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Spin accumulation in photo-induced potential
dimples generated in semiconductors
H. Sanada1*, A.M. Stramma1, Y. Kunihashi1, Y. Tanaka1, H. Gotoh1, K. Onomitsu1, F. Tagarelli 1, M. Kohda2,

J. Nitta2 & T. Sogawa1

Conventional ways of confining charges in semiconductors employ advanced lithographic and

crystal-growth techniques. The construction of micro/nano-scale structures is also essential

for manipulating spins. However, existing techniques are not always flexible enough to

control spins in appropriate positions and timings. Here we report an alternative mechanism,

which enables us to design temporal and reconfigurable low-dimensional potentials.

The formation of photo-induced potential dimples is deduced from time and spatially-

resolved Kerr rotation measurements performed on a GaAs quantum well. Two-dimensional

images of spin distributions reveal that the photo-injected electron spins in a small area

illuminated by a pump light survive for a time that is two orders of magnitude longer than

typical recombination lifetimes. The Kerr rotation dependence on the pump laser conditions

implies that the temporally generated dimple-shaped potential profile induced by remote

charges effectively confines the electrons and enhances the spin lifetime determined by

fluctuating spin-orbit effective magnetic fields.
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Designing potential profiles that confine charge carriers in a
small region of semiconductor materials is the underlying
basis of semiconductor devices and also of modern

experiments performed during scientific research. Low-dimensional
electron systems are also indispensable for exploring novel func-
tionalities of semiconductor spintronics. The voltage control of
spin–orbit interaction (SOI)1 has been demonstrated by using
electrons confined in an asymmetric quantum well (QW) structure.
Unfortunately, the SOI also has an adverse effect on the spin
coherence lifetime, which is shortened by the fluctuating spin–orbit
magnetic fields associated with the random motion of the diffusive
two-dimensional electrons2. The tunability of SOI provides
a solution; a balanced Rashba3 and Dresselhaus4 SOI condition
for two-dimensional electron gas (2DEG) in zinc-blende type
semiconductors provides an SU(2) spin-rotation symmetry,
and the resultant persistent spin helix mode can have an
extended lifetime5–8. Another approach, which does not require
the precise tuning of the Rashba SOI, is to reduce the confinement
size; the spin relaxation mechanism can be suppressed by
confining electrons spins further towards a one9–14 or zero15–18

dimensional area.
Until now, the conventional methods for realizing a low-

dimensional confinement potential in semiconductors include a
bottom-up approach based on self-assembled crystal growth19,
and top-down fabrication techniques using lithography and
etching for the precisely designed structures. However, the
potential landscapes obtained by these methods restrict the car-
rier motion in predetermined areas or channels, which cannot be
altered flexibly once their geometries are fixed. To incorporate the
benefit of controllable SOI while preserving spin coherence, we
require a more flexible potential that yields appropriate confine-
ment at an appropriate timing.

Here, we report a way of realizing a reconfigurable confinement
potential that is formed instantaneously by simple light exposure
in a semiconductor thin layer. The feasibility of the light-induced

temporal confinement potential was revealed by time and spatially
resolved Kerr rotation (KR) measurements of the spin dynamics
in an undoped GaAs/AlAs QW. We found that the potential
energy for the conduction band electrons was spatially modulated
by charge carriers co-excited in a separate GaAs buffer layer. This
fact enabled us to enhance the electron spin lifetime in the QW by
reducing the spatial size of the photo-induced confinement.
This temporal and reformable way of modulating potential pro-
files for spins in semiconductors offers a solution to extend the
spin lifetime in a different approach from those reported pre-
viously5–18,20–27, and opens the way to the efficient control of spin
coherence in future spintronics applications.

Results
Long-lasting Kerr signal from locally accumulated spins. The
KR measurements with well-focused pump and probe beams
illuminated at a same position on the sample exhibited unex-
pectedly long-lasting spin signals. Figure 1a shows the layout for
the pump and probe measurements. For time-resolved KR mea-
surements in the absence of an external magnetic field, both the
pump and probe wavelengths were tuned to the lowest heavy-
hole exciton transition energy (1.530 eV). When we used a pump
beam with a full-width-at-half-maximum (FWHM) diameter of
7.6 μm (the red line in Fig. 1b), the KR angle (θK) survived even at
Δt= 12 ns, which is the maximum delay determined by the
repetition interval of the mode-locked laser pulses. An expo-
nential fit to the data for 7 ns ≤ Δt ≤ 12 ns gives a time constant of
15.2 ns, which is two orders of magnitude longer than the typical
radiative recombination lifetime (0.1–1 ns)28,29. The nonlinearity
in the semi-log plot of KR at an earlier region of the delay time
possibly originated from multiple causes including fast hole spin
relaxation and diffusive dilution of spins in lateral directions. In
the following discussion, we focus mainly on the slowly decaying
exponential component observed in the KR data.
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Fig. 1 Time-resolved Kerr rotation measurement. a Schematic view of the setup. b Kerr rotation angle (θK) as a function of pump and probe delay (Δt)
measured for different pump spot sizes in the absence of external magnetic field (Bext). The vertical axis is plotted in a log-scale. The three solid lines show
the data measured with a 45°-incident pump (setup shown in a), and their pump beam waist sizes (ϕpump) were characterized by the analysis of the data
shown in c. The dashed line shows the data for a smaller pump spot (ϕpump ~ 3 μm) with a separate setup, which had collinear pump and probe beams
along the sample normal. c The pump induced changes in the KR, ΔθK= θK(Δt=+200 ps)− θK(Δt=−200 ps), plotted as a function of the probe position
scanned along the short axis of the elliptic pump spots. Fits to the data with the Gaussian (lines) give full-width at half maximum (FWHM) spot sizes of
7.6, 15, 28 μm.
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This long KR decay indicates that for some reason part of spin-
polarized electrons or holes are accumulated in the illuminated
area. Generally, in undoped semiconductors, a circularly-
polarized light generates electron and holes, and thus both
electron and hole dynamics or their recombination are expected
to contribute to the spin dynamics of the whole system20–22.
Because the KR decay time observed in our undoped QW was
unexpectedly long, it requires an alternative explanation. A
recently reported model for the long spin relaxation time
observed in an undoped GaAs/AlGaAs interface23 is not
appropriate here because our sample has no single-hetero
interface, where electron spins can be accumulated. Another
possibility is isolated electrons resulting from dilute impurities
unintentionally doped in the QW in the same way observed in n-
doped GaAs24–26. However, we can exclude this possibility. The
background impurity level of our GaAs epitaxial layer was
estimated to be of the order of ~1014 cm−3, which corresponds to
~108 cm−2 in the a 20-nm-thick QW, meaning that ~101 spins
trapped in the impurities must be detected with a 3-μm-diameter
probe. This number is too small for the KR signal detected in our
measurements. In addition, our experimental results showing
clear spin diffusion in the pumped area (discussed later) ruled out
the possibility of a carrier trap caused by the impurities in
the QW.

A striking feature of the KR signal was that its lifetime was
clearly enhanced by reducing the size of the initial distribution of
photo-injected spins. The set of data shown in Fig. 1b compares
the dependence of the KR decay time on the pump spot size. The
three solid lines were measured by changing the pump spot sizes
with the measurement setup shown in Fig. 1a. The FWHMs of
pump beam waists of 7.6, 15, and 28 μm were obtained by fitting
the pump induced changes in KR, ΔθK= θK(Δt=+200 ps)−
θK(Δt=−200 ps), which were plotted as a function of the probe
position along the short axis of the elliptic pump spot (Fig. 1c).
The widths in the orthogonal direction were ~1.4 times larger
than these values, because the pump incident angle was inclined
at 45° from the sample normal. To ensure that the pump power
density at the center was the same for all the experimental
conditions, we used a higher power for a pump focused on a
larger spot size than for one focused on a smaller spot. As shown
by the result in Fig. 1b, the KR decay time of the three data
increases as the spot size decreases. We also measured the KR
decay for a smaller pump spot size (~3 μm), which was achieved
by focusing the pump through a higher magnification lens with a
normal incident angle. Although the measurement condition was
not completely the same as that of the setup with the 45°-incident
pump, the KR result (dashed line) maintained the trend of KR
lifetime enhancement and clearly shows the longest decay time
among the four data. We note that a recent study27 discusses the
role of non-radiative excitons with large in-plane wave vectors as
the source of the nanosecond spin lifetimes observed in an
undoped QW. However, this possibility cannot fully explain the
pump spot size dependence of the spin lifetime observed here.

Spin diffusion in an excited area. Evidence that electron spins
diffuse in the pumped area was obtained by measuring the spatio-
temporal behavior of spins in an externally applied magnetic field.
To confirm the long-lived KR is determined solely by electrons,
we employed the method reported by Kohda et al.30, which
enables us to extract the momentum dependence of SOI. We
defined the direction of Bext as the xs axis and its perpendicular
direction as the ys axis. (see Fig. 1a). The application of Bext drives
spin precession with an angular frequency Ω= gμBBext/ħ, where g
is the g factor, ħ is the reduced Planck constant, and μB is the
Bohr magneton. The KR oscillations at the pump-probe overlap

(xs= 0 and ys= 0) in Fig. 2a correspond to the spin precession
determined solely by Bext= 0.1 T applied in the [100] direction.
The extracted value, |g|= 0.32, is close to that of electrons
observed in similar QW structures31. We did not see the beating
of KR oscillation due to the coexistence of both electron and hole
spins, indicating that hole spins are depolarized in a very short
time. Then, motorized stages scanned the probe positions along
the xs axis and its perpendicular axis (ys). For both scanning
directions, the KR signal did not show significant expansion in
the QW plane in the measurement time range. When we scanned
the probe position on the xs (||[100]) axis, the frequency Ω
changed monotonically at around the center; whereas it was
almost constant for the scan along the ys (||[010]) direction.
This phenomenon is discussed by Kohda et al.30; electrons at off-
center positions have experienced non-zero averaged momentum,
which induces additive or subtractive changes in the effective
magnetic fields depending on the moving direction. Thus, the
clear dependence of spin precessions on the probe position
indicates that individual electron spins are not completely loca-
lized but move around in the excited area of the QW.

Further analysis of the spatially-dependent spin precession
frequencies suggests the involvement of conduction band
electrons as the source of the long-lived spins. As show in Fig. 2b,
we extracted the spin–orbit-induced change in the spin preces-
sion, dΩ/dxs and dΩ/dys, for different sample orientations defined
by θ, which is the angle of the in-plane crystallographic direction
½1�10� with respect to the xs axis (see Fig. 1a). The sinusoidal
dependences of dΩ/dxs and dΩ/dys correspond to the vectors of
the spin–orbit effective magnetic field plotted in a momentum
space (Fig. 2c), which agrees with the symmetry of the k-linear
Dresselhaus SOI for the conduction band but not for the valence
band. Thus, from these results we infer that the conduction band
electron spins contribute dominantly to the observed KR.

Remote effect from charges excited in a separate layer. Another
important clue to the cause of the unexpectedly long-lasting KR
was obtained from cw measurements of pump-induced reflec-
tivity change (ΔR) and KR spectra, which indicated a contribu-
tion made by carrier excitation in a bulk GaAs buffer layer. Since
spin-related signals are accumulated by a pump pulse train due to
their long decay times (as discussed in Fig. 1b), we were able to
observe clear pump-induced ΔR and KR signals even when
we used cw lasers rather than pulsed lasers. We fixed the cw probe
energy (Eprobe) at around the HH exciton energy, and scanned the
pump energy (Epump). As shown in Fig. 3, both ΔR and KR have
clear peak or dip structures at the HH exciton energy (Epump=
1.530 eV) and the LH exciton energy (Epump= 1.535 eV). The
clear difference between the signs of the two KR features is
because the electrons have opposite spin directions that are
determined by the selection rule of the inter-band optical tran-
sition32. In addition to these reasonable spectrum shapes origi-
nating from the QW, ΔR has notable features even at a lower
pump energy (Epump= 1.514 eV), which is around the free exci-
ton or donor-bound exciton energies in bulk GaAs25. Such
upconversion-like behavior in ΔR was not observed in the KR
spectrum, indicating that the pump at Epump= 1.514 eV does not
excite spin polarized carriers in the QW. We infer that the electric
field generated by the carriers excited in the bulk GaAs buffer
layer remotely affects the electrons excited in the QW.

Discussion
The experimental results described in Figs. 1, 2 indicate that the
locally-generated spins do not expand, or expand only slightly,
even though a clear signature of electron spin diffusion was
observed in the spatially-resolved spin precession frequency. If we
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assume that 2DEG spins, or spins that diffuse over the region
illuminated by the pump, are involved in the observed KR signal,
the Gaussian spin density profile will initially expand with a speed
determined by Ds. Because of this expansion, the upper limit of the
KR decay constant at early times will be determined by a pre-
factor33, σ2pump=ðσ2pump þ 2DstÞ, where σpump ¼ ϕpump=ð2

ffiffiffiffiffiffiffiffiffiffi

2 ln 2
p Þ.

This diffusive dilution is more prominent for smaller σpump values.
When we assume Ds= 25 cm2 s−1 and ϕpump= 3 μm, the diffusive
dilution reduces the spin density by ~87% of the initial value in
5 ns. However, we do not see such a rapid decay in the time-
resolved data measured with a 3 μm pump spot diameter (Fig. 1b).
This fact suggests that the observed long-lasting KR was possibly
assisted by additional forces that suppress the expansion of the
locally generated electron spin density profile.

This characteristic behavior of the local spin distribution sug-
gests the occurrence of the light-induced temporal confinement of
electrons in the QW. As we have discussed in Fig. 3, the carriers
excited in the bulk GaAs buffer layer should have a non-negligible
electrostatic effect on the QW. Because carriers in the bulk GaAs
buffer layer are co-excited even when we use the pump laser
tuned at the QW energy, we can expect the similar remote effect
also in the time-resolved measurements of spins in the QW
(Figs. 1, 2). This is also supported by the fact that part of the
carriers generated in the buffer layer persist over a timescale of
~10 ns (Supplementary Note 1). In our study, the notable
enhancement of the KR decay was observed when we shrank the
pump spot sizes (3–28 μm) across the wavelength of the SOI-
induced electron-spin precession (λSO ~ 24 μm)31,34. This fact
implies that the observed spin dynamics are governed by the
D’yakonov-Perel’ spin relaxation mechanism8 which can be
suppressed by carrier confinement on the scale of the pump spot
size. The temporal potential modulation in the QW can be
induced by photo-generated space charges co-excited in the bulk
GaAs buffer layer. Probable causes of these space charges are the
dilute background impurities in the buffer layer. Because their
positions are well separated from each other, electrons and holes
trapped in these impurities cannot recombine in a short time.
The resultant ionized impurities survive for a long time and affect
the potential in the QW. Note that the dependence of KR on the
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bottom barrier thickness (Supplementary Note 2) and on the
pump power (Supplementary Note 3) were also consistent with
this assumption.

The above interpretation is also supported by our numerical
simulations. Although it will require further careful study to
identify the origin of the localized charge distributions that
occur in the GaAs buffer layer, we can show that a small dis-
crepancy in the negative and positive charge distributions
induces a confinement potential with reasonable sizes and
depths. Below we present a simple model that supports the
possibility of photo-induced potential dimples that store elec-
tron spins in the separated QW layer.

We assume that the GaAs buffer layer has a small discrepancy in
the charge expansions between positive and negative charge dis-
tributions, which can be caused by the different dynamics of elec-
tron and hole diffusion during their energy relaxation. To calculate
the potential profile induced by these charges, we set the same
number of positive and negative charges scattered randomly in
the 1 μm layer of GaAs with a uniform distribution in the
z-direction, and a symmetric 2D normal distribution with FWHM
widths of ϕ+= 10 μm, and ϕ−= 10+ δϕ (μm) for positive
and negative charges, respectively (Fig. 4a). Figure 4b shows an
example of the calculated potential in the QW layer, where we used
1014 cm−3 for the positive charge concentrations at the center axis
of doped area, and δϕ= 0.5 μm. The resultant bowl-shaped profile
has a depth of ~20meV and a size of ~10 μm. Figure 4c shows that
the potential at the center becomes deeper as the δϕ value increases.
These results indicate, if the deviation between the electron and hole
distributions is of the order of 0.1 μm or larger, the potential
dimples induced by the dilute space charges are sufficiently effective
to confine electrons at a low temperature.

To clarify the impact of light-induced confinement on the spin
dynamics, we calculated the spatio-temporal evolution of photo-
injected spins using a semi-classical Monte-Carlo approach
(See Supplementary Note 4 for detailed procedure.). As a con-
finement potential generated by photo-generated remote charges,
we assumed a simple two-dimensional parabolic function,

Vðx; yÞ ¼ Cðx2 þ y2Þ; ð1Þ
where the prefactor C was chosen so that the potential main-
tains the lateral extent of the electron distribution at the initial

Gaussian shape determined by the pump spot sizes. The para-
meter used in the simulation was Ds= 25 cm2 s−1. For the
spin–orbit interaction, we included only the k-linear Dressel-
haus term with the strength β= 1.9 meVÅ, which should be
dominant in the present system. For simplicity, we assumed a
constant Fermi velocity vF= 4.3 × 104 m s−1 and ignored the
dynamic change in the potential over time. The initial spin
distributions were set as symmetric two-dimensional Gaussians
with FWHM diameters of 3, 10, 20, and 30 μm. Figure 5 shows
the calculated spin density component along the z-axis as a
function of delay time. As we expected, the calculated time
scales of the spin decay clearly depend on the pump spot size.
This agrees qualitatively with our results shown in Fig. 1b.
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Thus, the motional narrowing effect for the spin dynamics
determined by the D’yakonov Perel’ mechanism explains the
observed phenomena quite reasonably.

In conclusion, a light-induced mesoscopic confinement
potential significantly enhances electron spin lifetime in semi-
conductors. Such a temporal, non-destructive, and reconfigur-
able way of confining charges and spins is appealing for
designing novel functionalities requiring the flexible motion
of information carriers. The combination of this phenomenon
with the current MEMS technology for scanning the light
spot will also provide a possibility to change the potential
with desired shapes and motions over time. Furthermore,
the light-induced potential modulation can be effective for
different materials or structures attached on the surface
of semiconductors, since the electric field is remotely
supplied from the space charges in a separate layer. The
wavelength selectivity of the optical access for generating the
space charges will allow us to scale up the desired temporal
confinement areas towards multiple layers, indicating that the
mechanism will be compatible with advanced band engineering.
Thus, our photo-assisted method for confining electrons will
provide fascinating options for exploring spin properties in
semiconductors.

Methods
Sample. The single QW was grown on a semi-insulating GaAs (001) substrate by
molecular-beam epitaxy. The layer structure was, from the bottom, a 1-μm-thick
GaAs buffer, a 227-nm-thick short-period GaAs (1.4 nm)/AlAs (0.8 nm) super-
lattice bottom barrier, a 20-nm-thick GaAs QW, a 485-nm-thick top barrier, and a
5-nm-thick GaAs cap. All the layers were nominally undoped. The carbon impurity
concentration in the epitaxial layer of nominally undoped GaAs was estimated to
be of the order of 1014 cm−3 by SIMS measurements, and this agrees with the hole
concentration obtained with conventional Hall measurements. The high crystal
quality of the QW was expected from the fact that the 2DEG mobilities in high
electron mobility transistor (HEMT) structures grown in the same MBE chamber
were ~100 m2 V−1 s−1 at 4 K.

Magneto-optic Kerr rotation measurements. To investigate the dynamics of the
local spin distribution, we carried out time and spatially resolved magneto-optic
KR measurements at 8 K. A pair of mode-locked Ti:sapphire lasers provided
1.5 ps pump and 8 ps probe pulses at a frequency of 82 MHz for injecting and
detecting spins in the QW. A photoelastic modulator (PEM) operating at
50.1 kHz modulated the pump beam polarization between left and right circular
polarizations, and an acousto-optic modulator (AOM) operating at 52.0 kHz
modulated the intensity of the linearly polarized probe beam. The difference
between the modulation frequencies, 1.9 kHz, was used as the reference of
lock-in detection. The circularly-polarized pump beam excited spin polarized
electrons32,35, and subsequent spin density dynamics were measured through
the magneto-optic Kerr effect of the reflected linearly polarized probe beam.
The choice of the collimating and focusing lenses used for the pump beam
allowed us to change the pump spot size. We consider that the circularly
polarized pump both for 0° and 45° incident angles generates electron spins in
the z direction, and the KR is proportional to the z component of spins in the
QW. The ~3 μm (FWHM) spot of the probe beam can be scanned in the sample
plane, which enabled us to measure two-dimensional images of the spin densities
at a certain pump-probe delay time Δt. The optical powers for the pump and
probe light were smaller than of the order of ~μW and ~0.1 μW, respectively. We
measured the output current of a balanced photodiode bridge through the lock-
in amplifier and recorded it as the KR signal. In addition to KR, we also detected
the reflected probe intensity R with a single photodiode. The small difference
between R with and without pump excitation, i.e., ΔR ¼ RPump ON � RPump OFF,
was measured with a single photodiode in the same way as with the KR setup
except that the pump was linearly polarized and its intensity was modulated with
another AOM operating at 50.1 kHz instead of the PEM used in the KR
measurements.

Data availability
The datasets generated during and/or analysed during the current study are available
from the corresponding author on reasonable request.
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