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Observation of direct hole Rashba spin-orbit coupling in p-type GaAsSb nanowires
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A strong linear-in-k Rashba spin-orbit coupling (SOC) has been discovered theoretically for holes in semi-
conductor nanowires originating from direct dipolar coupling to the external electric field. Such direct Rashba
SOC effect not only overcomes the major drawback of the hole Rashba SOC for its leading order being
cubic-in-k but also renders its strength orders of magnitude stronger than the corresponding electron counterpart.
Here, the direct hole Rashba SOC effect has been experimentally observed through the circular photogalvanic
effect (CPGE) by conducting the experimental measurement of a helicity-dependent photocurrent in the p-type
GaAs;_,Sb, semiconducting nanowires upon application of an external gate voltage at room temperature. We
have observed that the CPGE current undergoes a transition from rapid increase to saturation as the gate voltage
varies. This finding is consistent with the predicted common feature of the direct Rashba SOC of holes in
semiconductor nanowires, providing clear evidence for the theoretical concept.
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Because of the spin-momentum locking effect, the spin-
orbit coupling (SOC) plays a crucial role in diverse fields
of condensed-matter physics, including the investigation of
Majorana fermions, topological insulators, quantum informa-
tion, and spintronics [1-10]. Specifically, the Rashba SOC
effect is electrically tunable and locks the spin orientation
perpendicular to the electron momentum. These features are
decisive towards robust semiconductor-based spintronic de-
vices in which spin polarization is generated from charge
current, manipulated by electric fields and detected as volt-
age [11-15]. Therefore, a strong and tunable Rashba SOC
effect is crucial for the implementation of spintronic functions
[16,17]. However, the Rashba SOC of electrons in conven-
tional III-V and group IV semiconductors is much weaker
than required [18], which has stimulated search of a strong
Rashba effect in novel semiconductors or low-dimensional
semiconductor structures [19-23]. Moreover, the nuclear hy-
perfine interactions enforced by nuclear spins lead to a short
coherence lifetime of electron spins in quantum confined sys-
tem [18,22,23]. In contrast, the top valence bands steaming
from atomic p orbitals in semiconductors make holes weak
coupling to nuclear spins. Therefore, holes possess the po-
tential for longer coherence spin lifetimes [22,23]. However,
holes mainly in the heavy-hole band have a critical drawback
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for spintronic applications considering the fact that its dom-
inant k-cubic Rashba effect is very weak in contrast to its
k-linear electron counterpart [24,25].

Fortunately, this drawback of holes has been overcome by
the discovery of a strong linear-in-k hole Rashba SOC effect in
semiconductor nanowires, which arises from the direct dipolar
coupling to the external electric field [26—28]. This direct hole
Rashba SOC is a first-order effect with orders of magnitude
stronger than the third-order conventional hole Rashba SOC in
2D systems [26]. For example, the saturated magnitude of the
hole Rashba SOC in Si nanowires is enhanced by a factor of
2000 in comparison with its electron counterpart and achieves
100 meVA, which exceeds the reported record of the elec-
tron Rashba effect in narrow band-gap InAs heterostructures
[26,27]. This direct Rashba SOC has a signature of sharp ris-
ing and then becoming saturation in strength upon application
of an external electric field, which is essential for practical
application under low electric field and the device robustness
against fluctuations in an applied electric field [27]. Hence, a
clear experimental signature of this direct hole Rashba SOC
is important to evidence the theoretical calculation [27].

In this Letter, we take p-type direct band-gap GaAs;_,Sb,
nanowires with different Sb contents and wire sizes to study
the Rashba SOC of holes in semiconductor nanowires uti-
lizing the circular photogalvanic effect (CPGE) at room
temperature. We demonstrated that the CPGE photocurrent
changes from a sharp increase to saturation with increasing
magnitude of the applied external electric field. This change
indicates a transition of the strength of the Rashba SOC
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FIG. 1. Characterizations of GaAs;_,Sb, nanowire device. (a)
SEM image of GaAsg 4¢Sby 54 nanowire device. Scale bar is 5 pm. (b)
Current-voltage (I-V') curve of GaAsg.46Sby s+ nanowire. (c) Transfer
curve of GaAs)46Sboss nanowire with and without 635-nm laser
shining on device. (d) Difference of transfer curve with and without
illumination for GaAsg 4¢Sbg 54 device.

from field dependence to saturation regarding that the CPGE
photocurrent is proportional to the Rashba SOC strength.
This observation is consistent with the prediction presented
in Ref. [27], and represents an experimental signature of the
direct hole Rashba SOC.

The GaAs;_,Sb, nanowires under investigation in this
work were Ga self-catalyzed grown on Si (111) substrate
by molecular-beam epitaxy, as shown in our previous paper
[29]. These GaAs;_,Sb, nanowires are in a pure zinc-blende
crystal structure with the growth direction along [111] crystal
orientation, as observed from the transmission electron mi-
croscopy measurements [29]. The sample contains a series
of direct band-gap GaAs;_,Sb, nanowires with a tunable Sb
content-dependent band gap, together with an Sb content-
dependent diameter. Here, two GaAs;_,Sb, nanowires with
x = 0.18 and x = 0.54 are chosen for the measurements,
respectively. Their wire sizes are 75 and 225 nm in diameter
with band gaps of 1.20 and 0.85 eV, respectively, as obtained
from the photoluminescence spectra presented in Ref. [29].
To measure the electrical and optical properties, we transfer
the as-grown GaAs;_,Sb, nanowires onto a Si/Si0, substrate,
followed by standard electron-beam lithography and e-beam
evaporations of Cr/Au (20/80 nm) to fabricate the backgated
devices. Figure 1(a) show the scanning electron microscopic
(SEM) image of a fabricated GaAsg 46Sby s4 nanowire device
with corresponding current-voltage (/—V') curves exhibited
in Fig. 1(b). The nanowire device exhibits an Ohmic contact
behavior, eliminating the effect of Schottky contact on pho-
tocurrent measurements. The transfer curves of the nanowire
device with and without 635-nm solid-state laser illumination
are presented in Fig. 1(c). Obviously, the nanowire device
manifests a p-type electrical conductivity according to the
transfer curves, thus rendering the GaAs;_,Sb, nanowires
good candidates for studying the Rashba SOC of holes. Mean-
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FIG. 2. (a) Diagram of CPGE current caused by band spin split-
ting induced by right-handed circularly polarized light, exciting
valence electrons to conduction band. (b) Schematic of photocurrent
measurement. Laser is in x-z plane and photocurrent is collected in
y direction.

while, the difference of the transfer curve with and without
illumination for the GaAsg 46Sbg s4 device has been obtained
as shown in Fig. 1(d). It is worth noting that the independence
of the photoinduced carrier conductivity from the gate voltage
ensures the accuracy of the extracted Rashba SOC parameters
in the following CPGE experiments.

CPGE has been proven to be a sensitive and straight-
forward way to investigate the SOC and other spin-related
phenomena [30-37]. As sketched in Fig. 2(a), under the
premise of the k-linear spin splitting, the interband transition
crossing the band gap excited by a circularly polarized light
will generate asymmetric momentum distributions of elec-
trons and/or holes along a special direction in the real space.
This asymmetric distribution results in a net spin-polarized
current (named as CPGE current) even without application of
an external bias [30]. Generally, CPGE is closely associated
with the spin splitting, and the amplitude of the CPGE current
has a linear relationship with the SOC strength, which is
quantified by the Rashba parameter. As the Rashba parameter
can be manipulated by an external electric field, the magnitude
of the CPGE current was found to be in proportion to the gate
voltage and hence the Rashba parameter, as illustrated in our
previous work [37]. Therefore, CPGE is a useful technique
for studying the hole Rashba effect in p-type semiconducting
nanowires. By measuring the CPGE current as a function of
the gate voltage, we can further get the knowledge of the re-
lationship between the Rashba parameter and applied external
electric field. Figure 2(b) shows the schematic diagram of the
CPGE measurement setup, where the incident laser passing
through the quarter-wave plate irradiates onto the device, and
the corresponding photocurrent is collected with a lock-in
technique. According to the microscopic theory of CPGE, the
CPGE current is linearly dependent on the SOC parameter «
as [30]

JepGge X nant sin 6 sin 2¢, €))

where n is the density of the photon-induced carriers, 7 is the
CPGE optical transition index, t is the momentum relaxation
time, 6 is the incident angle of the light with respect to the
surface normal, and ¢ is the rotation angle of the quarter-
wave plate. The rotation of the quarter-wave plate provides
a means to alter the helicity of the incident light. To distin-
guish the CPGE effect from other contributions, we measure
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FIG. 3. Helicity-dependent photocurrent measurements of GaAsg46Sboss (a) and GaAsg,Sbg 15 (b) nanowires without gate. CPGE can
be observed in both nanowire devices. Black line is fitting line, while red lines and blue dashed lines represent CPGE and Jjjear Signals,
respectively. Both CPGE and Jj;,e, have been added with background J; for clarity.

the helicity-dependent photocurrent by rotating continuously
the quarter-wave plate to tune the helicity of the incident
light in covering the whole 27 period. The obtained helicity-
dependent photocurrent is then fitted to the following equation
[30]

Jphotocurrem o C sin 2<P + Ll sin 4(;0 + L2 Cos 4(;0 + JO~ (2)

In Eq. (2), the first term Jcpgg = C sin 2¢ corresponds to
the CPGE current having a 7 -periodic oscillation. The second
term Jipgg = L sin 4¢ represents the linear photogalvanic
effect (LPGE) current with a %—periodic oscillation, result-
ing from asymmetric scattering of electrons. The third term
JLppE = L, cos 4¢ stands for the linear photon drag effect
(LPDE) as a result of the momentum transfer from photons
to carriers, which is also with a 7-periodic oscillation. The
final term Jjy accounts for the helicity-independent background
photocurrent, which arises primarily from the photovoltaic
effect at contacts, thermal effect, or Dember effect [30]. C, L;
and L, are adjustable parameters representing the amplitudes
of the CPGE, LPGE, and LPDE current, respectively. Here,
only the CPGE current Jepgg = C sin 2¢ is relevant, since the
LPGE, LPDE, and background currents have nothing to do
with spin-related properties.

Given the p-type conducting nature of the GaAsSb
nanowire devices, the photon-induced excess electrons are
much more vulnerable to recombine than holes [38]. Thus, the
photon-induced excess holes would be the primary carriers
responsible for the photoconductivity. In such a situation,
we could investigate the hole Rashba effect through CPGE.
Figures 3(a) and 3(b) show the obtained helicity-dependent
photocurrent from the GaAsg46Sboss and GaAsggrSby s
nanowire devices under zero gate voltage with application of
a 635-nm solid-state laser serving as the excitation source.
Fitting the obtained photocurrent to Eq. (2), we get CPGE
signals in both nanowires, revealing the existence of the spin
splitting in the valence bands even without applying an exter-
nal gate voltage. We have demonstrated that the Dresselhaus
SOC induced by the bulk-inversion asymmetry is absent in
[111]-oriented GaAsSb nanowires with the crystal structure
of the C;, point group [28]. Subsequently, the above-observed
CPGE (in the absence of external gate voltage) should stem

exclusively from the Rashba SOC, which is induced by the
structure-inversion asymmetry that occurred at the nanowire
surface. Such structure-inversion asymmetry could arise from
alloy atom distribution and most probably from the sub-
strate, which gives rise to the surface band bending and the
carriers’ accumulation. Therefore, even without application
of the external gate voltage, we can still observe a Rashba
SOC-induced finite CPGE photocurrent for the existence of a
surface-related external electric field.

‘We next manipulate the external electric field to investigate
the Rashba effect for holes through examining the relation-
ship between the CPGE current and external gate voltage.
As a prerequisite, we have to take some necessary steps to
eliminate other contributions to the CPGE current induced
by the gate. According to Eq. (1), the amplitude of CPGE
is not only in proportion to the hole Rashba SOC, but also
the pure electrical parameters of photoinduced holes such as
7 and n. In order to get rid of the pure electrical influences of
photoinduced carriers during the participation of gate voltage,
the transfer curves are measured with and without laser illumi-
nation on the GaAsg 46Sbyg 54 device as shown in Fig. 1(c). The
photoconductivity can then be depicted by the drain-source
current difference between laser on and off, as illustrated in
the Fig. 1(d). The photoconductivity can now be calculated
as AOph = Olight — Odark X HphMph, Where npy, is the photoin-
duced carrier density and pp, is the mobility of the excess
holes. For GaAsg 46Sbg.s4, as shown in Fig. 1(c), the photoin-
duced conductivity is almost a constant under different gate
voltages, which indicates the constant value of npptpn. Thus,
with application of the gate bias, neither the photoinduced
carrier density nor the hole mobility contributes to the gate
modulation of CPGE magnitude. As the spurious effects can
be excluded by the photoinduced carrier transfer curves, the
relation between Rashba SOC and gate voltage can therefore
be obtained in the following gate-modulated CPGE results.

We now focus on the gate-voltage modulated CPGE re-
sults. The total electric field is a vector sum of the external
field applied by the backgate, and the intrinsic surface elec-
tric field. Figure 4(a) shows the measured photocurrent of
the GaAsg 46Sbg 54 nanowire device with V, = 0, —10, —40,
and —80 V, respectively. Figure 4(b) displays the deduced
CPGE current with varying the gate voltage from V, = 30
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FIG. 4. (a) Raw data of GaAs.46Sby s« nanowires at different gate voltages. (b) Extracted CPGE current as function of backgate voltage in
GaAsg.46Sbg 54 nanowires, exhibiting transition from increasing to saturation as decreasing gate voltage.

to —80 V in a step of —10 V. Interestingly, we find that the
CPGE current undergoes a sharp transition from increasing to
saturation when varying the applied gate voltage. Specifically,
as the gate voltage decreases from 30 to —10 V, the CPGE
current rises sharply from 0.043 to 0.14 pA, and then increases
to slightly above 0.15 pA as the gate voltage further decreases
to —20 V. The relatively small CPGE current of 0.04 pA
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FIG. 5. (a) Raw data of CPGE measurements in GaAs g, Sby ;3 nanowires at different gate voltages. (b) Extracted CPGE current as function

observed under a large positive gate voltage is attributed to
the mutual cancellation between the gate electric field and the
surface electric field. With application of the strong external
electric field by the negative backgate, a 3.4x enhancement
of the Rashba SOC for GaAsg 46Sbg 54 nanowire occurs. After
that, the CPGE current fluctuates around this saturation value
of about 0.15 pA along with a continuous decrease in the
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gate voltage. We infer that in the region of the positive gate
voltage, the electric field induced by the gate is in the opposite
direction with the field produced by the surface electric field.
Hence, the total (net) electric field decreases, leading to the
weakness in Rashba SOC and consequently in the CPGE
current, with increase in the magnitude of a positive gate. On
the other hand, under a negative gate bias, the induced electric
field is in the same direction as that of the surface electric field.
Therefore, the total electric field enhances with increase in the
magnitude of the negative gate, causing the strength of the
Rashba SOC, and, in turn, the amplitude of the CPGE current
undergoes a transition from rapid increase to saturation with
increase of the external electric field. This CPGE signature
is consistent with the calculation results in Ref. [27], which
confirms the detected Rashba SOC in the p-type nanowires
is the predicted direct Rashba SOC. For the GaAs(>Sbg 13
nanowire, the experimental result is similar: the amplitude of
the CPGE current arises first and then saturates with decrease
of the gate voltage, as seen in Fig. 5(a). As a result, the
Rashba parameter « in GaAs g»Sbg 13 nanowire also exhibits
a transition from strong field dependence to saturation as
shown in Fig. 5(b). Comparing with GaAsg 46Sbo 54, a bigger

o enhancement of 4.1x is obtained in the GaAsgg>,Sbg g
nanowire, which has a smaller radius, and the trend is con-
sistent with theoretical calculation [27].

In conclusion, direct Rashba SOC of holes is observed
in p-type semiconducting GaAs;_,Sb, nanowires employing
CPGE at room temperature. The CPGE current exhibits an
increasing to saturation behavior with decrease of the gate
voltage, indicating that the Rashba SOC parameter undergoes
a transition from being field dependent to saturation with
increasing the magnitude of the electric field, in contrast to the
n-type semiconducting nanowires. These results are consistent
with the predictions presented in Ref. [27]. By offering the
experimental signature of the direct Rashba SOC of holes, we
may pave an alternative way for manipulating spins, which is
essential for future applications in spintronics.
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