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1.   Introduction

Recent developments in electronics rely on the 
miniaturization and integration of electronic devices 
in which an electron’s charge is used as an informa-
tion carrier. However, device size is approaching its 
limit, and device performance cannot be further 
enhanced simply by extending existing technologies. 
An emerging research field known as semiconductor 
spintronics represents an attempt to use spin instead 
of charge for information processing [1–3], since this 
will result in lower energy consumption, higher oper-
ating speeds, and further improvement of device 
functionality compared with conventional charge-
based devices. 

The electrical control and transport of electron 
spins are essential techniques for realizing spintron-
ics devices. An effective magnetic field plays an 
important role in controlling electron spins by electri-

cal means. In general, the asymmetry of the system 
(e.g., the asymmetric layer structure of a quantum 
well (QW) or the lack of an inversion center in crystal 
structures) generates an internal electric field that is 
converted into effective magnetic fields for the coor-
dinate system of a moving electron [4]. This is due to 
a relativistic effect called a spin-orbit interaction 
(SOI). However, SOI is a double-edged sword with 
spintronic devices. Because the direction of effective 
magnetic fields depends on the electron momentum, 
multiple scattering of electrons randomizes the effec-
tive magnetic fields, resulting in undesired spin relax-
ation [5]. A significant difficulty in the application of 
electron spins to semiconductor devices is preventing 
spin relaxation, which limits the transport length of 
electron spins to the order of 10 µm in semiconductor 
heterostructures [6]. 

Currently, much attention is being focused on the 
suppression of spin relaxation by balancing two 
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SOIs. In III-V semiconductor heterostructures, there 
are typically two kinds of SOIs. One is the Rashba 
SOI induced by the internal electric field in an asym-
metric QW [7]. The other is the Dresselhaus SOI, 
which originates from the crystal field induced by the 
bulk inversion asymmetry in a zinc-blende crystal 
structure [8]. The Rashba and Dresselhaus SOIs act 
on electron spins as momentum-dependent magnetic 
fields as shown in Figs. 1(a) and 1(b). When the 
strengths of these two SOIs are equal, the effective 
magnetic field is uniaxially oriented as shown in  
Fig. 1(c). In this condition, electron spins can precess 
around the same axis and do not relax even if they 
experience multiple scattering (Figs. 1(d) and 1(e)). 
This special condition of SOIs is called the persistent 
spin helix (PSH) state, which has been theoretically 
predicted and experimentally confirmed [9–11]. In 
the PSH state, the spin transport length can be 
enhanced even in a system with strong SOIs.

Here, we report the spatial mapping of drifting 
spins in a GaAs QW where the Rashba and Dressel-
haus SOIs are balanced to achieve a PSH state [12]. 
In the PSH state, the precession frequency of drifting 
spins becomes anisotropic, reflecting the crystal ori-
entation dependence of the effective magnetic field. 
A comparison of experimental results and a numeri-
cal simulation based on a spin-drift diffusion model 
reveals that the spin decay length is maximized near 
the PSH condition, indicating the effective suppres-
sion of spin relaxation by the PSH state. Within the 

enhanced distance of the spin transport, the transport 
path of electron spins can be modulated by employ-
ing time-varying in-plane voltages, suggesting the 
robustness of the spin coherence against geometrical 
variations in the spin transport.

2.   Experiment

To determine a suitable structure for the PSH con-
dition, we calculated the SOIs in a GaAs single QW 
structure. The Hamiltonians for the Rashba and Dres-
selhaus SOIs in a III-V semiconductor QW are given 
by

HR = a (σxky  − σykx),       (1)
HD = − b (σxky + σykx),  (2)

where a and b indicate the strengths of the SOIs, σi (i 
= x, y) is the Pauli matrix, and ki (i = x, y) is the elec-
tron momentum. In this article, we defined the coor-
dinate axis with base vectors x || [1-10], y || [110], and 
z || [001]. Since the potential gradient in a QW can be 
modulated with an external gate voltage, the Rashba 
SOI parameter a is a gate-controllable value. In con-
trast, b is expressed by material constant γ and well 
thickness d in the following equation,

b = γ <kz
2> ≈ γ (π /d)2.       (3)

According to Eq. (3), the Dresselhaus SOI is enhanced 
by reducing the well thickness. By solving the Pois-
son-Schrödinger equation, we can calculate energy 

Fig. 1.    Effective magnetic fields generated by (a) Rashba and (b) Dresselhaus SOIs. In (c) the persistent spin helix (PSH) 
state, effective magnetic fields are uniaxially oriented. Schematics of the spin relaxation caused by (d) the dependence 
of effective magnetic fields on momentum and (e) the coherent rotation of electron spins in the PSH state.
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band profiles and wave functions in the AlGaAs/
GaAs/AlGaAs QW structures, as shown in Fig. 2(a). 
To confirm the contribution of the Dresselhaus SOI, 
we assumed two different QW thicknesses of d = 15 
and 25 nm. The gate-voltage dependences of SOI 
parameters calculated by using k·p perturbation are 
shown in Fig. 2(b) [13]. It should be noted that the 
horizontal axis in Fig. 2(b) indicates the relative dif-
ference between the potentials of the surface and the 
substrate, which does not correspond to the experi-
mentally applied gate voltage. In Fig. 2(b), we found 
that the Dresselhaus SOI parameter b depends 
strongly on the well thickness, whereas the Rashba 
SOI parameter a can be widely modulated by apply-
ing a gate voltage rather than by varying the well 
thickness. According to Fig. 2(b), a can be compa-
rable to b in a 25-nm-thick QW, which indicates the 
possibility of the PSH condition.

Using the theoretical calculations as a basis, we 
designed and grew 15- and 25-nm-thick modulation-
doped Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As single QW 
structures by molecular-beam epitaxy on a (001) 
semi-insulating GaAs substrate. The QWs were 
located 120 nm below the surface, and three δ-doping 
layers were embedded 50, 100, and 105 nm below the 
surface. The epitaxial wafers were fabricated into 
cross-shaped structures with four ohmic contacts 
consisting of AuGeNi layers. The central part of the 
structure was covered with a semi-transparent Au 
gate electrode as indicated in Fig. 3(a).

We employed Kerr microscopy to measure the spin 
dynamics of the drifting electrons (Fig. 3(b)). Spin-
polarized electrons were generated by a circularly 
polarized pump light. Subsequently, the spatial distri-
bution and dynamics of the electron spins were 
detected with a linearly polarized probe light via the 
Kerr rotation angle θK, which was proportional to the 
spin density at the focused position. For a micro-
scopic measurement of the spin coherence, the pump 
and probe lights were focused on the sample with  
6-µm- and 3-µm-diameter spots, respectively. The 
temporal development of the electron spins can be 
observed by using a pulse laser from a mode-locked 
Ti:sapphire laser, whereas the steady flow of drifting 
spins can be measured with a continuous wave (CW) 
laser. All the measurements were carried out at 8 K.

3.   Results and discussion

The results of time-resolved Kerr rotation micros-
copy for the drifting spin in a 25-nm-thick QW with the 
application of an in-plane electric field Vx = 200 mV 
are shown in Fig. 3(c). We can see that spin-polarized 
electrons generated at time t = 0 ns move to the drain 
electrode. Even in the absence of an external mag-
netic field, we observed a spin precession resulting 
from the effective magnetic field induced by the 
SOIs. To estimate the drift velocity of the electron 
spins, we performed a fitting analysis on the assump-
tion that the spatiotemporal development of drifting 

Fig. 2.    (a) Energy-band profiles of the conduction band (Γ6) in Al0.3Ga0.7As/GaAs (15, 25 nm)/Al0.3Ga0.7As structures 
calculated with the Poisson-Schrödinger equation, whose energies are based on the position of the Fermi energy 
EF. The normalized electron probability density |Ψ|2 is also shown. (b) Calculated SOI parameters for 15- and 
25-nm-thick QWs as functions of relative voltage, which is the relative difference between the substrate and surface 
potentials. The solid and dashed lines indicate the Rashba and Dresselhaus parameters, respectively.
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spins can be explained by the model function,

θK = A exp(− (x−x0)2/w2)cos(kSO (x−x0)), (4)

where A is the signal amplitude, x0 and w are the dis-
placement and width of the Gaussian, respectively, 
and kSO is a spin wavenumber that represents the spa-
tial frequency of the spin precession. We fitted Eq. (4) 
to the experimental result and extracted x0, which is 
plotted as a function of time in Fig. 3(d). We found 
that x0 is proportional to time t, and the slope in 
Fig. 3(d) indicates the drift velocity. Thus we obtained 
vd = 20.6 km/s in a 25-nm-thick QW, which is 150 
times faster than the drift velocity of the electron 
spins observed in bulk GaAs [14].

The spatial distribution of drifting spins in a steady 
state is shown in Figs. 4(a) and 4(b). In a 15-nm-thick 
QW, spin precession due to the effective magnetic 
field was observed in both the x and y directions, 
which reflects the isotropic strength of the effective 
magnetic fields. This is because the Dresselhaus SOI 
is dominant in the 15-nm-thick QW as predicted by a 
theoretical calculation. In contrast, in a 25-nm-thick 
QW when Vg = –4.28 V is applied, the precession of 
the drifting spins in the y direction is stopped com-
pletely, although drifting spins in the x direction pre-

cess more than five cycles in 100 µm. This strong 
anisotropy of the spin precession originates from the 
dependence of the effective magnetic field on the 
crystal orientation, which implies that the PSH is 
almost realized in a 25-nm-thick QW. Furthermore, 
the long-distance spin transport over 100 µm observed 
in the 25-nm-thick QW is attributed to the suppres-
sion of spin relaxation due to the PSH state. To deter-
mine quantitatively how close this was to the PSH 
condition, we performed a fitting analysis of the spa-
tial distributions of the drifting spins. On the assump-
tion that the contribution of the drift transport of the 
spins is dominant compared with spin diffusion, the 
spatial variation of the spin flows is given by,

θK = A exp(−d/λSO) cos(kSO d),       (5)

where d is the distance from the origin and λSO is the 
spin decay length. We fitted Eq. (5) to the experimen-
tal results and extracted the spin wavenumber kSO. We 
excluded data between d = 0 µm and 10 µm from the 
fitting procedure to remove the contribution of spin 
diffusion. If we assume simple one-dimensional 
transport, the SOI parameters are proportional to the 
spin wavenumber,

Fig. 3.    (a) Schematic illustration of the top view of the sample. (b) The setup for spatially resolved Kerr rotation measurements. 
(c) Time-resolved Kerr rotation signal for spins drifting in a 25-nm-thick QW when applying Vx = 200 mV. The solid 
lines indicate the fitted results obtained with Eq. (4). (d) Time dependence of the displacement of a spin packet. The 
solid line is a linear function fitted to the experimental results.
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a = 
h-

4m*  (kSO
1−10 + kSO

1−10),    (6)

b = 
h-

4m*  (kSO
1−10 − kSO

1−10),                    (7)

where m* and h- are the effective mass of an electron 
and Planck’s constant, respectively. Thus, two SOI 
parameters, a and b, can be estimated from kSO in the 
[1-10] and [110] directions. The estimated SOI 
parameters were a = 0.58 meVÅ and b = 2.10 meVÅ 
for a 15-nm-thick QW and a = b = 0.99 meVÅ for a 
25-nm-thick QW. From these results, we confirmed 
that the PSH state is realized in a 25-nm-thick QW.

The spatial frequency of the spin precession during 
drift transport is electrically controlled by the gate 
modulation of the Rashba SOI. The gate voltage (Vg) 
dependence of θK scanned along the [1-10] direction 
for Vx = 50 mV and Vy = 0 mV is shown in Fig. 5(a). 
By varying the gate voltage, we were able to continu-
ously modulate the spatial frequency of the drifting 
spin precession via gate control of the Rashba SOI. 
This behavior was well reproduced by a simulation 
based on a spin-drift-diffusion model, as shown in 
Fig. 5(b). Assuming that the precession period in 
Fig. 5(a) depends only on a, we can compare the 
effect of a on the transport length by plotting spin 
decay length λSO versus spin wavenumber kSO, where 
both parameters can be extracted by the fitting proce-

dure used in Fig. 4. The obtained λSO values are plot-
ted as a function of kSO in Fig. 5(c). In both the 
experiment and the simulation, λSO decreases as kSO 
diverges from the balanced condition a = b, indicat-
ing that the suppression of the D’yakonov-Perel spin 
relaxation caused by the PSH also appears in the spin 
transport length.

We can transport the helical spin state along arbi-
trary trajectories by using a time-dependent in-plane 
electric field. We applied a sinusoidal ac voltage Vy

ac 
with frequency f in the y direction and dc voltages 
Vx

dc in the x direction. To excite spins at the timing of 
a certain phase of Vy

ac, the initial spins were excited 
with a pulsed pump light from a mode-locked laser 
whose repetition frequency was synchronized with f 
or f/2, whereas the Kerr signal was detected with a 
probe light from a CW laser. When a sinusoidal volt-
age was applied in a transverse direction to the drift 
spin transport, a clear spin flow along a winding path 
was observed (Fig. 6). The stripe patterns in the spin 
packet are maintained regardless of the transport tra-
jectories. This is because in a PSH condition, spins 
always precess in an x-z plane, and the precession 
phase depends only on x [9, 10]. For all transport 
paths, the spin phase was conserved even at distances 
much longer than the precession periods, and thus, 
the technique will be beneficial for further exploitation 
of the SOI in drift spin manipulation.

Fig. 4.    (a), (b) Spatial mapping of the spin distribution for 15- and 25-nm-thick QWs. The square panels in the bottom left 
corners show the spin distribution for diffusive transport, while the rectangular panels are those for drift transport with 
in-plane electric fields. Red and blue in the maps correspond to up and down spins, respectively. The panels in the 
upper right corners are the cross-sectional profiles of drifting spins in the [1-10] and [110] directions. The solid lines 
show the fitted results obtained with Eq. (5).
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Fig. 5.    SOI dependence of spin dynamics of drifting spins. (a), (b) Comparison of experimental and simulated spin 
distribution driven by Vx = 50 mV in the x direction. In the simulation, we directly varied the Rashba SOI parameters 
a, and the spin distribution is shown as a function of a, whereas the experimental data are plotted as a function of 
the gate voltage, which modulates the Rashba SOI. Note that the gate voltage shown in this figure does not 
correspond to that in Fig. 2. (c) Spin decay length as a function of spin wavenumber.
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4.   Conclusion

The spatial distribution of drifting spins in a GaAs 
QW where two types of SOI, namely the Rashba and 
Dresselhaus SOIs, are balanced to realize a PSH 
state, was mapped by using temporally and spatially 
resolved Kerr rotation microscopy. In the PSH state, 
spins drifting in a direction where there are strong 
effective magnetic fields exhibit a fast spin preces-
sion, whereas the spin precession of spins drifting in 
an orthogonal direction is completely stopped. The 
spin decay length is maximized near the PSH condi-
tion, indicating the effective suppression of spin 
relaxation by the PSH state. Furthermore, we demon-
strated drift spin transport over 100 µm, where the 
precession frequency was controlled by an external 
gate voltage. The results presented here show that 
spin coherence with a balanced SOI can be efficiently 
transferred to a distant place. We confirmed the 
robustness of the spin phase for the variation of trans-
port paths in the PSH state. If the PSH condition is 
sufficiently maintained, we may also manipulate the 
spin states by using the gate bias voltage or a trajec-
tory-controlled quantum operation. Further develop-
ment of this technique will advance the field of semi-
conductor spintronics, including the physics of spin-
charge coupled systems as well as applications for 
future spin devices.
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