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Spatiotemporal spin dynamics of two-dimensional electron gas with ballistic
motion in persistent spin helix state
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The spatiotemporal spin dynamics of two-dimensional electron spins with ballistic motion in a GaAs
quantum well is investigated using time- and spatially resolved magneto-optical Kerr rotation measurements.
The ballistic movement of photoexcited spins, which maintains the width of the excitation spot size, results
in a wave-packet-like motion of the spin distribution. The time evolution of the spin distribution measured
at different excitation intensities reveals that the spin diffusion slows down and the wave-packet-like motion
disappears at higher photoexcited spin densities, at which the spin distribution converges to the helical spin
mode observed in the diffusive regime. The variation in the spatiotemporal spin distribution can be con-
trolled by spin diffusion, while the spin precession length is determined by the strength of the spin-orbit
interaction.
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I. INTRODUCTION

The persistent spin helix (PSH) state, in which the spatial
spin rotation is robust against all spin-independent scattering
[1,2], has attracted much attention owing to its long lifetime
and controllable spin state. The PSH state with a helical spin
texture in a (001)-grown quantum well (QW) with zinc-blende
structure occurs [3] when the Rashba [4] and Dresselhaus [5]
spin-orbit (SO) interactions are balanced. D’yakonov-Perel’
(DP) spin relaxation [6], which is the main mechanism for
spin dephasing, is completely suppressed in the PSH field,
which has an exact SU(2) symmetry. The long-lived spin
texture in the PSH opens an avenue for functional spin-related
devices. The direct observation of a helical spin texture [3],
fine-tuning of the PSH by out of plane gate voltages [7,8],
long-distance transport of the PSH by drift currents [9], and
long-lived ensemble-averaged spin state [10–13] have been
demonstrated experimentally in the PSH state. Its dynamics
has also been investigated under diffusive [3,8,14–17] and
drift transport [18–21] using time- and spatially resolved op-
tical spin measurements. In addition, it has been theoretically
shown that the PSH lifetime can be extended by choosing a
proper crystal orientation of the QW plane that is more robust
than the PSH in the (001) plane [22–24]. Because the spatial
spin state depends only on the displacement in the PSH state,
almost all the optical experiments have been performed under
diffusive electron motion.

In comparison, because coherent spin precession is ob-
served in the time domain under ballistic electron motion
[25–28], the temporal spin information from coherent preces-
sion is also useful for revealing fast spin flipping and the rapid
formation of a helical spin texture. The conversion of spatial
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spin precession information into coherent spin precession in-
formation in the time domain in the ballistic regime allows
the SO effective magnetic fields to be characterized without
the need for high spatial resolutions. In a previous study,
we reported the time evolution of ensemble-averaged spins
with ballistic electron motion using the time-resolved Kerr
rotation method with a large spot size and estimated the SO
coefficients by analyzing the precession frequency in the PSH
regime [28]. Although this method allows us to obtain the
strength of the SO effective magnetic fields in all directions
through the observation of coherent oscillations in the ballistic
regime, the spin-diffusion information is lost. In this study,
we investigate the spatiotemporal evolution of high-mobility
two-dimensional electron spins with ballistic motion using
the time- and spatially resolved Kerr rotation (KR) technique
to clarify the fast propagation of spins in the PSH regime.
The time evolution of the spin distribution shows a wave-
packet-like motion with a different spin precession from the
reported time evolution of the spin distribution in the diffusive
regime. From the temporal changes in the spin distribution
and spin precession frequency, the spin-diffusion velocity and
strength of the SO effective magnetic field are estimated si-
multaneously. In addition, we observe the variation in the
time evolution of the spin distribution in the transition from
ballistic to diffusive electron motion. The experimental results
are reproduced in a spin-diffusion coefficient-dependent spin
dynamics calculation using the Monte Carlo method.

II. EXPERIMENTAL METHODS

A single-sided modulation-doped 20 nm GaAs/AlGaAs
QW was grown on a semi-insulating (001) GaAs substrate
using molecular beam epitaxy. A 20 nm thick highly Si-
doped AlGaAs layer was used with a 35 nm thick undoped
AlGaAs spacer layer on top of the QW to generate a
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FIG. 1. Time evolution of the spin distribution. KR maps corresponding to (a) Sz(x, 0, t ) and (b) Sz(0, y, t ) under experimental conditions
for ballistic electron motion. The dashed line represents x = vst . (c) Time-resolved KR on the x = vst line in (a). The solid line is a fitting curve.
(d) Sz(x, 0, t ) and (e) Sz(0, y, t ) for diffusive electron motion.

high-mobility two-dimensional electron gas (2DEG). The
2DEG density n, electron mobility μ, and electron diffusive
coefficient De determined using Hall and conductivity mea-
surements at 5 K after light irradiation were 4.1 × 1015 m−2,
130 m2V−1s−1, and 1.92 m2/s, respectively. The mean free
path was estimated to be 13.7 μm. The asymmetric profile of
the QW in this quantum structure induced a large Rashba SO
interaction, resulting in SO fields that were close to the PSH.
The time evolution of the spin distribution was measured
using a time- and spatially resolved magneto-optical KR tech-
nique. A pulse train generated by a mode-locked Ti:sapphire
laser with a repetition rate of 82 MHz and pulse duration
of approximately 1.5 ps was split into the pump and probe
beams. The helicity of the circularly polarized pump beam
was modulated at f = 50.147 kHz using a photoelastic modu-
lator. The linearly polarized probe beam was modulated using
an acousto-optical modulator at fa = 51 kHz. The pump and
probe beams were focused on the sample surface using an
aspheric lens with 26 mm focal length. The relative delay
time t and relative position (x//[11̄0] and y//[110]) between the
pump and probe beams were automatically controlled using
a mechanical delay line and a scanning mirror, respectively.
The e−2 spot sizes of the pump and probe beams were 7.1
and 12.6 μm, respectively. Polarized electron spins along the
growth direction were optically excited by the circularly po-
larized pump beam, which had a Gaussian distribution. The
ensemble-averaged out of plane spin component Sz(x, y, t )
within the Gaussian spot of the probe beam was detected as a
KR signal using a balanced photoreceiver and a lock-in ampli-
fier tuned at fa− f . Optical measurements were performed at 7
K using a cryostat with an optical access. The carrier density
in the QW nPLE determined by the Stokes shift between the
photoluminescence and photoluminescence excitation spectra
was 3.5 × 1015 m−2.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the time evolution of the KR
distribution along the x and y directions corresponding to
Sz(x, 0, t ) and Sz(0, y, t ), respectively, at the pump intensity
of 7 μW. As the time increases, the spin distribution moves
along the x direction with the same spin distribution width
it has at the time of excitation and undergoes precession by
the large SO effective magnetic field. This wave-packet-like
electron spin motion, which undergoes a different spatiotem-
poral evolution from that in the diffusive regime shown in
Figs. 1(d) and 1(e) (the experimental conditions for the diffu-
sive regime are described in the Supplemental Material [29])
indicates that the spins move at a constant velocity without
scattering. In contrast to the spin precession observed in the
x direction, the spins moving along the y direction maintain
their spin state after flipping once, as shown in Fig. 1(b). The
observed anisotropic time evolution of the spin distribution is
caused by the coexistence of the Rashba and Dresselhaus SO
effective magnetic fields. The precession angular frequency
due to the effective magnetic field depends on the wave vector
and is given by

�(θ ) = 2kF

h̄

√
α2 + β̃2

√
1 − sin 2ϕ cos 2θ. (1)

Here, h̄ is the reduced Planck constant; kF = √
2πnPLE

the Fermi wave number; α the Rashba coefficient; and β̃ =
β1 − β3, where β1 and β3 are the linear and cubic Dressel-
haus coefficients, respectively. θ is the angle between the
wave vector and the [11̄0] crystal axis and ϕ = arctan(α/β̃ ).
The third angular harmonics of the SO fields are ignored.
In the sample structure used in this experiment, band bend-
ing occurrs at the top side of the QW. The combination of
the Rashba (α < 0) and Dresselhaus (β̃ > 0) SO effective
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magnetic fields therefore act on electron spins moving along
the x direction (//[11̄0]), whereas the two SO effective mag-
netic fields cancel out for spins moving along the y direction
(//[110]). For the latter spins, the reduction of the SO ef-
fective magnetic field to almost zero results in the absence
of spin precession even after 20 ps. The spin-diffusion ve-
locity is extracted as vs = 0.22 ± 0.02 μm/ps by following
the center of the moving spin packet. The Fermi velocity
of vF = 0.26 μm/ps estimated from h̄

√
2πnPLE/m using the

measured carrier density is close to vs. Therefore, we find
that the photoexcited electron spins move almost without
scattering with the constant velocity of vs in the radial di-
rection. The difference between the obtained vs and vF might
be caused by the enhancement of electron-electron scattering
by photoexcited electrons [28]. Figure 1(c) shows the time
evolution of the spins at x = vst in Fig. 1(a). By fitting Sz(x =
vst, y = 0, t ) = A exp(−t/τs) cos �t to the experimental re-
sults, the precession angular frequency is obtained as � =
0.124 rad/ps. Using the obtained vs and �, we estimate the
spin precession length to be λSO = 2πvs/� = 11.15 μm and
the SO parameter to be −α + β̃ = π h̄2/mλSO = 3.2 meV Å,
which is a reasonable value for GaAs/AlGaAs asymmetric
QW compared with previous reports [3,8,19]. To validate the
values obtained in this experiment, we directly observe the he-
lical spin mode in the diffusive regime using high-resolution
measurements. The spin precession length directly estimated
from the residual helical spin mode is 11.2 μm (see Fig. S1
in the Supplemental Material [29]), which is consistent with
the value obtained in this experiment. This indicates that the
present measurement simultaneously provides not only the
spin-diffusion velocity but also the spin precession length due
to the SO field.

As shown in Fig. 1(a), the spins at (x, y) = (0, 0) ex-
hibit rotation with time despite the outward diffusion of the
photoexcited electron spins at the spatial origin. This signal
is induced by the inflow of spins excited with a Gaussian
distribution into the probe position, which depends on the
sigma widths of the convolution between the pump and probe
beam Gaussian distributions σeff . Figure 2(a) shows the time
evolution of spins measured under the two different σeff

conditions of 18 and 3.6 μm. At σeff = 18 μm, spin pre-
cession is clearly observed. However, the spin precession
disappears rapidly at σeff = 3.6 μm, which corresponds to the
data for Sz(0, 0, t ) extracted from Fig. 1(a). The spin signal
probed at distance r from the pump position and the delay
time t = r/vF in the ballistic regime is given by [30]

sz(x, y, t ) = sz0 cos [�(θ )t]
1

r
δ(r − vFt ), (2)

where sz0 is the initial amplitude of the spin z component
and r =

√
x2 + y2, θ = arctan(y/x). The probed spin com-

ponent sz of the spin distribution in the experiment includes
contributions from the initial spin probability density, which
depends on the position. For photoexcitation with a Gaussian
distribution, the probed spin signal due to the spin excited at
position (X, Y) is

sz(x, y, t ) = sz0 exp

(
− R2

2σ 2
eff

)
cos [�(θ ′)t]

1

r′ δ(r′ − vFt ). (3)

FIG. 2. (a) Time-resolved KR signal measured under different
convoluted sigma widths σeff . The data for σeff = 18 μm are from
Ref. [28]. (b) Sz(t ) calculated at various σeff using Eq. (4). The dashed
line denotes J0(�R+Dt ).

Here, R2 = X 2 + Y 2, r′ =
√

(x−X )2 + (y−Y )2, and θ ′ =
arctan(Y −y/X−x). For the PSH state (β̃ = −α), the mag-
nitude of the precession frequency is �(θ ′) = �R+D cos θ ′,
where �R+D = 2kF(−α + β̃ )/h̄. Consequently, the observed
time evolution of spins at the spatial origin (0, 0) obtained as
the summation of contributions from R = r′ = vFt is given by

Sz(t ) = Sz0 exp

(
− v2

Ft2

2σ 2
eff

)
J0(�R+Dt ), (4)

where J0 is the zero-order Bessel function of the first type.
Figure 2(b) shows the calculated Sz(t ) for different values of
σeff . The calculations reproduce the experimentally observed
disappearance of the spin precession at small spot sizes. This
indicates that the observed one-dimensional spin distribution
includes not only the electron spins moving along the ob-
servation axis but also those moving perpendicular to the
observation axis. As a result, spin rotation due to the inflow
of spins is also observed around the spatial origin in the spin
distribution in the y direction [Fig. 1(b)], while no spin rota-
tion is observed under diffusive electron motion [Fig. 1(d)].
This effect due to the inflow of spins becomes weaker as the
probe position becomes farther from the pump position; this is
because the direction of electron motion arriving at the probe
position becomes parallel to the observation axis in the ballis-
tic regime. In the diffusive regime, a similar effect of electron
motion that is perpendicular to the observation axis on the
spin dynamics has been reported as a modulation of the spin
precession frequency under an external magnetic field [31].

To investigate the spin dynamics in the transition region
from ballistic motion to diffusive motion, we measure the
time evolution of the spin distribution by increasing the pump
intensity. The high-density excitation of electrons and the
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FIG. 3. Excitation intensity Ipump dependence of time evolution of spin distribution. (a) Sz(x, 0, t ) and (b) Sz(0, y, t ) at Ipump = 21 μW,
which is three times larger than in the experiment shown in Figs. 1(a) and 1(b). (c), (d) are measured at Ipump = 35 μW. (e), (f) are measured
at Ipump = 47 μW.

detuning excitation energy from the resonant excitation
enhance electron-electron scattering [28,32]. Figure 3
shows the time evolution of the spin distributions under
different excitation intensities. The time evolution of the spin
distribution is observed to depend on the excitation intensity.
Increasing the excitation intensity increases the photoexcited
carrier density, reduces the spin-diffusion velocity, and
eliminates the wave-packet-like spatial spin motion. At higher
spin densities, the spin distribution along the x direction tails
off with time and converges to the helical spin mode observed
in the diffusive regime shown in Fig. 1(d). In contrast, the
spin flip of electrons moving along the y direction and spin
precession at the spatial origin almost disappear. These
results suggest that the high-density photoexcited electrons
enhance the scattering rate of spins and result in a transition to
diffusive electron motion, which is consistent with a previous
report [28]. Another effect of increasing excitation density
on the spin distribution is the modulation of SO interactions
due to optical doping [17]. However, in the present study,
the modulation of SO interaction is negligible because the
excitation density is several orders of magnitude smaller than
that in Ref. [17]. The absence of SO modulation due to optical
doping is also supported by the fact that the spin precession
length obtained from the results shown in Figs. 1(a) and
1(c) is consistent with that obtained from the helical spin
mode in the case of a higher excitation density (Fig. S1(b)
in the Supplemental Material [29]). To confirm whether this
temporal variation of the spin distribution is mainly due to
the decrease in the spin-diffusion coefficient, we calculate the
spatiotemporal evolution of spins in the presence of SO inter-
actions using a Monte Carlo simulation. In the simulation, the
time evolution of the spin S(t ) is given by dS(t )/dt = � × S.
Scattering occurs with an average scattering time of τ , and
the direction of electron motion changes randomly due to the

scattering. The electron spins are initially polarized along the
z direction with a Gaussian distribution and the value of 〈Sz〉
is calculated using a Gaussian probability density function
with the width of the probe beam in correspondence to the
optical excitation in the experiment. The SO parameters of
α = −1.76 meV Å and β̃ = −γ 〈k2

z 〉 + γ k2
F/4 = 1.44 meV Å

used in the calculation are determined from the experimental
value of −α + β̃ = 3.2 meV Å, and the calculated value of
〈k2

z 〉 = 1.86 × 1016 m−2 and the reported bulk Dresselhaus
coefficient of γ = −11 eV Å3 [33] are used. The spin
dynamics are calculated for various values of the scattering
time τ = 2Ds/v

2
F, where Ds is the spin-diffusion coefficient.

Figure 4 shows the time evolution of the calculated spin
distributions Sz(x, 0, t ) and Sz(0, y, t ) at different Ds.
The simulation results for the excitation dependence of
the spin-diffusion coefficient reproduce the experimental
results [Figs. 1(a), 1(b), and 3(a)–3(f)]. In the calculation
results for the Ds = De condition, the spins move with the
wave-packet-like motion observed in the experiment, as
shown in Figs. 4(a) and 4(b). In addition, the spin flip for
electrons moving along the y direction and the spin rotation
at the spatial origin are also reproduced. As Ds decreases
[Figs. 4(c)–4(f)], the wave-packet-like electron motion,
spin flip in the y direction, and spin rotation at the spatial
origin disappear, which is in qualitative agreement with the
experimental results for higher excitation densities. These
results show that the spatiotemporal variation of the spin
distribution is determined by the spin scattering rate and can
be controlled by the excitation intensity.

IV. CONCLUSIONS

In conclusion, we directly observe the time evolution of
the spin distribution under ballistic electron motion in a
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FIG. 4. Simulation of Sz(x, 0, t ) and Sz(0, y, t ) under various Ds values. (a), (b) correspond to the condition of Ds = De = 1.92 m2/s, (c),
(d) Ds = 1.15 m2/s, and (e), (f) Ds = 0.58 m2/s.

high-mobility 2DEG. The photoexcited electron spins spread
with the background 2DEG diffusion velocity. The time evo-
lution of the spin distribution shows that the wave-packet-like
motion under the ballistic regime is quite different from that
in the diffusive regime. From the wave-packet-like motion and
precession of the spin distribution, we can extract not only
the strength of the SO parameter but also the spin-diffusion
velocity simultaneously. As the electron spin motion scatter-
ing rate increases with increasing spin excitation intensity,
spin diffusion slows down and the wave-packet-like motion
disappears, causing significant changes in the spatiotemporal
spin distribution. These results will be helpful for further

understanding the fast propagation of spins under the ballistic
and diffusive regimes, as well as for the utilization of the
spatiotemporal information in the PSH state in semiconductor
quantum structures.
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