTe5 nanowire moving along
the +x direction (kx > 0) from the high-temperature end (C2)
to the low-temperature end (C4). Due to the spin-momentum
locking, the right moving electrons (kx > 0) have a spin po-
larization s pointing along the +y direction [2,3,47], as shown
in Fig. 2(b).

Meanwhile, a magnetic field is sweeping back and forth
to control the magnetization M of the Py electrode in the +y

or −y direction indicated by the yellow arrows (defined as
positive +M or negative −M magnetization, corresponding to
the majority spin direction along +y or −y direction, respec-
tively). Thus, the relative orientation between M and s should
demonstrate parallel or antiparallel state under a sweeping
field. Those states can be picked up between C3 and C4 as a
high-voltage (s//M) state or a low-voltage (s//−M) state. Sim-
ilarly, when currents are applied between contact 3 (C3) and
contact 4 (C4) (Fig. S3 in the Supplemental Material [40]),
a temperature gradient with the high-temperature end (C3)
and the low-temperature end (C1) is formed. In this case, the
carries between C3 and C1 are driven toward the −x direction
(kx < 0). Those left moving electrons (kx < 0) have a spin
polarization s pointing toward the −y direction due to the
spin-momentum locking (Fig. S3 in the Supplemental Mate-
rial [40]). Therefore, the reversed s should lead to reversed
high-voltage (resistance) and low-voltage (resistance) states.

FIG. 3. Electrical detection under a nonlocal geometry setup.

(a) and (b) Schematic illustration of the nonlocal geometry under a

direct current (DC) bias of Idc = +3 μA and a constant alternating

current (AC) of Iac = 2 μA. (a) C1 and C2 were used to applied

current while the nonlocal voltage was measured between C3 and

C4. (b) C3 and C4 were used to applied current while the nonlocal

voltage was measured between C2 and C1. (c) and (d) The nonlocal

hysteresis voltage signals at T = 1.6 K while the external field is

sweeping back and forth. The red and black arrows indicate the

magnetic field sweeping direction. The insets demonstrate that the

high- or the low-voltage state is determined by the parallel or an-

tiparallel orientation between the magnetization M of Py and the spin

polarization s of the electrons. The spin polarization s is antiparallel

to its magnetic moment ms due to the negative charge of electrons.

(e) and (f) Schematic diagram for the theoretical model of the spin

electrochemical potential detection.

C. Electrical measurement with nonlocal geometry

Figures 3(a) and 3(b) show nonlocal measurement geom-
etry, which is used to separate the current and the voltage
circuits. In Fig. 3(a), a constant alternating current (AC) of
Iac = 2 μA and a positive direct current (DC) bias of Idc =

+3 μA were applied between C1 and C2 while the nonlocal
voltage was picked up between C3 and C4.

As expected, both high- and low-voltage states were ob-
served as the external magnetic field was sweeping back and
forth, which is shown in Fig. 3(c). Under a large positive mag-
netic field, the magnetization M of the Py contact (C3) was
along the +y direction (+M), the same as the spin polarization
s. For clarity, it is necessary to note that the magnetic moment
(ms) of an electron is antiparallel to its spin polarization s

because of its negative charge [48]. Here, M was parallel to s

(hence, M was antiparallel to ms), resulting in a high-voltage
state, as shown by the red trace of Fig. 3(c). The high state
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was maintained until the in-plane magnetic field decreased to
a critical field (∼−30 Oe), which was the coercivity field of
C3 (Fig. S4 in the Supplemental Material [40]). As shown
in Fig. S5 in the Supplemental Material [40], this switching
field decreases with the increase of temperature, which may
be related to the reduced coercivity field of the Py contacts
under thermal activation and suggests that the spin signals are
indeed associated with the switching of the magnetization of
Py. After that, the M was switched to the −y direction (−M),
resulting in the antiparallel state between M and s (hence,
M is parallel to ms). This magnetization switching led to
the abrupt change from the high- to a low-voltage state [red
trace of Fig. 3(c)]. A similar abrupt switch from a low- to a
high-voltage state was also observed at the positive coercive
field of C3 (∼30 Oe), when the magnetic field was sweeping
from negative to positive, which is shown by the black trace
of Fig. 3(c).

Oppositely, when the currents were applied between C3
and C4 as the nonlocal voltage signal was picked up between
C1 and C2 [Fig. 3(b)], the movement of the electrons was
along the −x direction (kx < 0). In this case, a reversed
hysteresis loop was observed, as displayed in Fig. 3(d), illus-
trating that the direction of s is reversed, which is caused by
the opposite moving electrons. Consistent with the theoretical
analysis mentioned above, those transport results demonstrate
that the right moving electron (kx > 0) has a s along the
+y direction, while the left-moving electron (kx < 0) has a
s along the −y direction, providing unambiguous evidence
for the spin-momentum locking feature of ZrTe5 nanowires.
This feature has been further confirmed by local measurement
geometry (Fig. S6 in the Supplemental Material [40]).

Meanwhile, a control experiment has been carried out
(Fig. S7 in the Supplemental Material [40]), in which the
ZrTe5 nanowire was replaced by a gold nanowire. In this case,
no hysteresis signal was observed, indicating the hysteresis
signals are correlated with the ZrTe5 nanowire, which further
rules out the effects such as anisotropic magnetoresistance
(AMR) and the anomalous Hall effect (AHE), which could
be induced by the Py electrodes [49,50].

To further understand the spin potentiometric, i.e., the spin-
dependent voltage detected by the nonlocal measurement,
Figs. 3(e) and 3(f) schematically illustrate the spin-dependent
electrochemical potential (μ). Here, we take Fig. 3(e) as an
example. When currents are applied through C1 and C2, the
carrier momentum driven by the formed temperature gradient
is along the kx direction (represented by a displacement of
the cross-section of the dotted blue circle along kx), which
results in an electron current ie along the +x direction. The
spin tangential at all points is shown by the solid orange
arrows [shown in the top part of Fig. 3(e)]. When the magnetic
field was sweeping from positive to negative, the measured
voltage between C3 and C4 can be defined as V+M and V−M .
Since the scattering is smaller as M and s are antiparallel (ms

parallel to M), i.e., when a positive magnetic field (+B, +M)
is applied, the Py electrode will mainly measure the electro-
chemical potential of spin up, not otherwise. Thus, V+M =

(μ3 ↑ −μ4)/(−e), and the same is V−M = (μ3 ↓ −μ4)/(−e),
in which ↑ and ↓ represent the s is along the −y (spin up)
and +y (spin down) directions, respectively. Here, μ4 can be
treated as zero since it is far from C2 and C3.

FIG. 4. Current dependent measurement. (a)–(e) Nonlocal volt-

age signals at 1.6 K under various direct current (DC) bias and a

constant alternating current (AC) of Iac = 1 μA. (f) The absolute

value of baseline voltage Vs and the spin voltage amplitude �V as

a function of Idc. A linear dependence of Idc can be observed. Insets

are the measurement structure.

Due to the spin-momentum locking, the electrons moving
toward the +x(kx > 0, s// + y) have a higher occupation and
a higher electrochemical potential (μ) than those moving to
the −x(kx < 0, s// − y), as indicated by the blue and red lines
in the middle of Fig. 3(e). Since μ ↓ > μ ↑,V+M is higher
than V−M , i.e., (V+M − V−M ) > 0. The difference in electro-
chemical potentials between spin up and spin down gives
rise to a voltage difference. As a direct result, the measured
nonlocal voltage demonstrates a hysteresis signal with a high
state under positive fields and a low state under negative fields,
as shown at the bottom of Fig. 3(e). For the reversed hysteresis
voltage signal shown in Fig. 3(f), it was attributed to a reversed
spin polarization arising from the opposite diffused electrons,
and μ1 was treated as zero instead of μ4.

To further confirm that the origin of the measured voltage
signal is related to the thermal effect, various DC bias (from
−3 μA to +3 μA) have been applied, and the results are
shown in Fig. 4. The baseline voltage (Vs), which is in fact
the Seebeck voltage, as well as the difference between the
high- and the low-voltage states (�V), demonstrates a linear
dependence on the Idc bias, as shown in Fig. 4(f). Those can
be understood as the following.

The measured signals are thermally induced, so they
should be proportional to the heating generated at the contact
C2, i.e., �T ∝ Q. [11,15,51,52]. The heating includes two
parts; one is the Joule heating (QJ ):

QJ ∝ [Idc + Iac]2R = [Idc + I0 sin(ωt )]2R

= I2
dc + 1

2
I2
0 + 2IdcI0 sin(ωt )

− 1
2
I2
0 cos(2ωt ), (1)
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where I0 and ω are the amplitude and the frequency of the AC,
respectively. The other is the Peltier heating (QP):

QP ∝ [Idc + Iac]� = Idc� + I0 sin(ωt )�, (2)

where the � is the Peltier coefficient [14]. Since we have
adopted a lock-in technique to extract the voltage signal using
the first harmonic response with the fundamental frequency
ω, the measured signals are the components with sin(ωt ) in
Eqs. (1) and (2). Thus, the voltage reading can be represented
as

Vnonlocal ∝ 2IdcI0 + I0�. (3)

Therefore, under a constant AC (I0), Vnonlocal should have a
linear dependence on Idc. The nonzero intercept of I0� when
Idc = 0 can be attributed to the Peltier heating, which agrees
well in Fig. 4(f). Clearly, the current-dependent measurement
demonstrates that the measured voltage signals are propor-
tional to the applied DC, as expected for a thermally driven
spin-transport phenomenon.

The measured nonlocal voltage signals arise from a polar-
ized charge flow, induced by the thermal effect and protected
by the spin-momentum locking, not from the diffusion of
the spin accumulation, formed by the spin-polarized elec-
trons, which are injected from the Py electrode into the ZrTe5

nanowire. It is well known that the voltage arising from a spin
accumulation is bipolar, having equal magnitude but opposite
sign for the parallel and antiparallel alignment of both ferro-
magnets [53]. If there is a nonequilibrium spin accumulation,
the parallel and antiparallel states should have a dependence
of the applied current direction [20], which is in contrast with
our observations (Fig. 4). Furthermore, the linear dependence
of Idc shown in Fig. 4(f) unequivocally rules out the spin dif-
fusion, as well as the charge current spreading [54], as a main
source of the spin signal (see Supplemental Material [40]).

Different from the generally used local geometry measure-
ment [2,5,11], nonlocal geometry was used in this paper. Since
the current and voltage paths are completely separated by
nonlocal geometry, the spurious signals including the AMR

and AHE induced by the Py electrodes are eliminated. Our
transport results demonstrate that the value of �R/Rs (2–15%)
for the nonlocal measurement (Figs. 3 and 4) is much larger
than that (∼0.06%) obtained from the local measurement
(Fig. S6 in the Supplemental Material [40]), suggesting that
the nonlocal measurement is more suitable for spin detection.

IV. CONCLUSIONS

In summary, the spin-momentum locking feature of a
ZrTe5 nanowire has been successfully detected using nonlocal
geometry. The control of a spin-polarized current via thermal
effect is achieved, which offers possibilities for small-sized
devices based on topological materials. The transport results
give a physical understanding of the creation and detection
of the nonlocal spin signals, in which both the topological
properties and thermoelectric effects of ZrTe5 have played
important roles. The spin-momentum locking feature and the
significant thermoelectrical properties as demonstrated in this
paper can potentially be utilized to enhance the spin-torque
effect of a ZrTe5 nanowire, which is relevant for future
magnetic-field-free spintronic devices. Even further work us-
ing a gate to control the spin transport of ZrTe5 nanowires
would be intriguing and promising for the topological-based
spintronics devices.
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