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We report the first observation of the spin Hall conductivity spectrum in GaAs at room temperature. Our
terahertz polarimetry with a precision of several prads resolves the Faraday rotation of terahertz pulses
arising from the inverse spin Hall effect of optically injected spin-polarized electrons. The obtained spin Hall
conductivity spectrum exhibits an excellent quantitative agreement with theory, demonstrating a crossover in
the dominant origin from impurity scattering in the dc regime to the intrinsic Berry-curvature mechanism in
the terahertz regime. Our spectroscopic technique opens a new pathway to analyze anomalous transports

related to spin, valley, or orbital degrees of freedom.
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In the spin-orbit coupled systems, the current flow under a
bias field is deflected in transverse directions dependent on
the carrier spin, thus giving rise to the transverse spin
current. The spin Hall effect (SHE) and its inverse process,
the inverse spin Hall effect (ISHE), are key components in
the conversion between charge and spin currents in spin-
tronics [1-9]. The concept of spintronics, which utilizes spin
as an additional degree of freedom for electrons, has been
further extended to valleys in momentum space [10,11]
and to orbital angular momentum [12,13]. The microscopic
mechanisms of the SHE and ISHE, associated with the
anomalous Hall effect (AHE) in magnets [14], have been
intensively investigated in terms of the extrinsic impurity
scattering [1-3] and dissipationless intrinsic mechanism
[4,5]. While most studies on the SHE and ISHE have
focused on the quasistatic response under a dc bias field, the
dynamics of the SHE and ISHE at timescales comparable to
or faster than the spin relaxation are yet to be investigated.
Quantum interference using near-infrared (NIR) femtosec-
ond pulses has been demonstrated to enable ultrafast optical
control of charge and spin currents [15]. Optically excited
spin-polarized carriers in magnetic and nonmagnetic metal
heterostructure thin films can be converted into ultrashort in-
plane transverse currents; thus, they are attracting attention
as broadband terahertz (THz) emitters [16]. However,
studies on SHE and ISHE driven by high-speed electric
fields are lacking. Even in a material where the extrinsic
mechanisms dominate the dc transport, the ac Hall response
can be solely driven by the intrinsic mechanism if the driving
electric field is faster than the scattering rate, which typically
lies in the THz frequency region. In line with the recent
enthusiasm for ultrafast spintronics, such as antiferromag-
nets exploiting spin precessional motion in THz frequencies

0031-9007/24/132(1)/016301(7)

016301-1

and control of magnetism using spin-orbit or spin-transfer
torques [17-19], the frequency characteristics of spin-charge
current conversion need to be clarified for the development
of high-speed spintronic applications.

As the spintronic properties of materials can be sensitive
to adjacent magnets [20], the noncontact optical injection of
spins using circularly polarized light is particularly impor-
tant. The conversion of spin-polarized photocarriers to Hall
currents by the ISHE has been studied in the form of the
light-induced AHE in the dc limit [21-25]. Polarization
rotation of THz pulses can also be a probe for the ISHE to
reveal its dynamical aspects and optically injected Berry
curvature [26]. However, to the best of our knowledge,
THz spectroscopy has been limited to the study of a
semiconductor GaAs quantum well at cryogenic temper-
atures [27]. Although the phase shift of THz transients has
been discussed in time domain [27], the phase shift in the
limited time window is mostly determined by the response
at the peak frequency of its spectral weight, which signifi-
cantly degrades spectral resolution. Because the extrinsic
contribution would sharply depend on frequency and the
impurity scattering rate, the microscopic origin should be
discussed from the spectral profile of optical conductivity.
For this purpose, the full waveform of the polarization-
rotated THz pulse is required with a higher signal-to-noise
ratio. Spin Hall current dynamics in bulk GaAs was also
studied from the THz pulse emission [28,29]; however,
spectral analysis was difficult owing to coexisting contri-
butions from the surface and bulk, as well as the propagation
effect. For a comprehensive understanding of this dynamical
Hall conductivity, a quantitative analysis of its frequency
characteristics, i.e., the spin Hall conductivity spectrum, is
required, as studied for the anomalous Hall conductivity
spectrum in magnets [30-35].

© 2024 American Physical Society
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FIG. 1. (a) Schematic of the optical system. A circularly
polarized pump pulse excites the sample, and the Faraday rotation
of the THz probe pulse is detected by electro-optic sampling with
a (110) GaP crystal. Both pulses are normally incident on the
sample. (b) Schematic of the experimental configuration in the
sample. o, denotes the LCP pump, exciting spin-polarized
electrons with N| /N4 = 3. When the x-polarized THz field
E, is applied, the net charge current J, is generated by the ISHE.
Inset shows the selection rule of the interband transitions by the
circularly polarized pump.

In this Letter, we have conducted NIR circularly polar-
ized pump-THz probe experiments for bulk semiconductor
GaAs to reveal the dynamical properties of spin transport.
The anomalous Faraday rotation of the THz probe pulse
depending on the pump helicity is clearly observed as a
manifestation of the spin-to-charge current conversion,
namely, the ISHE. The signal shows double-exponential
decays with time constants consistent with the spin
relaxation of the valence and conduction bands. After
the hole contribution relaxes, the spin Hall conductivity
spectrum of the electrons is determined experimentally by
suppressing the noise of the polarization rotation angle to
several prad. Theoretical calculations of the sum of the
intrinsic and extrinsic mechanisms quantitatively reproduce
the experimentally observed spectrum quite well. This
work clearly resolves the microscopic mechanisms of
SHE from the frequency characteristics.

Figures 1(a) and 1(b) show schematics of the present
pump-probe spectroscopy setup and experimental geom-
etry. The circularly polarized NIR pump pulse excites the
spin-polarized carriers in GaAs. According to the selection
rule for interband transitions, left-handed circularly polar-
ized (LCP) photons, denoted by o, excite up- and down-
spin electrons from the light-hole (LH) and heavy-hole
(HH) bands with the angular momenta of —(3/2)h
and —(1/2)h, respectively; the signs are the opposite for
right-handed circularly polarized (RCP) photons. As the
oscillator strength of transitions from the HH band to the

conduction band is three times larger than that for
the LH, the spin polarization ratio of excited electrons P, =
(Ny —N)/(Ny + N, ) is —=0.5 [36], where N and N | are
the densities of up- and down-spin electrons. Subsequently,
the carriers with spin polarization are driven by a THz
electric field linearly polarized in the x direction, thus
yielding a net charge current J, in the y direction owing to
the ISHE.

The sample is undoped (001) GaAs grown by the
molecular-beam epitaxy method with a thickness of
1.0 pm, sandwiched by Al 9Gajg;As protective layers.
All the experiments are performed at room temperature. To
perform NIR pump-THz probe spectroscopy, we use a Yb:
KGW laser amplifier system. Part of the output beam is
converted into the NIR pump pulse at 1.46 or 1.55 eV using
an optical parametric amplifier. Given that the bandgap of
Alj 19Gag g1 As is 1.63 eV, the NIR pump excites only the
GaAs layer with a band gap of 1.42 eV. The pump pulse
duration is 200 fs, and the polarization is controlled using a
quarter-wave plate to switch between LCP and RCP. The
remnant of the laser output is compressed to 100 fs using the
multiplate broadening scheme [37,38] and split into two
beams for the generation and detection of the THz pulse in
the form of time-domain spectroscopy. The polarization of
the THz probe is linearly aligned in the x direction. After
transmitting through the sample, the probe THz pulse is
detected by the gate pulse in electro-optic sampling. A pair
of wire-grid polarizers is inserted between the sample and
the detection crystal to separately detect the x and y
components of the THz probe pulse. The details of present
experiments and analyses are described in the Supplemental
Material [39].

The use of a thin sample allows the quantitative analysis
of the response function through transmission measure-
ments, maintaining the bulk nature. Two delay stages are
used to control the delay times of the pump and probe
pulses. We denote the time difference between the probe
and gate pulses as 1, and that between the pump and gate as
t,, as shown in Fig. 2(a). The upper panel of Fig. 2(b)
shows E (1), the probe THz pulse waveform transmitted
through the sample without a pump. The lower panel shows
a two-dimensional (2D) plot of E, as a function of ¢, and ¢,
with the pump at 1.46 eV. The amplitude of E, decreases
upon pumping, indicating that the transmission is sup-
pressed by the photoexcited carriers. Figure 2(c) shows the
photoinduced longitudinal conductivity spectrum Ao, (®)
att, = 5.0 ps with a pump fluence of 19.7 pJ cm™2. Fitting
by the Drude model gives the excited carrier density N as
shown in Fig. 2(d). We find that N increases linearly with
the fluence below 100 pJ cm~2, thus indicating the linear
absorption regime. Figure 2(e) shows the 7, dependence of
N. The decay time of N, which corresponds to the carrier
recombination time, is longer than 1 ns and can be
neglected in the timescale considered below.
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FIG. 2. (a) Schematic of the relation between the pump, probe,

and gate pulses. (b) (upper) THz electric field waveform E (1)
transmitting through the sample without the pump. (lower) 2D
plot of the THz electric field E (z;,1,) across the pump pulse
irradiation around ¢, ~ 0 ps with a pump fluence of 109 pJ cm—2
and a pump photon energy of 1.46 eV. (c) Solid circles show light-
induced longitudinal conductivity spectrum Ao, (w) at t, =
5.0 ps with a pump fluence of 19.7 pJ cm™2, whereas the solid
curves show the Drude model fitting. Error bars represent
statistical errors. (d),(e) Carrier density estimated from the Drude
fitting as a function of the pump fluence at t, = 5.0 ps, and the
pump delay #, with a pump fluence of 179 pJ cm~2, respectively.

Next, we discuss the dynamics of anomalous Faraday
rotation signal. Figure 3(a) shows a 2D plot of the y
component of the transmitted THz pulse, AE, (¢, 1,), at a
pump fluence of 18.3 pJcm™2 and a pump photon energy
of 1.55 eV. To extract the signal depending on the pump
helicity, we define AE,(t;,t,) as half of the difference
between the results for the LCP and RCP pumps:
AE,(11.1,) = (E}L,CP(zl,tz)—EyRCP(tl,zz))/z. Figure 3(a)
shows that AE, arises upon pumping and most of the signal
decays quickly at , < 1 ps. In addition, a small portion of
the signal survives with a much longer lifetime at #, > 1 ps.
Further, a slight phase shift is observed between the fast
(t, < 1 ps) and slow (¢, > 1 ps) signals, suggesting the
different origin of the response in the fast and slow
dynamics. For analysis, #; is fixed at 0.12 and 0.30 ps,
the peak of fast and slow components, respectively. Their
time evolutions after the pump are investigated by scanning
along t,. Figure 3(b) shows the quickly decaying signal as a
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FIG. 3. (a) 2D plot of the light-induced y-polarized electric field
AE, as a function of #; and 7, with a pump fluence of
18.3 pJem™2 and a pump photon energy of 1.55 eV. (b),(c)
Decay dynamics of AE, for #; = 0.12 and 0.30 ps, respectively;
the solid curves show the fitting results. (d) Upper and lower
panels show the decay times as a function of the pump fluence for
the data in (b) and (c), respectively.

function of #,. The data are fitted using an exponential
function with an offset, which yields a decay time of
approximately 200 fs. By contrast, the slow decay signals
are fitted by an exponential function with a time constant of
80 ps, as shown in Fig. 3(c). The decay times do not depend
on the pump photon energy between 1.46 and 1.55 eV.
Previously, the spin dynamics in bulk GaAs have been
investigated using optical pump-optical probe spectros-
copy, and the typical spin relaxation times of holes and
electrons at room temperature were reported to be approx-
imately 100 fs [49] and 75 ps [50], respectively. These spin
relaxation times are in good agreement with the two decay
times observed in the present experiment. Therefore, the
fast and slowly decaying AE| signals can be ascribed to the
ISHE of optically injected spin-polarized holes and elec-
trons, respectively. The polarization rotation angle for the
ISHE signal of electrons is so small as 100 prad [39],
which can be ascribed to the small spin-orbit coupling in
the s-like conduction band. The upper and lower panels of
Fig. 3(d) show the decay times of the fast (hole) and slow
(electron) signals, respectively, as functions of the pump
fluence. The decay times are almost independent of the
pump fluence, thus indicating that the spin relaxation time
does not depend on the carrier density in the measured
region.

Note that, when the circularly polarized light temporally
overlaps with the x-polarized THz field, a photocurrent in
the y direction can be generated owing to the anisotropic
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distribution of photoexcited carriers in momentum space,
which was recently revealed in graphene [51] and a Dirac
semimetal [52]. As this effect is well described by field-
induced nonlinear current generation rather than a polari-
zation rotation of the THz pulse, the resulting 2D map
signal of AE,(t),1,) appears in a different way. In the
present experimental condition this photocurrent effect is
negligibly small, which will be presented elsewhere.

To quantitatively evaluate the anomalous Hall conduc-
tivity spectrum o, (@), we measure the transmitted THz
signal at t, = 5.0 ps, where the faster ISHE signal of the
holes almost completely vanishes and only the slower
electron contribution remains at a nearly constant value.
For a spectral analysis, we suppress the statistic errors to be
several prad and measure the whole waveform of E(t,)
with a high signal-to-noise ratio [39]. o,,(®) is obtained
using the following equation:

o Agxx(w) 7
ny(w) - Egeq(a))/E/erq(w) 1 9((1}),

(1)

where Ey(w) and Ey(w) are the E, spectra with and
without pumping, respectively, and 8(w) is the polariza-
tion rotation spectrum [32]. Furthermore, using the spin-
polarization ratio P,, the anomalous Hall conductivity can
be converted to the spin Hall conductivity using the relation,
oy (w) = (P)"'oy,(w). Here, Py can be fixed at —0.5
because the excitation process lies within the linear regime
[Fig. 2(d)] and because the electron spin relaxation is
negligible at 1, = 5.0 ps owing to a much longer relaxation
time [Fig. 3(d)]. Figures 4(a) and 4(b) show the real and
imaginary parts of the spin Hall conductivity spectrum
o35 (w), respectively, with the pump at 1.46 eV. The fluence
is the same as the experiment for o,,(®) in Fig. 2(c).

According to theoretical studies on the frequency
dependence of the AHE and SHE in the conduction band
of semiconductors [52,53], each contribution of the intrin-
sic and side-jump mechanisms can be represented by

2

oSN (gg) = zz\m%, 2)
2
< 1
SHS () — _4Np S 3
o (@) hl— o, 3)

where N is the electron density, 4 is the spin-orbit coupling
constant, and 7., is the extrinsic scattering time [39]. In
addition, the skew scattering contribution can be approx-
imately given by

2
e’ E 1
oIS (1) m ANA— =L 7, (e
€x

- 4)

where Ep is the binding energy of the impurity
potential [39]. The sum of Eqgs. (2)—-(4) has successfully
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FIG. 4. (a),(b) Solid circles show the experimental results of real

and imaginary parts of the spin Hall conductivity spectrum
a;:}?(a)), respectively. Error bars represent statistical errors. Solid
curves show the theoretical curves for 7., = 250 fs, using Egs. (2)—
(4). The pump photon energy is 1.46 eV and the fluence is
19.7 pJem™2. (c),(d) Solid curves show the theoretical curves for
various 7. (€),(f) Each microscopic contribution of the spin Hall
conductivity for 7., =250 fs. Int, SJ, and SS stand for the
intrinsic, side-jump, and skew scattering mechanisms, respectively.

explained the previous experimental results of SHE in the dc
limit at room temperature [25]. For the bulk GaAs, the
known parameters are 4 = 5.3 A% [54] and Ep = m'R,/
mye? = 5.5 meV, where R, is the Rydberg constant, m; is
the free electron mass, m* = 0.067m, and ¢ = 12.9 are the
effective mass and permittivity, respectively [55,56]. From
the Drude model fitting for o, (@) in Fig. 2(c), the electron
density N and relaxation time 7 were obtained as N =
1.3 x 107 cm™ and 7 = 150 fs. The impurity scattering
time 7, in Egs. (3) and (4) is expected to be the same as or a
bit longer than 7. In Figs. 4(c) and 4(d), we plot o} (w) as
the sum of Egs. (2)—(4), using 7., = 150, 250, and 350 fs.
Note that, except for 7, any fitting parameters are not used
in the calculation. The experimental results of o3¢ (w) in
THz frequency are well reproduced by the calculations for
any value of 7., between 150 and 350 fs. It is in contrast to
the dc limit, which is sensitive to 7., because of the large
influence of skew scattering. The result suggests that the
SHE in THz frequency is less dependent on the scattering.

Using 7, = 250 fs, Figs. 4(e) and 4(f) show the real and
imaginary parts of the calculated o5 (w), respectively, for
each contribution of the intrinsic, side-jump, and skew

016301-4



PHYSICAL REVIEW LETTERS 132, 016301 (2024)

scattering mechanisms. In the dc limit, the intrinsic
contribution is canceled by half of the side-jump contri-
bution such that the total spin Hall conductivity of the
electrons is dominated by extrinsic impurity scattering,
which is consistent with the previous static measurement
of the SHE for n-doped bulk GaAs [6]. At sub-THz
frequency, the spin Hall conductivity decreases because
the impurity scattering is suppressed when the electric field
alternates faster than the scattering rate. As the frequency
increases beyond 1 THz, however, the real-part spin Hall
conductivity recovers to the value comparable to, or even
larger than, that in the dc limit owing to the dominant
contribution of intrinsic Berry curvature mechanism,
which is nondissipative and independent of frequency.
Although the imaginary part of the side-jump effect is still
considerable at approximately 1 THz, it would be sup-
pressed in higher frequency [39]. The dissipation is rather
dominated by the longitudinal current. Owing to the sharp
Drude response in Fig. 2(c), the longitudinal conductivity
Ao, is also suppressed and becomes less dissipative at
several THz. Therefore, the larger spin Hall angle sy =
oy /6., can be expected with less dissipative nature at
several THz, thus implying an efficient spin-to-charge
current conversion using semiconductors.

In conclusion, the spin Hall conductivity spectrum in
GaAs at room temperature was successfully observed
using our highly precise THz polarimetry. The excellent
agreement between the experiment and theory in the
representative material will stimulate further exploration
of the spin Hall conductivity spectrum of various materials
to reveal their microscopic origin, as spin-polarized car-
riers can be injected by light even in heavy metals [57].
The extension to a faster electric field up to the multi-THz
frequency [38,58,59] is also promising for materials with a
faster scattering time, such as transition metals with a much
larger SHE [60]. The nonlinearity expected for an intense
THz electric field and its effect on scattering [25,61,62] are
also highly intriguing. This study opens a new avenue for
ultrafast noncontact detection schemes for the anomalous
transport related to spin, valley, and orbital degrees of
freedom.
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