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We demonstrate the optical control of the spatial spin texture in a modulation-doped GaAs/AlGaAs
quantum well based on the modulation of the spin-orbit interaction. Spatiotemporal evolution of electron
spins with irradiation by a continuous-wave laser that does not induce interband transitions of electrons
reveals an increase in the Rashba coefficient and the spin diffusion coefficient, in contrast to the decrease
in these coefficients due to optical doping by increasing the electron-spin excitation density. From the
difference between the absorption energy and the emission energy, the carrier density in the quantum
well increases. This indicates that the continuous-wave laser irradiation causes photoactivation of natu-
rally deactivated electrons in the doping layer of AlGaAs, and therefore the Rashba spin-orbit interaction
increases due to the increased asymmetry of the quantum well profile.
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I. INTRODUCTION

The momentum-dependent spin-orbit (SO) effective
magnetic field acting on electron spins enables the manip-
ulation of the electron-spin state locally. In the persistent
spin helix (PSH) with exact SU(2) symmetry, the SO effec-
tive magnetic field is aligned uniaxially [1,2], resulting in
the complete suppression of spin relaxation due to spin-
independent scattering, including D’yakonov-Perel’ spin
relaxation [3]. In a zinc-blende-type quantum well (QW)
on the (001) plane such as a GaAs/AlGaAs QW, when the
two types of SO interactions, the Rashba [4] and Dressel-
haus [5] SO interactions, are equal in magnitude, a PSH
state with an in-plane uniaxial effective magnetic field is
achieved. The electron spins injected locally diffuse and
precess around the effective magnetic field, forming and
preserving a striped spin pattern. The development of spin
measurement techniques with high spatial resolution and
high time resolution has made it possible to observe spa-
tiotemporal spin dynamics and spatially periodic structures
of spins directly [6—11]. This opens up the potential for
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information processing, such as spin-based wave paral-
lel computing, using the characteristics exhibited by the
wavelike structure of electron spins [12].

Semiconductors are excellent at converting electron
spins and light polarization based on optical selection
rules. Because of this, the direct generation of spatial spin
structures using spatial polarization structures of light has
been demonstrated [13—16], and programmable genera-
tion is also possible [16]. On the other hand, the spatial
structure of the spin pattern preserved in semiconductors
is determined by the effective magnetic field configura-
tion originating from the SO interaction. Thus, to control
the spatial spin structure in a solid, the modulation of
the SO interaction is required. The Rashba SO interac-
tion can be modulated by an out-of-plane electric field
[17,18], and the modulation of the spatial spin structure has
been observed using an electric field [7,9,19]. On the other
hand, there is the possibility of optically controlling the
spatial spin structure without preparing electrodes. Modu-
lation of the Rashba SO interaction due to optically excited
carrier spins by a laser pulse has been observed in sev-
eral studies [10,19,20]. However, in these cases, because
interband transitions generate not only electrons but also
holes, the electric field is screened due to the excited carri-
ers [21], resulting in the small modulation of the Rashba
SO interaction [20]. Furthermore, the temporary modu-
lation of the SO interaction due to the optically excited
carriers generated by the laser pulse disappears by carrier
recombination.
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In this study, we demonstrate the optical modulation of
the SO interaction using a cw laser that does not induce
interband transitions. The time evolution of the spatial spin
distribution during cw light irradiation at different laser
powers is measured using the time- and spatially resolved
magneto-optical Kerr effect. We estimate the carrier den-
sity from photoluminescence excitation spectra, as well as
the SO parameters, spin diffusion coefficient, and spin life-
time from the spatiotemporal evolution of electron spins.
Because the screening effect of the Rashba SO interaction
due to the excited carrier does not occur, the modulation of
the SO parameter is larger than that caused by pulse irradi-
ation, resulting in a clear difference in the distributed spin
pattern. The variation of carrier density and the spin dif-
fusion coefficient reveals that the Rashba SO interaction is
enhanced by doped electrons in the QW layer due to the
optical activation of the remaining electrons in the doping
layer.

II. EXPERIMENTAL METHODS

The sample studied here is a modulation-doped, 20-
nm-thick (001) GaAs/AlGaAs single QW grown by
molecular beam epitaxy. A 20-nm-thick, highly Si-doped
AlGaAs layer is placed on top of the QW with an
undoped 35-nm-thick AlGaAs spacer layer, providing a
high-mobility two-dimensional electron gas (2DEG). The
2DEG density n=4.1 x 10" m~2 and electron mobility
u=130 m?>V~-!s™! are determined using Hall and con-
ductivity measurements at 5 K after light irradiation. The
one-sided modulation-doped structure induces an asym-
metric profile of the QW, leading to the induction and
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enhancement of the Rashba SO interaction. The spatiotem-
poral evolution of electron spins is measured using a time-
and spatially resolved magneto-optical Kerr rotation (KR)
technique. The photon energies of the pump and probe
beams are set to 1.553 eV, which is slightly above the reso-
nant absorption energy, and the absorption edge of approx-
imately 1.53 eV. The outputs of the pump and probe beams
are set to 50 and 60 pW, respectively. The pump beam is
converted to a repetition of left- and right-handed circular
polarization at 50.147 kHz by a photoelastic modulator.
The pump and probe beams are focused on the sample
using an objective lens. The sigma widths of the pump
and probe beams are o, =1.1 um and 0, =0.9 pm. A
circularly polarized pump beam excites out-of-plane spin
polarization at time =0 and spatial origin (x, y) = (0, 0).
A linearly polarized probe beam detects the out-of-plane
spin component S;(x, y, f) as polar Kerr rotation by vary-
ing the relative delay time and position between the pump
and probe beams using a mechanical delay line and a scan-
ning mirror, respectively. A c¢w laser with a wavelength
of 980 nm is used as the control light since the sam-
ple, which contains GaAs and AlGaAs, does not exhibit
interband absorption at this wavelength. The diameter of
the control light is adjusted using a lens pair, and it is
aligned coaxially with the pump beam using a beam split-
ter. The control light covers a sufficiently larger area than
the pump beam, with its 1/e? spot size being approximately
44.2 um. A setup of photoluminescence (PL) measurement
is also installed in the reflection beam path. The PL spec-
tra are obtained using a spectrometer with a focal length of
300 mm, equipped with a charge-coupled device. The Kerr
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FIG. 1.

Spatial distribution of electron spins S, (x,y) at 25, 70, and 300 ps after excitation (a) without light irradiation and (b) with

light irradiation. Normalization factors are indicated at the bottom-right of each map.
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rotation measurement and PL measurement can be selected
by switching the mirror installed on the flip mount. Optical
measurements are performed at approximately 8 K using a
cryostat with optical access (see the Appendix for details
on the experimental setup).

I11. RESULTS AND DISCUSSION

We measure the spatiotemporal evolution of spin dis-
tribution under conditions with and without control light
irradiation from a cw laser. Figure 1(a) shows the spin map
without control light irradiation at different time intervals,
while Fig. 1(b) shows the spin map under control light
irradiation at an intensity of 10.89 mW. Immediately after
excitation (f =25 ps), spins align in the up-spin state near
the spatial origin. Then, spins diffuse over time and precess
due to the SO effective magnetic field, which depends on
the momentum vector. In the absence of control light irra-
diation, the SO effective magnetic field approximates the
PSH state. Consequently, electron spins moving in the x-
direction precess, whereas those moving in the y-direction
maintain their spin state, resulting in a stripe-shaped spin
spatial structure. In contrast, under control light irradia-
tion, the spin distribution exhibits an elliptical shape at
70 ps. Furthermore, as shown in the spin distribution at
t=300 ps, the spin precession length Agp in the case of
light irradiation becomes shorter. From the spin distribu-
tion along the x-direction, Aso values of 13.43 £0.51 pm
without light irradiation and 9.23 +0.24 pm with light
irradiation are obtained.

To estimate changes in the strength of the SO interac-
tion caused by control light irradiation from a cw laser, we
measure the time-space spin map while applying an exter-
nal magnetic field. Figure 2(a) shows the time evolution
of the spin distribution along the x-direction S, (x,y = 0, )
with an external magnetic field Bexy =289 mT applied
along the y-direction, under varying control light inten-
sities. The in-phase point represents the balance between
the SO effective magnetic field acting on diffusive elec-
trons and the external magnetic field. From the shift in
the in-phase point of the spins, the SO coupling parameter
—a + B can be estimated [22], where @ < 0 is the Rashba
coefficient, B = B; — B3 > 0 is the Dresselhaus parame-
ter, and B and B3 are the linear and cubic Dresselhaus
coefficients, respectively. The parameter, plotted as a func-
tion of control light intensity P and shown as squares in
Fig. 2(c), reveals that —a + f8 increases with control light
intensity, which is consistent with the observed decrease
in spin precession length Ago by control light irradiation
[Fig. 1(b)]. Similarly, the SO coupling parameter —a — j
is obtained from the time shift of the in-phase point in the
spatiotemporal evolution of the spin distribution along the
y-direction S, (x = 0, y, f) under an external magnetic field
applied in the x-direction, as shown in Fig. 2(b). Circles in
Fig. 2(c) show the dependence of —a — f8 on control light
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FIG. 2. (a) Time-space map S;(x,y = 0, #) with external mag-

netic field B, =289 mT at no light irradiation and light irra-
diation of 4.95 mW. (b) S.(x = 0,y,1) with external magnetic
field B, =289 mT at no light irradiation and light irradiation of
4.95 mW. Dashed lines represent the in-phase point of spin pre-
cession. (c¢) Control light intensity dependence of SO parameters
—a + B and —a — B. (d) Control light intensity dependence of
Rashba parameter —a and Dresselhaus parameter .

intensity. As the light intensity increases, the SO param-
eters deviate from the PSH condition —a 4+ 8 = 0. The
individually estimated strengths of the Rashba coefficient
—a and the Dresselhaus parameter 8, shown in Fig. 2(d),
indicate that —« increases up to P =2.5 mW, after which
it saturates. This trend of increase in || resulting from the
light irradiation is in contrast to the results of optical dop-
ing, where |o| decreases due to the screening of the electric
field caused by the generation of both electrons and holes
[10,20]. The observed increase in || suggests an enhanced
electric field in the QW due to increased asymmetry.

To clarify the effects of control light irradiation from
a cw laser, we perform photoluminescence (PL) and PL
excitation (PLE) measurements. Figure 3(a) shows the
PL and PLE spectra under various light intensities. With
increasing light intensity, the energy peak of the emission
band E; shown in the PL spectra and the absorption edge
E,ps shown in PLE spectra exhibit a redshift and blueshift,
respectively. These show that the amount of energy dif-
ference between them, corresponding to the Stokes shift,
increases by light irradiation, and specifically that the
Fermi energy Er increases. £* and E,,s in the QW are
plotted as functions of light intensity, as shown in Fig.
3(b). E; and Eyps vary markedly at a low light intensity
and are almost constant at high light intensity. The carrier
density of the QW, estimated from the Stokes shift [23,24]

034025-3



JUN ISHIHARA et al.

PHYS. REV. APPLIED 285, 034025 (2026)

shown in Fig. 3(c), is up to 1.45 times higher within the
measurement range with light irradiation compared with
that without light irradiation. Because the control light with
the wavelength of 980 nm does not induce carriers origi-
nating from the interband excitation, this increase in the
carrier density is likely to be due to the photoactivation
of naturally deactivated electrons from Si donors in the
doping layer and their inflow into the QW by light irra-
diation. When the electrons are additionally induced in the
QW from the doping layer by light irradiation, the elec-
tric field is enhanced due to the increase in electrons in
the QW and positive ionized donors. This results in the
enhancement of Rashba SO interactions due to the struc-
tural inversion asymmetry. These pictures explain all of the
experimental observations without contradiction, includ-
ing the enhancement of the Rashba coefficient, the increase
in carrier density, and the redshift of the luminescence
energy due to the enhancement of the quantum confined
Stark effect by irradiation with control light. The satura-
tion of parameter changes at high light irradiation power
can be understood as being due to the upper limit on the
number of residual carriers in the doping layer. The dif-
ference between the effect of light irradiation on Rashba
modulation in this study and that of optical doping in pre-
vious studies [10,20] is due to the difference in the location
of the positive charge generated by light irradiation. In
optical doping, which involves interband absorption, both
electrons and holes are generated, and they are spatially
separated in the QW so as to screen the electric field in
the QW. On the other hand, the light irradiation used in
this study does not induce holes, but instead increases
the number of positively ionized donor impurities in the
doping layer, enhancing the electric field in the QW. As
the direction of the Coulomb electric field induced by
light irradiation is opposite, the Rashba modulation effect
is also opposite. While the cubic Dresselhaus coefficient,
which is proportional to the 2DEG density n expressed
as B3 = —nypm /2, where yp < 0 is the bulk Dressel-
haus coefficient, increases, the Dresselhaus parameter § =
B1 — B3 is almost constant with respect to the irradiation
light intensity. This indicates that the linear Dresselhaus
coefficient 81 = —yp (kzz), where (kzz) is the mean square
of the electron wave number along the growth direction,
also increases with increasing irradiation light intensity
because of the enhancement of the quantum confinement
effect.

Next, we evaluate the variation in the spin diffusion
coefficient and spin lifetime due to the control light irra-
diation. Figure 4(a) shows the time evolution of the spin
distribution S (x,y = 0, f) measured at the light irradiation
intensities of P=0 and P =10.89 mW. By light irradia-
tion, the spatial expansion of electron spins is accelerated
compared with nonirradiated conditions, resulting in the
fast formation of the helical spin pattern. The spatiotem-
poral evolution of electron spins can be described by the
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FIG. 3. (a) PL and PLE spectra under various light intensi-
ties. Solid lines and symbols represent PL and PLE spectra,
respectively. (b) Irradiation light intensity dependence of absorp-
tion energy Eqps and energy peak of emission from QW E3.
(c) Irradiation light intensity dependence of carrier density 7.

equation of

2
S-(x,1) = A(t)exp (ﬁ) cos (%)

)
T Ao()exp (203(0) , ()
o

where A(¢) and o (¢) are the amplitude and the sigma width
of the Gaussian-shaped distribution of 2DEG spins, and the
second term is the other contributions, such as the residual
spin in bulk GaAs [20]. Figure 4(b) shows the time evo-
lution of o2(¢) and the slope of o2(f) indicates the spin
diffusion coefficient D;, which is expressed by the rela-
tionship o2(f) = 0¢?> + 2D,t. The time variation of o%(?)
increases with increasing light intensity, indicating that Dj
increases with the light irradiation. As shown in Fig. 4(c),
the spin diffusion coefficient Dy increases monotonically
with light intensity. This can be explained by the decrease
in the electron-electron scattering rate 7,,! in a degen-
erated system. The experimentally obtained D, is much
smaller than the charge diffusion coefficient D, = 1.9 m?/s,
extracted from the measured carrier density and mobility
using D, ~ uEr/e, that is, Dy < D,. This indicates that
the spin Coulomb drag (SCD) due to the electron-electron
scattering, which affects the spin resistivity, reduces spin
diffusion significantly [23—27]. The maximum D; value
of 0.1 m?/s obtained in our experiment is approximately
1 order of magnitude smaller than D,, consistent with
previous experimental reports of Dy reduction due to the
SCD [26,27]. In our experiment, because the excitation
energy of electron spins is high compared with the reso-
nance excitation energy, the electron-electron scattering is
enhanced [28,29]. The ratio of D, to D, can be described
as D./Dy ~ 1 + |py|/p, where |p4 |/ p is the ratio of spin
resistivity to charge resistivity and the normalized spin
susceptibility x;/xo is set to 1 for high electron density
[26,30]. | o4, 1/ p is described by 7, /7. using the spin drag
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FIG. 4. (a) Time-space map S,(x,y = 0,7) under no light irra-

diation and under light irradiation of 10.89 mW. (b) The time
evolution of o2(¢) at various light irradiation intensities. Solid
lines are fitting curves. (c) Light irradiation intensity dependence
of spin diffusion coefficient Dj.

coefficient y = T,. ', where T, is the momentum scatter-
ing time. In the case of Dy < D,, the ratio 7,/7.. can be
approximated as D, /Dy, indicating that the D, and Dy are
linked to 7, and 7., respectively. Therefore, we discuss
the spin diffusion coefficient using the expression D; &
TooeVr?/2, Where vy = ha/2n/m* is the Fermi velocity,
analogous to the expression D, ~ 1,vr?/2 for degenerate
electrons. For a degenerate 2DEG system, t.. is propor-
tional to 7 [19,31], and consequently, D; is proportional to
n?. Here, although the mobility should also increase pro-
portionally to n'® [32,33], the contribution is negligible
because the electron-electron scattering remains dominant.
At the maximum light irradiation intensity in our experi-
ment (P =10.89 mW), D; is 1.93 times larger than in the
case without light irradiation, which is in good agreement
with the value of 2.10 estimated from the square of the
change in carrier density.

Figure 5(a) shows the time evolution of the spin ampli-
tude A(¢) at various light irradiation intensities, where
A(?) is obtained by fitting Eq. (1) to the time-space maps
of spins, such as those shown in Fig. 4(a). The lifetime
of the helical spin pattern 7y is estimated by fitting
A(?) to an expression that includes the diffusion term as
. CX]D(#;li
m A(l) (06 m .
values of Dy and 0y = 0,,,° + 0,,° are used for fitting.
With increasing light irradiation intensity, the helical spin
relaxation rate ‘C};lli increases, as shown in Fig. 5(b). The
ratio of lifetimes with and without light irradiation g

where the experimentally obtained
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FIG. 5. (a) Time evolution of spin amplitude A(?) extracted by

the fitting of time-space spin maps at different excitation densi-
ties. Solid lines are fitting curves. (b) Irradiation light intensity
dependence of spin lifetime tygj;..

(P=0)/tpe; (P=10.89)1s 7.6. Th_dli near the PSH condition
is determined as follows [6]:

2D {(—a — B) + 3852
e DB

The spin diffusion coefficient D, has varied by a factor of
1.9 times, and the SO parameter (—a — B)z + 3,832, where
B3 = —nypm /2 is estimated using yp = —11 eV A? [34]
and 7 is obtained from PL and PLE measurements, has
varied by a factor of 2.5 times due to light irradiation. This
suggests that both of these contribute to the enhancement
of the spin relaxation rate.

IV. CONCLUSIONS

In conclusion, we demonstrate optical control of the
SO interaction using a cw laser in a modulation-doped
GaAs/AlGaAs QW. By employing time- and spatially
resolved magneto-optical Kerr measurements with an
external magnetic field, we reveal a significant enhance-
ment of the Rashba SO parameter under cw illumination,
accompanied by modifications in the spin diffusion coef-
ficient. The light irradiation used in this study does not
induce holes, but instead increases the number of posi-
tively ionized donor impurities at the doping layer, enhanc-
ing the electric field in the QW. This is unlike the optical
doping of previous studies, which screens the electrical
field due to the Coulomb coupling of separated electrons
and holes. PL and PLE spectroscopy confirm that the
increase in carrier density is due to the optical activa-
tion of deactivated Si donors, which is consistent with the
enhancement of the Rashba SO interaction due to the vari-
ation of the electric field in the QW. Our results establish
an optical approach to controlling the SO interaction with-
out the need for external electrodes, offering a pathway for
optically tunable spintronic devices utilizing spatial spin
structures.
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APPENDIX: DETAILS ON EXPERIMENTAL
SETUP

Figure 6 shows the schematic of the time- and spatially
resolved Kerr rotation with control light irradiation. This
setup is based on conventional Kerr rotation microscopy.
A pulse train generated by a mode-locked Ti:sapphire laser
with a repetition rate of 82 MHz and a pulse duration
of approximately 100 fs is split into the pump and probe
beams. After separation, these beams are spectrally filtered
using gratings and slits for each beam, resulting in spec-
tral widths of approximately 1.5 nm and pulse durations of
approximately 1 ps. This enables the individual selection
of the pump and probe energies, and thus the two-color

pump-probe measurement can be conducted. The pump
beam is modulated at fp = 50.147 kHz using a photoelas-
tic modulator, and the probe beam is modulated using an
acousto-optical modulator at f; =51 kHz. The Kerr rota-
tion signal is detected using two photodiodes arranged in a
balanced configuration, a transimpedance amplifier, and a
lock-in amplifier tuned to the differential frequency f; — fp.
A cw laser with a wavelength of 980 nm is used as the con-
trol light, and it is aligned coaxially with the pump beam
using a beam splitter. A setup of photoluminescence (PL)
measurement is also installed in the reflection beam path
and can be switched on and off by turning the mirror on
the flip mount. In the PL. measurement, the linearly polar-
ized light is used for excitation light and a linear polarizer
in a cross-Nicol configuration is used to filter out the exci-
tation light. In addition, a short-pass filter is used to filter
out the control beam at 980 nm. We estimate the spot sizes
of the pump and control beams. Figures 7(a) and 7(b) show
the intensity profiles of their beams obtained by knife-edge
measurement and their derivatives, respectively. By fitting
with a Gaussian function [solid lines in Fig. 7(b)], the 1/e?
spot sizes of the pump and control beams are obtained
to be 40 =4.4 and 44.2 pum, respectively. The outputs
of the pump and probe beams are set to 50 and 60 pW,
respectively. Since pump power determines the excitation
carrier density, we set it to a low value in this Kerr rota-
tion microscope setup. The pump density is 330 W/cm?,
and the excited carrier density is approximately on the
order of 10'! cm~2, accounting for the absorption coeffi-
cient. While probe power is generally set lower than pump
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(a) Intensity profile of the pump and control beams obtained by knife-edge measurement and (b) their derivatives. (c) The

variation in the time evolution of the KR signal with probe power. The inset represents the ratio between the signals for these two

probe conditions.

power, in this experiment, we increased the probe power to
improve the signal-to-noise (SN) ratio. Figure 7(c), which
presents the supplementary experimental results (obtained
under slightly different conditions from the main text),
shows the variation in the time evolution of the KR sig-
nal with probe power. Comparing cases where the probe
power is half versus equal to the pump power, the time pro-
file of the KR signal is unchanged, and the ratio between
the signals for these two conditions [shown in the inset of
Fig. 7(c)] remains roughly constant at the power ratio of
the two probe beams (a factor of 2). On the other hand, the
SN ratio improves particularly after 200 ps; consequently,
we set the probe power to achieve a high SN ratio.
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