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Spin—momentum locking is a key feature of the topological surface state, which plays an important role in spintronics.
The electrical detection of current-induced spin polarization protected by the spin-momentum locking in nonmagnetic sys-
tems provides a new platform for developing spintronics, while previous studies were mostly based on magnetic materials.
In this study, the spin transport measurement of Dirac semimetal Cd3zAs, was studied by three-terminal geometry, and a
hysteresis loop signal with high resistance and low resistance state was observed. The hysteresis was reversed by reversing
the current direction, which illustrates the spin-momentum locking feature of Cd3As;. Furthermore, we realized the on—off
states of the spin signals through electric modulation of the Fermi arc via the three-terminal configuration, which enables

the great potential of Cd3As; in spin field-effect transistors.

Keywords: topological semimetal, spin—-momentum locking, quantum transport, spin field-effect transistor
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Dirac semimetal has received great attention be-
cause of its unique quantum transport characteristics, such
as higher carrier mobility,'* negative magnetoresistance
caused by chiral anomaly,P-8! as well as extremely large
magnetoresistance.'>*!% The Dirac semimetal can be trans-
formed into the Weyl semimetal when the time-reversal sym-
metry is broken.!!") The surface dispersion relation of a Weyl
semimetal is topologically equivalent to a non-compact Rie-
mann surface without equal-energy contour that encloses the
projection of the Weyl point,[!!l leading to the emergence of
Fermi arcs, which are a unique topological surface state.[!>~17]
Fermi arcs have been observed directly by angle-resolved pho-
toemission spectroscopy, which has the characteristic of spin—
momentum locking.[18-1]

Spin-momentum locking means the spin of the electrons
is locked perpendicular to the carrier’s momentum, as shown
in Fig. 1(a). This is caused by a strong spin—orbit interaction,
which has been observed earlier in the three-dimensional topo-
logical insulators,?%?! as well as the topological Dirac/Weyl

5,[18:22-241 through optical and transport measure-

semimetal
ments. Given that current can induce spin polarization pro-
tected by the spin—-momentum locking, the electrical detection
and control of this key feature are valuable for its applica-

[22.25-27] However,

tion in energy-efficient spintronic devices.
previous studies of the spin-momentum locking property in

topological materials including topological insulators mostly
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reported the electric current control of the spin signal, while
few reported the electric gate control of the spin signal. Gate
control is important because the probable spintronics applica-
tion would be much more promising if the spin signal can be
turned on/off (e.g., a novel type of spin field-effect transistor
could be realized).

In this work, spin transport measurements of Dirac
semimetal Cd3As; nanowires were carried out using a three-
terminal configuration.”® The resistance demonstrates that a
hysteresis loop develops as the external magnetic fields sweep
back and forth. A high (low) voltage state is demonstrated
when the magnetization M of the ferromagnetic electrode (Co)
is parallel (anti-parallel) to the spin polarization s of the car-
riers. This hysteresis resistance state can be reversed by alter-
ing the direction of the current, revealing the spin—-momentum
locking feature of the Cd3As, nanowires. Furthermore, the
spin signal can be tuned by the gate voltage, which enables
the spin transport on—off states.

The Cd3As; nanowires grown by chemical vapor depo-
sition (CVD) have high quality, large surface volume ratio,

(24291 Three-terminal geometry mea-

and low carrier density.
surements were applied for the electrical detection of the spin
transport of Cd3As, nanowires. A schematic of the device is
displayed in Fig. 1(b), in which the ferromagnetic electrode
(Co), indicated by blue, is located between the two outer non-

magnetic electrodes (Au), indicated by yellow. The left Au
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electrode and the middle Co electrode were used to apply cur-
rent, while the right Au electrode and the middle Co were used
to measure the spin signal. The three-terminal geometry was
used to separate the current and the voltage circuits, which
can limit the anisotropic magnetoresistance 3% and anomalous
Hall effect induced by the Co electrodes.!*!! An external in-
plane magnetic field B parallel to the long axis of the Co elec-
trode was applied to control the magnetization of the Co elec-
trode. The direction along +y is defined as positive B, while

the current along +x is defined as positive. The contacts were
patterned via electron beam lithography and were deposited
sequentially by electron beam evaporation (EBE). A scanning
electron microscopy (SEM) image of the fabricated device is
shown in Fig. 1(c), in which the Cd3As, nanowire has a di-
ameter of about 150 nm and the width of the ferromagnetic

electrode (Co) is 500 nm, while the width of the Au electrodes

is 1 pm.

Fig. 1. (a) Schematic illustrations of the k,—k, plane of the surface states. Spin is locked to the momentum at each point. (b) The three-terminal
geometry measurement diagram, which is used to separate the current and voltage circuits. The middle is a Co electrode indicated by blue and
the two outer electrodes are Au electrodes indicated by yellow. (c) The scanning electron microscope image of a typical device.

The three-terminal geometry measurement under 7 =2 K
was carried out and the results are shown in Fig. 2. In which a
high voltage state and a low voltage state displayed as a hys-
teresis loop were observed as the external in-plane magnetic
field was sweeping back and forth. When I3 = 100 nA, the
momentum carries along the —x direction (indicated by the
black arrow). Due to the spin—-momentum locking, the left-
moving electrons have a spin-up polarization s pointing along
the +y direction (indicated by the red arrow), as shown in
Fig. 2(a). When the magnetization of the Co electrode is +M
(indicated by the blue arrow) under a positive field, the relative
orientation between electron spin s and +M is parallel, which
leads to a high resistance state. When the field swept from a
positive to a negative field, the magnetization of the Co elec-
trode is —M, and therefore electron spin s is anti-parallel to
the —M and a low resistance state was formed.

When the current direction was reversed, i.e., I =
—100 nA, the spin polarization of electrons s is also reversed
due to the spin—momentum locking (indicated by the red ar-
row) as shown in Fig. 2(b). Therefore, the relative orientation
between s and +M is anti-parallel under a positive and parallel
under a negative field, respectively. As a result, a reversed hys-
teresis loop signal can be formed, as shown in Fig. 2(b). The
reversed current leading to the reversed hysteresis loop unam-
biguously reveals the spin—-momentum-locking properties of
Cd3zAs, nanowires.

Furthermore, gate voltage V, tunable measurements 3!
were carried out, and the results are shown in Fig. 3(a). Here
the back gate was applied to the silicon wafer substrate with
285 nm silicon oxide as the dielectric layer. When the ap-

plied gate voltage is in the range from —4 V to +4 V, an ob-
vious hysteresis loop signal can be observed. As the voltage
increases, the hysteresis loop signal is weakened. When the
voltage reached £6 V, the hysteresis loops are vague. Eventu-
ally, the spin signals disappeared at a negative voltage of —8 V
and a positive 10 V, respectively.

ol (a)
60
S
< 40 'sT
20 f
07920 -80 —40 0 40 80 120
B (mT)
100 (P)
8ot
— 60}
S
& a0t ,
&
&y
v

O—120 —80 —40 0 40 80 120
B (mT)

Fig. 2. Three-terminal measurement at 2 K. (a) A hysteretic loop sig-

nal measured under /3. = 100 nA. (b) A hysteretic loop signal mea-

sured under I = —100 nA. The high resistance states and low resis-

tance states are reversed as the current direction is reversed, showing

the spin—-momentum locking feature.
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Fig. 3. (a) The hysteretic loop signals under various gate voltages. (b) The gate voltage V, dependence of the height between the high resistance
state and the low resistance state. (c) Schematic diagram of the spin signal on—off state under various gate voltages.

To illustrate the gate dependence of the spin signals, we
define the height between the high resistance and the low re-
sistance states as AR. The extracted AR from Fig. 3(a) as a
function of the gate voltage is shown in Fig. 3(b). The val-
ues of AR display a peak at V, = —2 V. As the absolute value
of gate voltage increases, the AR decreases. The spin signals
are significantly tuned by the gate voltage. Moreover, on—off
states can be realized by modulating the gate voltage. The
complete on—off spin transport states tuned by the gate volt-
age enable Cd3As; have great potential in the spin field-effect
transistor. The mechanism of the spin signal tuned by gate
voltages can be understood as follows. When the Fermi level
is close to the Dirac point V; = —2 V, as shown in Fig. 3(c),
the spin signal contributed by the Fermi arc reaches its maxi-
mum value. When the Fermi level is far from the Dirac point,
the contributions from the Fermi arc are weakened, which re-
sults in a decrease in the spin signals. When the applied V; is
larger than 10 V or V; is less than —8 V, the spin signals disap-
pear completely. The reason for the complete disappearance
of the signal may be attributed to the appearance of a topolog-
ical phase transition, which is likely to come from the Lifshitz
transition,[°-13-17.24]

In summary, we observed a hysteresis loop signal with
high resistance and low resistance state through three-terminal
geometry measurements, which reveal current-induced spin
polarization in the surface state of Dirac semimetals Cd3As;
nanowires. Compared to traditional four-terminal configura-
tion, the three-terminal configuration could have a consider-
ably smaller device size in future spintronics applications. The
high resistance and low resistance state are reversed while
reversing the current direction, which illustrates the spin—
momentum locking feature of Cd3As, nanowires. Further-
more, the on—off control of the spin signal can be realized by
tuning the gate voltage, which enables the great potential of

Cd3As, nanowires in the spin field-effect transistor. Our re-
sults provide a new perspective for future spintronic devices.
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