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Electrical control of spin relaxation anisotropy during drift transport
in a two-dimensional electron gas
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Spin relaxation was studied in a two-dimensional electron gas confined in a wide GaAs quantum well.
Recently, the control of the spin relaxation anisotropy by diffusive motion was first shown in D. lizasa et al.,
arXiv:2006.08253. Here, we demonstrate electrical control by drift transport in a system with two subbands
occupied. The combined effect of in-plane and gate voltages was investigated using time-resolved Kerr rotation.
The measured relaxation time presents strong anisotropy with respect to the transport direction. For an in-plane
accelerating electric field along [110], the lifetime was strongly suppressed irrespective of the applied gate
voltage. Remarkably, for transport along [110], the data shows spin lifetime that was gate dependent and longer
than in the [110] direction regardless of the in-plane voltage. In agreement, independent results of anisotropic
spin precession frequencies are also presented. Nevertheless, the long spin lifetime, strong anisotropy and drift
response seen in the data are beyond the existing models for spin drift and diffusion.
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I. INTRODUCTION

A spin transistor is a device in which spin polarization can
be transferred from source to drain while the spins orienta-
tion precesses around a momentum-dependent spin-orbit field
[1-3]. In a device using a conductive channel with a two-
dimensional electron gas (2DEG) hosted in a quantum well
(QW), the application of a gate voltage allows the electrical
control of the precession angle by tailoring the spin-orbit cou-
plings (SOCs) [4]. Moreover, the magnitude and orientation of
the spin-orbit field can be tuned by an in-plane electric field
that adds a drift velocity to the 2DEG electrons [5,6].

It is essential for such processing devices to retain
coherence during the transport of the information encoded in
the spin polarization. Nevertheless, for nonballistic transistors
[7-9], momentum scattering of electrons leads to precession
around random spin-orbit fields, resulting in unwanted spin
decoherence [10]. One way to suppress this mechanism is
to create a unidirectional effective field by the combination
of the Dresselhaus and Rashba spin-orbit interactions (SOIs)
with equal strength [11,12]. In this case, a helical spin mode
is formed with enhanced coherence time, termed persistent
spin helix (PSH) [13,14]. Drift transport in those systems
showed current-controlled temporal oscillations of the spin
polarization due to the cubic SOI [15], which results in
spin relaxation. Further increasing the drift velocities, the
enhancement of the cubic Dresselhaus SOI was observed
and related to a heated electron distribution [16-19].
Configurations for the PSH in spin Hall transistors have
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been also considered to overcome relaxation for drift-induced
SOIs along the transport direction [20].

Very recently, it was shown that the spin relaxation
anisotropy can be controlled by diffusive motion [21], in com-
plement to the extensive literature for stationary spins in GaAs
systems [22-25] including high mobility samples [26,27].
Here, we demonstrate electrical control during drift transport
in a 2DEG confined in a wide QW occupying two subbands.
For systems with more than one subband occupied [28-30],
the additional degree of freedom introduces new character-
istics to the PSH dynamics influenced by the intersubband
scattering rates [31]. Also, a persistent skyrmion lattice was
proposed in two-subband QWs employing orthogonal PSH
layers [30,32]. Using optical techniques, we measured the
spin relaxation time anisotropy under the combined effect of
in-plane electric fields and gate voltages. For transport along
[110] (), the relaxation time strongly decreases with the drift
velocity but remains unaffected by the gate voltage. On the
contrary, for drift along [110] (x), the relaxation time is less
modified by the velocity but strongly depends on the gate
voltage. This result, together with the independent determi-
nation of anisotropic spin precession frequencies, is presented
considering the role of the spin-orbit interaction, and possible
mechanisms are discussed including intersubband effects.

II. MATERIALS AND EXPERIMENT

The studied sample is a 45 nm wide GaAs QW, symmet-
rically doped with Si, and grown in the [001] direction. The
barriers were made of short-period AlAs/GaAs superlattices
in order to enhance the mobility by shielding the doping
ionized impurities. Similar multilayer systems have been ex-
tensively studied for the generation of current-induced spin

©2020 American Physical Society


https://orcid.org/0000-0003-4553-3786
https://orcid.org/0000-0002-4933-3119
https://orcid.org/0000-0001-5933-5989
https://orcid.org/0000-0003-1364-3091
https://orcid.org/0000-0003-3646-6024
https://orcid.org/0000-0002-0572-9648
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.125305&domain=pdf&date_stamp=2020-09-15
http://arxiv.org/abs/arXiv:2006.08253
https://doi.org/10.1103/PhysRevB.102.125305

F. G. G. HERNANDEZ et al.

PHYSICAL REVIEW B 102, 125305 (2020)

vokms)[ T T T T T T T T T T T T b km/
(@) GaAs QW S: B(T) e /4) (@)Vv =0V V =+100mv | () v, (kmis)
.I‘WMM,. \/i ® 4202 4
ni ] T T
\ +75mV CO.
\/ t(ns) = = g
C = } V2 womv | [0
= 32 1l s g |
20 0 20 = < / "
z (nm) y||[110] +25mv | B° | ']
i(mA . - L | ) [y
L4203 4 L6 Ka7o] g ¢ 1 4
IRARERA RS T — ] /
1.5 F g 7 . S koA omv ol
2 o5 e s o\ AN\ N\NNANAANAA
Eo.g SCE / MRV \/ ] 0,1\‘:::‘\
= [ ] A -25m
705 E & Jor V2 / 4l LTy
-1 [& ] \'/ (b)
c d 9 i
-1_.2 I( ) f |( )_;-0'3 — \ o -50 mV A7.7§% |
50 0 50-10 -5 0 - v S 1
v, (mv) AW \ 75mv {0 TF é
3|y mE=h ISR
FIG. 1. (a) Potential profile and the subbands charge density. \, A0mv | 28 ) %
(b) Device showing the connection scheme of Vi, and Vg, and the al N B ]
geometry of the pump-probe experiment. (c) IV curves for the in- ! ! ! ! ! ‘ 7.31 ‘0(‘1‘ (w) : (;0
; 0 1 2 3 4 5 6 70
plane contacts and v, ,. (d) Leakage current as a function of V. tns) v, (mv)
15 fg:‘x‘ L '_v =373 kmis V) o 0, ]
SO S A AT el SN g V) e 4
. . . . . :% 1'=d| . f‘g ﬁ . ﬁ 25 $.\ s 3}5\;%" . P °, -107]
polarization [33-36]. Figure 1(a) shows the self-consistent 5 b} 13\ 44 ? AR FAN FN RN Ry %;i%q\:
. Lo qe . . I T AT A A oF ool SN of 0k SR\ SN
solution of Schrodinger and Poisson equations for the QW < °: % [ W X 5,7 A AF N %&i ALY
. . .. %) O Japl B s FR A o
band profile. Coulomb repulsion creates a soft barrier inside : Mi A o’;ﬂw; ¥ Y B W < 05
the well and configures the electronic system into symmet- Ap Y ?%‘ SIS KTUEEE @
ric and antisymmetric wave functions for the two lowest 0 1 2 3 e 5 6 7

subbands. The subband densities were found to be 3.7 and
3.3 x 10" e¢m~2 from the Shubnikov-de Hass oscillations, and
the energy level separation is 2 meV.

A cross-shaped device [Fig. 1(b)] was fabricated with
channels along the x and y directions with a width of 270 um,
where lateral contacts were deposited / = 500 um apart to
apply the in-plane voltages (Vi,). The drift velocity (vy,y),
shown in Fig. 1(c), can be determined by tracking the spin
packet displacement during a given time interval for a fixed
in-plane electric field Ej, = V;p/I (see reference [37] for fur-
ther details). The gate voltage (V) does not modify v, , since
the leakage current in Fig. 1(d) is negligible in comparison
with the drift current in (c). The out-of-plane electric field,
proportional to the gate voltage, mainly modifies the Rashba
SOC (@) and only weakly changes the Dresselhaus cubic (83)
and effective (8* = B; — 23) terms.

Optical pulses were used to inject and to detect the spin
polarization dynamics. A simple scheme is shown in Fig. 1(b).
To perform time-resolved Kerr rotation (TRKR), a mode-
locked Ti:sapphire laser with a repetition rate of 76 MHz and
tuned to 816.73 nm was split into pump and probe beams. The
pump beam was circularly polarized by means of a photoelas-
tic modulator, and the probe beam was linearly polarized. The
polarization rotation of the reflected probe was recorded as
a function of the relative time delay (¢) for a fixed external
magnetic field (Bex) of 0.2 T. The sample was rotated such
that each channel was oriented parallel to B.x; during measure-
ment resulting in a drift-induced Bsg always perpendicular to
the external one. All measurements were performed at 10 K.

II1. RESULTS

As commented above, the application of Ejj, in one of the
device channels, adds a drift velocity to the 2DEG electrons.

FIG. 2. (a) TRKR scans for different velocities in the y channel
with zero gate voltage. The solid lines are data fittings from which
spin relaxation times and precession frequencies were extracted and
plotted in (b) and (c). (d) Scans with v, for several gate values.

Thus, the measurement of the spin polarization at a fixed dis-
tance between pump and probe must consider the amplitude
reduction due to the movement of the spin packet. We model
the dependence of the Kerr rotation angle as follows: S, (1) =
A cos(2m| 2 y]t) x exp(—t/T5) x exp[—(vxyt)?>/4w?], where
Q is the precession frequency, 7, is the spin lifetime, and
w = 23.5 um is the width of the laser spot. On this expres-
sion for S,(¢), the drift correction arises from the motion of
the gaussian packet (e.g., exp[—(x — v,¢)?/2w?]) measured
at (x,y) =0, and the factor 4, instead of 2, accounts for
the addition of the probe beam with similar broadening w,
which is assumed to be large, i.e., w? > 2Dt within the time
range of the measurements. Note that the 2 and 7, can be
independently determined from the data fitting.

Figure 2(a) shows scans of TRKR for drift along y with
Ve = 0. The spin oscillation is clearly damped when raising
Vip from O up to 100 mV. Fittings of S are displayed as solid
lines and the obtained parameters were plotted in Figs. 2(b)
and 2(c). As a function of the drift velocity, the relaxation time
presented a sharp decay by one order of magnitude and is ac-
companied by a precession frequency modification which are
symmetrical for both polarities. Modifications of the electron
g-factor by an in-plane electrical field have been also reported
for (110)-oriented QWs [38] and in bulk epilayers [39]. On
the contrary, for drift along x and also in the absence of gate
voltage [purple points and blue dashed curve in Fig. 2(d)], the
relaxation time is less affected by Vi, with long-lived oscilla-
tions still found at 100 mV (3.73 km/s). A drastic change on
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FIG. 3. Gate dependence of the absolute value of the precession frequency (left) and spin relaxation time (right) for several drift velocities
when the in-plane voltage is applied along y in (a) to (d) or x in (e) to (h) panels.

the precession frequency is observed for a nonzero velocity.
These measurements for V, = 0 in Figs. 2(a) and 2(d) clearly
demonstrates the anisotropic action of a drift velocity on the
spin relaxation.

Furthermore, the effect of the gate voltage appears to be
more complex in Fig. 2(d). Keeping a fixed drift velocity,
the signal amplitude increases by a moderate gate voltage
at longer delay times (dashed black lines) that implies an
enhanced relaxation time. Also, large V, allows tuning the
precession frequency.

Repeating TRKR scans for several values of Vi, and Vg,
the combined effect of drift transport and gate control on the
precession frequency (left) relaxation time (right) is plotted
in Fig. 3. Let’s analyze first the data for zero drift velocity
presented in Figs. 3(a) and 3(a’). It is expected that 2 should
be independent of V, for stationary spins and dominated by
the external magnetic field. Nevertheless, Fig. 3(a) displays
an evident variation that is reduced when V, approaches zero.
In a direct extrapolation, the curves cross at about +1 V
when « should be zero for the symmetric QW condition. The
observed trend may indicate the role of a diffusive velocity
that contributes to a finite spin-orbit field in the few mT range
when V;, = 0. Such diffusive velocity must be considerably
low due to the broad laser spot. For the relaxation time without
drift velocity, the crossing showing such anisotropy removal
is not as clear in Fig. 3(a’) and could indicate that the same
anisotropy is more strongly displayed in the relaxation time
than in the frequency.

The precession frequency was also affected by the orien-
tation and magnitude of the electrons motion as displayed in
the left panel of Fig. 3. For low velocities, the absolute value
of © jumps to about 9.5 GHz for v, while it remains in the

range of 7.5 GHz for v, corresponding to effective g-factors
of 0.54 and 0.42 in a field of 0.2 T, respectively. The change
of € is surprising for drift along the external field direction as
no contribution was expected when Bsp points perpendicular
to a much larger By [40]. A nonlinear modification of €2
was measured consisting of a sudden change at lower V,. For
larger vy, strongly damped oscillations caused the uncertain
determination of Q2. However, for intermediate velocities as in
Figs. 3(b) and 3(f), we can clearly note an opposite trend of €2
with V, depending on the orientation of the drift transport and
that leads to the anisotropy reduction for low gate voltage.

In the right panel, Figures 3(a’)-3(d’) show the gate-
control variation of the relaxation time for v,. We observed a
consistent reduction of the spin relaxation time with increas-
ing drift velocities, as previously indicated in Figs. 2(a) and
2(b), but there is no measurable dependence with the gate
application.

Moreover, for v,, Figs. 3(e’)-3(h’) display a modification
of the relaxation time on the order of 2ns in the studied V,
range regardless of v,. Surprisingly, a peak is formed for the
largest velocity at intermediate gate voltages (—4 to—-6 V)
in Fig. 3(h’). There could be two possibilities whether the
spin relaxation mechanism depends on V, and v, such that
the largest 7, results for positive Vg when v, is small and
for Vo ~ —4 V when v, = 3.73 km/s or 7, does not change
with the velocity at this gate voltage. At the moment, it is not
clear if this lifetime peak is moving from positive gate voltage
towards this position as a function of v, or if it appears due to
the absence of relaxation for those V, values.

Now, lets focus on a more detailed analysis of 2 and 7
dependence with v, and in the characterization of the degree
of electrical control for the anisotropy. Figure 4(a) shows the
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dependence of the precession frequency on v, for increasing
V,. All curves displayed an abrupt change for finite veloc-
ity, as discussed above, followed by a decreasing magnitude
with increasing velocity. The anisotropy can be estimated
by A|€2] = (I€2]x — [€2]y)/(1€2]x + |€2]y), where |€2]; is the
magnitude of the precession frequency when the drift velocity
is aligned with x or y.

It was found that A|€2| is of the order of 1% for the proba-
bly low diffusive velocity and 12% for several drift velocities
as plotted in Fig. 4(b). The variation with V, was limited
to 1% in all cases and the change was larger for low Vg, as
already seen on the left panel of Fig. 3.

For the relaxation time, the anisotropy can be estimated in
an analog way. As observed in Fig. 3, 7, for drift velocities
along y it does not present a noticeable gate dependence.
Therefore, the decay measured in Fig. 2(b) is repeated for
all V. Nevertheless, for drift velocities along x, 7, displays
a peculiar decay depending on V. The lower the magnitude
of Vg, the greater is the range of drift velocities where we can
find long-lived oscillations in Fig. 5(a).

Figure 5(b) shows that the effect of the electrons drift
velocity on the relaxation anisotropy [Aty = (77 — 7))/
(7 + 77)] is much stronger than the gate voltage action in the
studied range and that gives a modification of about 10%. The
acceleration from zero to 3.73 km/s increases At, from 20
to 80% at V, = 0. Saturation was achieved around 2.8 km/s
approximately independent of V.

IV. DISCUSSION

The experimental data presented above do not match
the existing models for spin drift and diffusion in two-
subband QWs [31,32]. Indeed these references deal only
with particular cases of a crossed PSH [32] and uncorrelated
random walks between the subbands [31]. In contrast, here
the subband energy splitting is ~2 meV, while the spectral
broadening due to scatterings is expected to be 0.6 < fi/7y <
6 meV, for the momentum relaxation time 1 > 7y > 0.1 ps,
which suggests a nearly degenerate regime where intersub-
band correlations might be relevant.

To illustrate how the current models fail to capture the
results presented here, let us consider a generic spin relaxation

100I"'I"'I"'I"'I"'I
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FIG. 5. (a) Spin relaxation time for electrons moving with drift
velocities along x for several V,. (b) Relaxation time anisotropy as a
function of V, for increasing vy, ,.

model given by

—! 0 (2,)

SO 0 g —ma s o
—(Q2,) (L) _Tz_l

where rx’l = 10(523), ry’l = ro(Qf), and fz’l = rx’l +!
are the Dyakonov-Perel (DP) relaxation times, and () is
the average precession vector given by SOC and exter-
nal B field. Here we are considering wide packets for
simplicity (w =23 pm), such that the spatial correlations
vanish and the dynamics is simply that of a drifting packet
with constant broadening w > +/2Dyt, i.e., S; «x exp[—(r —
vt)?/2w?], with r = (x, y). Hereafter we neglect the spatial
dynamics and focus on the spin precession and relaxation.

For By, || v || X (and similarly for the y direction), (€2,) =
g pBext/h ~ 7 GHz as seen above for Bey, = 200 mT, while
for the SOC obtained here, (€2,) = gupBso/h ~ 0.2 GHz for
Bso ~ 5 mT atv ~ 3 km/s [41]. Therefore, the effective field
is dominated by the external Bey = 200 mT. On the other
hand, the DP relaxation rate 7, ' ~ 7_"' is dominated by the
SOC, and to reach 7, & 7 ns we need 1y ~ 0.2 ps. However,
from the mobility we estimate Ty — 7, = 76 ps, and the
finite temperature electron-electron scattering time 79 — T,
gives [16] 10 > 7., > 1 ps for temperatures 10 < T, < 60 K.
From Matthiessen’s rule, 7, L= . '+ 7!, we would get
1 < ©9 < 9 ps, which is far from our 7y ~ 0.2 ps estimate.

These numbers above show that [(§2)] > 7.~ I, allowing us
to use the approximate solution [42]

S,(t) A e~ TV 20 oot st ), 2)
1 1/1 sin?0  cos?6
—=—{—+ + 3)
T, 2\t Ty Ty
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with w = gupBex/h and 6 defined by the direction of the total
field Byt = Bso + Bex:- Since Bsp o v, one could expect 6 to
change as v increases, leading to the anisotropy in t;,. How-
ever, since Bgp < Bex: as shown above, the angle is either 6 ~
0 or /2 for Bey || ¥ or %, respectively. Therefore one should
not expect an anisotropy induced by v. Nevertheless, we can
estimate the maximum anisotropy that could be reached with
this model using the SOC extracted from the experimental
data, which yield At; ~ 10%, much smaller than the observed
anisotropy shown in Fig. 5.

The drift corrections to 7, ! are also negligible, since

they scale as (v/ vr)? <« 1 [31], where the Fermi velocity
vp ~ 250 km/s is large due to the large Fermi energy
er/kg ~ 150 K (in temperature units). The drift velocity
could lead to Joule heating, which would affect the thermal
averages and enhance f3 (k*) [16-19], which in turn would
affect the DP relaxation rates T, ' However, while we es-
timate a heating from 10 K to ~60 K at the largest drift
velocities, for large ¢r > kpT the heating effects on B3 are
negligible [16-19].

The overall large spin lifetime tg, and particularly the peak
seen in Fig. 3(h’), resembles the reported PSH formation when
the Dresselhaus and Rashba SOCs are matched by electrically
tuning o [4,43-45]. However, due to our large pump spot size
(~23 pum) one would expect that spatial correlations vanish
and the uniform packet (k = 0) dynamics should follow [46],
which does not excite the finite Kk PSH modes. Moreover, due
to the lack of a complete model for such PSH formation in
coupled two-subband systems, we cannot confirm the origin
of the lifetime enhancement.

These estimates shown above do not match the long
spin lifetime, strong anisotropy, and drift response seen in
the experimental data. We believe that the source of the
discrepancy is that current two-subband models [31,32]
neglect intersubband correlations, which might be relevant
in nearly-degenerate cases, as in our experimental data. For
instance, in Ref. [35] the extremely small subband splitting
(0.14 meV) allowed us to rotate the subbands from symmetric
(S) and antisymmetric (AS) configurations into left (L) and
right (R) wells eigenstates. This transformation interchanges
the intra- and intersubband Rashba coupling. While on the
S/AS basis the Rashba coupling is zero, on the L/R basis it is
large. Here the 2 meV subband splitting is not small enough to
allow for this rotation, and the intersubband SOC is expected

to be small perturbative corrections [32]. Nonetheless, if
intersubband correlations play a significant role, one might
need a more complete spin diffusion model that accounts for
intersubband SOC [28-30] beyond perturbative corrections
to the subband dispersions.

V. CONCLUSIONS

Long coherence time is vital for quantum processing tech-
nologies. In a spin transistor, it will limit the capability to
deliver information at the drain location. We investigated a
device containing a 2DEG hosted in a wide QW with two
subbands occupied. The effect of in-plane and gate voltages
on the spin relaxation time was studied using a pump-probe
method. The data showed very peculiar features depending
on the transport direction. For drift velocities along [110],
the lifetime was strongly reduced and remain constant inde-
pendently of the applied gate voltage. On the contrary, for
transport along [110], the spin lifetime was longer than in the
[110] and gate dependent regardless of the in-plane voltage.
Such strong anisotropy and drift velocity dependence of t; and
|€2| cannot be explained by the available two-subband theoret-
ical models. We have considered these models, and possible
extensions for finite temperature, but it shows weak anisotropy
and nearly velocity independent t,. Therefore a more de-
tailed model for the two-subband problem is still needed and
may require the inclusion of intersubband SOC [28-30] and
intersubband correlations. The exceptionally large values of
7, ~ 7 ns and the strong anisotropy are excellent motivations
for these theoretical extensions and for more experimental
studies in multisubband systems.

ACKNOWLEDGMENTS

F.G.G.H acknowledges financial support from the
Sdo Paulo Research Foundation (FAPESP) Grant No.
2015/16191-5, No. 2016/50018-1, and No. 2018/06142-5,
and Grant No. 301258/2017-1 of the National Council
for Scientific and Technological Development (CNPq).
G.J.F. acknowledges the financial support from CNPq and
FAPEMIG. V.S. was supported by the U.S. Department
of Energy, Office of Basic Energy Sciences, Division of
Materials Sciences and Engineering, Award DE-SC0016206.

[1] S. Datta and B. Das, Electronic analog of the electro-optic
modulator, Appl. Phys. Lett. 56, 665 (1990).

[2] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton,
S. von Molnér, M. L. Roukes, A. Y. Chtchelkanova, and D. M.
Treger, Spintronics: A spin-based electronics vision for the
future, Science 294, 1488 (2001).

[3] L Zuti¢, J. Fabian, and S. Das Sarma, Spintronics: Fundamen-
tals and applications, Rev. Mod. Phys. 76, 323 (2004).

[4] F. Dettwiler, J. Fu, S. Mack, P. J. Weigele, J. C. Egues, D. D.
Awschalom, and D. M. Zumbiihl, Stretchable Persistent Spin
Helices in GaAs Quantum Wells, Phys. Rev. X 7, 031010
(2017).

[5] J. M. Kikkawa and D. D. Awschalom, Lateral drag of spin
coherence in gallium arsenide, Nature (London) 397, 139
(1999).

[6] Y. Kato, R. C. Myers, A. C. Gossard, and D. D. Awschalom,
Coherent spin manipulation without magnetic fields in strained
semiconductors, Nature (London) 427, 50 (2004).

[7] J. Schliemann, J. C. Egues, and D. Loss, Nonballistic Spin-
Field-Effect Transistor, Phys. Rev. Lett. 90, 146801 (2003).

[8] J. C. Egues, G. Burkard, and D. Loss, Datta-Das transistor with
enhanced spin control, Appl. Phys. Lett. 82, 2658 (2003).

[9] M. Ohno and K. Yoh, Datta-das-type spin-field-effect transistor
in the nonballistic regime, Phys. Rev. B 77, 045323 (2008).

125305-5


https://doi.org/10.1063/1.102730
https://doi.org/10.1126/science.1065389
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/PhysRevX.7.031010
https://doi.org/10.1038/16420
https://doi.org/10.1038/nature02202
https://doi.org/10.1103/PhysRevLett.90.146801
https://doi.org/10.1063/1.1564867
https://doi.org/10.1103/PhysRevB.77.045323

F. G. G. HERNANDEZ et al.

PHYSICAL REVIEW B 102, 125305 (2020)

[10] M. 1. Dyakonov and V. 1. Perel, Spin relaxation of conduction
electrons in noncentrosymmetric semiconductors, Sov. Phys.
Solid State 13, 3023 (1972).

[11] B. A. Bernevig, J. Orenstein, and S.-C. Zhang, Exact su(2)
Symmetry and Persistent Spin Helix in a Spin-Orbit Coupled
System, Phys. Rev. Lett. 97, 236601 (2006).

[12] J. Schliemann, Colloquium: Persistent spin textures in semicon-
ductor nanostructures, Rev. Mod. Phys. 89, 011001 (2017).

[13] J. D. Koralek, C. P. Weber, J. Orenstein, B. A. Bernevig,
S.-C. Zhang, S. Mack, and D. D. Awschalom, Emergence of the
persistent spin helix in semiconductor quantum wells, Nature
(London) 458, 610 (2009).

[14] M. P. Walser, C. Reichl, W. Wegscheider, and G. Salis, Direct
mapping of the formation of a persistent spin helix, Nat. Phys.
8,757 (2012).

[15] P. Altmann, F. G. G. Hernandez, G. J. Ferreira, M. Kohda, C.
Reichl, W. Wegscheider, and G. Salis, Current-Controlled Spin
Precession of Quasistationary Electrons in a Cubic Spin-Orbit
Field, Phys. Rev. Lett. 116, 196802 (2016).

[16] X. Liu and J. Sinova, Unified theory of spin dynamics in a
two-dimensional electron gas with arbitrary spin-orbit coupling
strength at finite temperature, Phys. Rev. B 86, 174301 (2012).

[17] Y. Kunihashi, H. Sanada, Y. Tanaka, H. Gotoh, K. Onomitsu, K.
Nakagawara, M. Kohda, J. Nitta, and T. Sogawa, Drift-Induced
Enhancement of Cubic Dresselhaus Spin-Orbit Interaction in a
Two-Dimensional Electron Gas, Phys. Rev. Lett. 119, 187703
(2017).

[18] F. Passmann, A. D. Bristow, J. N. Moore, G. Yusa, T. Mano,
T. Noda, M. Betz, and S. Anghel, Transport of a persistent spin
helix drifting transverse to the spin texture, Phys. Rev. B 99,
125404 (2019).

[19] N. M. Kawahala, F. C. D. Moraes, G. M. Gusev, A. K. Bakarov,
and F. G. G. Hernandez, Experimental analysis of the spin-orbit
coupling dependence on the drift velocity of a spin packet, AIP
Advances 10, 065232 (2020).

[20] S. Anghel, F. Passmann, K. J. Schiller, J. N. Moore, G. Yusa,
T. Mano, T. Noda, M. Betz, and A. D. Bristow, Spin-locked
transport in a two-dimensional electron gas, Phys. Rev. B 101,
155414 (2020).

[21] D. Iizasa, A. Aoki, T. Saito, J. Nitta, G. Salis, and M. Kohda,
Control of spin relaxation anisotropy by spin-orbit-coupled dif-
fusive spin motion, arXiv:2006.08253.

[22] S. Dohrmann, D. Higele, J. Rudolph, M. Bichler, D. Schuh,
and M. Oestreich, Anomalous Spin Dephasing in (110) GaAs
Quantum Wells: Anisotropy and Intersubband Effects, Phys.
Rev. Lett. 93, 147405 (2004).

[23] N. S. Averkiev, L. E. Golub, A. S. Gurevich, V. P. Evtikhiev,
V. P. Kochereshko, A. V. Platonov, A. S. Shkolnik, and
Y. P. Efimov, Spin-relaxation anisotropy in asymmetrical
(001) Al,Ga;_,As quantum wells from Hanle-effect measure-
ments: Relative strengths of Rashba and Dresselhaus spin-orbit
coupling, Phys. Rev. B 74, 033305 (2006).

[24] M. Griesbeck, M. M. Glazov, E. Y. Sherman, D. Schuh, W.
Wegscheider, C. Schiiller, and T. Korn, Strongly anisotropic
spin relaxation revealed by resonant spin amplification in
(110) GaAs quantum wells, Phys. Rev. B 85, 085313
(2012).

[25] A. V. Larionov and L. E. Golub, Electric-field control of spin-
orbit splittings in GaAs/Al,Ga,_,As coupled quantum wells,
Phys. Rev. B 78, 033302 (2008).

[26] D. Stich, J. H. Jiang, T. Korn, R. Schulz, D. Schuh,
W. Wegscheider, M. W. Wu, and C. Schiille, Detec-
tion of large magnetoanisotropy of electron spin dephasing
in a high-mobility two-dimensional electron system in a
[001]GaAs/Al,Ga,_As quantum well, Phys. Rev. B 76,
073309 (2007).

[27] A. V. Larionov and A. S. Zhuravlev, Coherent spin dy-
namics of different density high mobility two-dimensional
electron gas in a GaAs quantum well, JETP Lett. 97, 137
(2013).

[28] E. Bernardes, J. Schliemann, M. Lee, J. C. Egues, and D. Loss,
Spin-Orbit Interaction in Symmetric Wells with Two Subbands,
Phys. Rev. Lett. 99, 076603 (2007).

[29] R. S. Calsaverini, E. Bernardes, J. C. Egues, and D. Loss,
Intersubband-induced spin-orbit interaction in quantum wells,
Phys. Rev. B 78, 155313 (2008).

[30] J. Fu and J. C. Egues, Spin-orbit interaction in GaAs wells:
From one to two subbands, Phys. Rev. B 91, 075408 (2015).

[31] G. J. Ferreira, F. G. G. Hernandez, P. Altmann, and G. Salis,
Spin drift and diffusion in one- and two-subband helical sys-
tems, Phys. Rev. B 95, 125119 (2017).

[32] J. Fu, P. H. Penteado, M. O. Hachiya, D. Loss, and J. C.
Egues, Persistent Skyrmion Lattice of Noninteracting Elec-
trons with Spin-Orbit Coupling, Phys. Rev. Lett. 117, 226401
(2016).

[33] F. G. G. Hernandez, L. M. Nunes, G. M. Gusev, and A. K.
Bakarov, Observation of the intrinsic spin Hall effect in a
two-dimensional electron gas, Phys. Rev. B 88, 161305(R)
(2013).

[34] E. G. G. Hernandez, G. M. Gusev, and A. K. Bakarov,
Resonant optical control of the electrically induced spin po-
larization by periodic excitation, Phys. Rev. B 90, 041302(R)
(2014).

[351 . G. G. Hernandez, S. Ullah, G. J. Ferreira, N. M.
Kawahala, G. M. Gusev, and A. K. Bakarov, Macroscopic
transverse drift of long current-induced spin coherence in
two-dimensional electron gases, Phys. Rev. B 94, 045305
(2016).

[36] A. Khaetskii and J. C. Egues, Giant edge spin accumulation in
a symmetric quantum well with two subbands, Europhys. Lett.
118, 57006 (2017).

[37] M. Luengo-Kovac, F. C. D. Moraes, G. J. Ferreira, A. S. L.
Ribeiro, G. M. Gusev, A. K. Bakarov, V. Sih, and F. G. G.
Hernandez, Gate control of the spin mobility through the
modification of the spin-orbit interaction in two-dimensional
systems, Phys. Rev. B 95, 245315 (2017).

[38] Y. S. Chen, S. Filt, W. Wegscheider, and G. Salis, Uni-
directional spin-orbit interaction and spin-helix state in a
(110)-oriented GaAs/(Al,Ga)As quantum well, Phys. Rev. B 90,
121304(R) (2014).

[39] M. Luengo-Kovac, M. Macmahon, S. Huang, R. S. Goldman,
and V. Sih, g-factor modification in a bulk InGaAs epilayer
by an in-plane electric field, Phys. Rev. B 91, 201110(R)
(2015).

[40] T. Henn, L. Czornomaz, and G. Salis, Characterization of spin-
orbit fields in InGaAs quantum wells, Appl. Phys. Lett. 109,
152104 (2016).

[41] The Bso can be estimated from the SOC intensity and drift
velocity as Bso = 2Esoc/g s, With Esoc = ak,, and the drift
momentum is k; = mv/h. In Ref. [37] we have measured the

125305-6


https://doi.org/10.1103/PhysRevLett.97.236601
https://doi.org/10.1103/RevModPhys.89.011001
https://doi.org/10.1038/nature07871
https://doi.org/10.1038/nphys2383
https://doi.org/10.1103/PhysRevLett.116.196802
https://doi.org/10.1103/PhysRevB.86.174301
https://doi.org/10.1103/PhysRevLett.119.187703
https://doi.org/10.1103/PhysRevB.99.125404
https://doi.org/10.1063/5.0016108
https://doi.org/10.1103/PhysRevB.101.155414
http://arxiv.org/abs/arXiv:2006.08253
https://doi.org/10.1103/PhysRevLett.93.147405
https://doi.org/10.1103/PhysRevB.74.033305
https://doi.org/10.1103/PhysRevB.85.085313
https://doi.org/10.1103/PhysRevB.78.033302
https://doi.org/10.1103/PhysRevB.76.073309
https://doi.org/10.1134/S0021364013030065
https://doi.org/10.1103/PhysRevLett.99.076603
https://doi.org/10.1103/PhysRevB.78.155313
https://doi.org/10.1103/PhysRevB.91.075408
https://doi.org/10.1103/PhysRevB.95.125119
https://doi.org/10.1103/PhysRevLett.117.226401
https://doi.org/10.1103/PhysRevB.88.161305
https://doi.org/10.1103/PhysRevB.90.041302
https://doi.org/10.1103/PhysRevB.94.045305
https://doi.org/10.1209/0295-5075/118/57006
https://doi.org/10.1103/PhysRevB.95.245315
https://doi.org/10.1103/PhysRevB.90.121304
https://doi.org/10.1103/PhysRevB.91.201110
https://doi.org/10.1063/1.4964764

ELECTRICAL CONTROL OF SPIN RELAXATION ...

PHYSICAL REVIEW B 102, 125305 (2020)

SOC and its typical intensity is o ~ 0.5 meV A. For a drift
velocity of v ~ 3 km/s, we estimate Bgp ~ 5 mT. Moreover, in
Ref. [37] we have measured and calculated Bs, using a Hartree
code and the SOC expressions from Ref. [30].

[42] M. Studer, S. Schon, K. Ensslin, and G. Salis, Spin-orbit inter-
action and spin relaxation in a two-dimensional electron gas,
Phys. Rev. B 79, 045302 (2009).

[43] M. Kohda, V. Lechner, Y. Kunihashi, T. Dollinger, P. Olbrich,
C. Schonhuber, 1. Caspers, V. V. Bel’kov, L. E. Golub, D.
Weiss, K. Richter, J. Nitta, and S. D. Ganichev, Gate-controlled
persistent spin helix state in (In,Ga)As quantum wells,
Phys. Rev. B 86, 081306(R) (2012).

[44] K. Yoshizumi, A. Sasaki, M. Kohda, and J. Nitta, Gate-
controlled switching between persistent and inverse per-
sistent spin helix states, Appl. Phys. Lett. 108, 132402
(2016).

[45] Y. Kunihashi, H. Sanada, H. Gotoh, K. Onomitsu, M. Kohda, J.
Nitta, and T. Sogawa, Drift transport of helical spin coherence
with tailored spin—orbit interactions, Nat. Commun. 7, 10722
(2016).

[46] G. Salis, M. P. Walser, P. Altmann, C. Reichl, and
W. Wegscheider, Dynamics of a localized spin excitation
close to the spin-helix regime, Phys. Rev. B 89, 045304
(2014).

125305-7


https://doi.org/10.1103/PhysRevB.79.045302
https://doi.org/10.1103/PhysRevB.86.081306
https://doi.org/10.1063/1.4944931
https://doi.org/10.1038/ncomms10722
https://doi.org/10.1103/PhysRevB.89.045304

