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Transport of a persistent spin helix drifting transverse to the spin texture
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Time-resolved magneto-optic Kerr microscopy measures the effect of in-plane electric fields on the dynamics
of a photoexcited spin distribution in a modulation-doped GaAs quantum well. The structure features nearly
equal Dresselhaus and Rashba coefficients, such that there is negligible impact of spin-orbit coupling for
electrons moving along the [110] or [110] directions. Meanwhile, spin texture emerges for electrons moving in
the [110] or [110] directions. The overall spin pattern resembles a persistent spin helix. An in-plane electric field,
applied transverse to the spin texture (along the [110] or [110] directions), introduces a drift of the spin packet
and additional Larmor precessions, i.e., a marked decrease of the spatial periodicity of the spin pattern. The
in-plane electric field also increases the temporal frequency of the evolving spin distribution, which is directly
linked to the cubic Dresselhaus spin-orbit coupling term. Moreover, the in-plane field increases the diffusion
coefficient by more than an order of magnitude. We attribute this effect to carrier heating and the separation of

the photogenerated electron-hole dipole.
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I. INTRODUCTION

The allure of controlled spin transport in semiconductors
is a challenge that requires manipulating the spin-orbit (SO)
coupling within the transport medium [1]. III-V zinc-blende
semiconductors inherently have SO coupling due to the bulk
inversion asymmetry [2] and can comprise heterostructures
that produce further inversion asymmetry as a result of built-
in electric fields [3,4]. These Dresselhaus and Rashba SO
coupling contributions can be tuned by material composition
and structural design, profoundly affecting spin transport by
producing a momentum-dependent effective magnetic field
Bso (k). An example of this is the persistent spin helix (PSH)
in a two-dimensional electron gas (2DEG) [5,6], where Dres-
selhaus (8) and Rashba (o) coefficients are made to be equal
B/ =1) [7,8], giving an SU(2) symmetry of Bso(k) so
that no Larmor precession is observed for diffusive transport
along the [110] and [110] directions. The SU(2) symmetry
suppresses D’yakanov-Perel scattering and increases the spin
lifetime for the PSH mode, which is then defined by a single
long-lived mode with a spin precession length Ag [9].

PSH manipulation in zinc-blende semiconductor 2DEGs
has been demonstrated in various ways. Applied in-plane
magnetic fields have been used to determine the o and
B parameters [7,10—12]. Out-of-plane electrical fields have
been used to modify B/« and the 2DEG carrier mobility
[7,8,13—15]. Dual modulation-doping geometries demonstrate
stretchable PSH modes by tuning o and B together [16].
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Optical doping has shown an excitation-density dependence
of «, B, and the spin diffusion coefficient Dg [17]. Application
of in-plane electric fields has been used to introduce a spin
drift velocity, vg;, revealing a modification of the spatial extent
of the spin distribution with time, As(¢) [1,14,18-20], and
a temporal oscillation of the spin polarization due to the
cubic Dresselhaus contribution 83. The latter is an extension
from the linear contribution 8;, such that the Dresselhaus SO
coefficient becomes 8 = 81 — Bs.

To date, most in-plane electric-field studies have been
performed in GaAs-based 2DEGs, focused on moderate drift
velocities along the [110] (and [110]) direction ||y for con-
venience, where there is significant Larmor precession due
to the symmetry of Bs,. There are limited data on the spin
transport in the [110] (or [110]) direction ||x [19], where
effects of By, are negligible without increasing the electron
momentum by an applied in-plane electric field and the ob-
served Larmor precession has an extremely long A, (¢) at all
times. Hence, determining the interplay of drift and diffusion
for applied electric fields in these directions is appealing
because of the clean (zero-field) control experiment. In this
paper, we explore spin transport along the x direction of a
modulation-doped GaAs 2DEG that has SO coupling close to
the PSH regime. Experiments are performed by time-resolved
Kerr-rotation microscopy (TR-KRM) with an adjustable in-
plane electric field to control the drift velocity, vg:, of the
excited spin polarization. Varying the drift velocity reveals
changes in the spatiotemporal evolution of the spin-profile
that are consistent with increased diffusion and decreased spin
precession length [14]. The experiments directly access the
previously unobtainable spin precession length along the x
direction, A¢ , and the cubic Dresselhaus SO coefficient, 3.
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FIG. 1. (a) Experimental setup for time-resolved Kerr-rotation
microscopy of the 2DEG with Hall-bar geometry and in-plane
electric fields applied by voltages (U, U,), where x|| [110]
and y|| [110]. (+ = delay time, BS = beam splitter, HWP = half —
wave plate, WP = Wollaston prism, 6x = Kerr-rotation signal.)
Spin-polarization micrographs S.(x,y,t) where (b) t =0ns and
(c) 1.2 ns. The same color bar applies for all the subsequent figures.

II. EXPERIMENT

Figure 1(a) shows the geometry of the 2DEG with elec-
trical contacts and the TR-KRM. The sample is grown by
molecular beam epitaxy on a highly n-doped [001]-cut GaAs
substrate. The epistructure consists of a 15-nm-thick GaAs
quantum well sandwiched between Alj33Gagg7As barriers
and a Si §-doping layer, providing a resident carrier con-
centration. The wafer is patterned in a 15-um-wide Hall-
bar geometry with a back gate and AuGeNi Ohmic in-plane
contacts. The dimensions between the in-plane contacts are
d, =1.107+£0.00l mm and dy, = 1.145 + 0.001 mm. Mea-
surements presented herein are performed with a back-gate
voltage Ugg &~ —1V and a lattice temperature of 3.5 K to
maximize the spin lifetime. From magnetotransport, photo-
luminescence, and transient reflectivity measurements it is es-
timated that the carrier concentration is n, ~ 9 x 10! cm—2,
mobility is p A~ 2.5 x 10° cm?/(V's), and photocarrier life-
time is T > 670 ps. The Fermi energy is Er = li*wn,/m* ~
3 meV above the conduction band minimum, where m* =
0.064m, is the electron effective mass [21], m, is the funda-
mental electron mass, and 7 is the reduced Planck constant.

TR-KRM is performed with ~35-fs laser pulses derived
from a 60-MHz mode-locked Ti:sapphire oscillator. Pulses
are split into a pump and probe path that are independently
tuned by grating-based pulse shapers [15], resulting in pulses
with a bandwidths of ~0.5 nm and temporal resolution of
~1 ps. Pump pulses impinge the sample at normal incidence
with modulated left o™ and right o~ circular polarization by
means of an electro-optic modulator and focused through a
50x microscope objective to a full width at half maximum
(FWHM) diameter of wg =3 £ 0.1 um. Linearly polarized
probe pulses are reflected from the sample through the same

objective with a FWHM diameter of 1 & 0.1 um. The reflec-
tion is filtered by a monochromator and polarization resolved
using a half-wave plate and Wollaston prism. Kerr rotation is
measured with balanced photodiodes feeding a lock-in am-
plifier referenced to the electro-optic modulation frequency.
The delay time ¢ between the pump and probe pulses is
adjusted by a mechanical delay stage with #,,,x = 1.7 ns. The
spatial overlap of the pump with the fixed and centered (at the
crossing of the Hall-bar structure) probe is adjusted through
the axis of the input lens to the beam-expanding telescope
in the pump path [22,23]. Measurements are performed with
pump and probe pulse energies and peak irradiances set to
E, ~ 1.57€eV, E,, ~ 1.53¢eV, [, ~ 3.53 MW/cmz, and I, ~
2.36 MW /cm?. The pump and probe photon energies are cho-
sen based on the spectral response of the 2DEG at maximum
spatial and temporal overlap; see Ref. [14].

III. RESULTS

Kerr-rotation micrographs in the xy plane are shown in
Fig. 1(b) at t = Ops and Fig. 1(c) 1.2 ns for E, = 0V /cm.
Comparison illustrates the diffusive expansion of the spin po-
larization S, (x, y, t) due to finite spot-size effect [24], wherein
the photoexcitation of electrons adds to the 2DEG and trans-
fers spin angular momentum from photons to electrons, re-
sulting in a net spin-polarized ensemble. With increasing time,
diffusion leads to spin polarization with a larger spatial extent
and Larmor precession along the y axis due to the PSH regime.
Using these data in conjunction with data for applied in-plane
magnetic field (not shown), it is estimated that Dy = 50 +
3em?/s in both x and y directions, o = 0.9 + 0.1 meV A
and B = 2.1 £ 0.1 meV A, based on the k-dependent effective
magnetic field being proportional to o + 8 and o — 8 for
spins diffusing in the y and x directions respectively. Conse-
quently, it is expected that Ao, = 7 /i*/[m*(« — B)] =32 +
0.3 um and Ag, = wh*/[m*(a + )] = 11 £0.3 um [7].

TR-KRM measurements are performed over a bipolar
range of in-plane voltages up to |E,| = 12V/cm (corre-
sponding to a current of I = 218 pA). Figures 2(a)-2(c)
show representative S,(x, 0,¢) data for E, =0, —3.4, and
—10.2 V/cm respectively, for which the corresponding drift
velocities are vg, & 0, 7.8, and 30.0 km/s, extracted from the
evolution of the moving spin packet. Consequently, we extract
a mobility of u = —vg4:/Ex = (2.8 £0.5) x 10° cmz/(V S),
comparable to the one from magnetotransport measurements.
For zero drift velocity, the Kerr-rotation signal is stationary
(centered at x = O um) and decays in time, resulting in the
vertical transient. For the two cases of increased vg;, the spin
distribution moves along x with different speeds proportional
to E,. The motion introduces Larmor precession along x, with
a slow oscillation in 7 as indicated by tilted, dashed lines in the
plot. In addition, the increasing vq4, causes a spatial broadening
of the entire distribution and a reduction in the signal lifetime.

Slices in the x direction are extracted at t ~ 0.6ns for
comparison; see Fig. 2(d). For E, = 0V/cm, the slice re-
veals a Gaussian feature of width w(t) = +/ w% + 161n(2)Dyt
(with initial width wy based on the excitation spot) that has
not undergone visible Larmor precession, despite moderate
diffusion. The other slices confirm the broadening and show
evidence of the momentary spin precession length A4 (7) =
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FIG. 2. Spin polarization S,(x,0,t) for electric fields, corre-
sponding to in-plane voltages (a) E, = 0V /cm, (b) —3.4 V/cm, and
(c) —10.2 V/cm. Construction lines highlight the motion of center
of the spin polarization due to drift velocity vg# (solid) and temporal
precession (dashed) and spatial slices (dotted). (d) Experimental
slices S;(x =0,¢ =~ 0.6 ns) for the same three electric fields are
shown in (a)—(c) with their respective fits. The inset in (c) shows
drift of the in-plane Fermi circle along the x axis.

row(t)?/[w(t)? — wg]. The slices (and the entire spatiotem-
poral data) are typically characterized in terms of the expres-
sion S.(x, 0,1) = A exp[—4 In(2)x*/w?] cos(gx + wt), where
A is the spin polarization amplitude, g = 27/ A, is the wave
vector associated with spin texture, and w = —(2m*/ %) v B3
is the angular frequency of oscillations in the time domain
[19]. Examples of the fit quality are also shown in the figure.
The quantities ¢ and  are derived from the effec-
tive magnetic field Bso(k) = 2[(—a + B1)(kar.x + kditf x) —
B3(2kar x + kaite x)1/ 815, Where g is the effective g-factor, up
is the Bohr magneton, and kg, , and kg, are the x-direction
projections of the drift and diffusion wave vectors kq, and
kaigr throughout the plane of the 2DEG; see the illustration
inset in Fig. 2(c). The above relation, derived by Altmann
et al. [19], illustrates that the effect of drift (k4 ) on the
precession angle is larger than that from diffusion (kgis ).
Hence, as the spin packet evolves, the spin polarization at any
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FIG. 3. (b) Spin polarization S,(x, 0, 0.8 ns) for a range of
electric fields corresponding to drift velocities up to vg, = £20km/s.
(a) Extracted spin precession length Aso(vg,) and estimated Ao (vgr)
together with absolute value fitting functions, allowing to extract
Aso(vgr = 0) and Ag(vg; = 0). (¢) Angular frequency w(vq ).

point in x is a superposition of spins that have undergone drift
only with spins that have undergone both drift and diffusion.
The different transport contributions lead to spin precession in
time at any position in x.

Figure 3(b) shows the S, (x,0,f = 0.8 ns) for 5V/cm <
Ey < —5V/cm, corresponding to —20km/s < vgr <
20km/s. Hence, for fixed optical excitation conditions,
this gives access to the effect of k4, directly. The time is
chosen to allow for fitting clear oscillations in x throughout
the range of vg. First, varying the in-plane voltage shifts
the spin distribution linearly about x = 0 um, such that at
x ~ £15um (vgr = £5km/s) the spins signal has rotated
by 7 due to the motional Larmor precession. Second, the
width of the signal distribution increases with increasing |vg;|,
making it wider at the extremes than in the center.

IV. DISCUSSION

Since the delay time in Fig. 3(b) is fixed, Ay (vg:) cor-
responds to the periodicity of the cosine fitting term in the
x-direction slices and is plotted in Fig. 3(a). The central region
is not shown, due to low oscillation frequency. It is seen that
Aso decreases somewhat symmetrically with increasing vy,
which is the same trend seen along the y direction [14]. The
variation of A, with drift velocity results from a modification
of SO coupling parameters, where a contribution to « is
unlikely due to geometry, and thus a modification of S is
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FIG. 4. (a) Experimental cubic Dresselhaus SO coupling term
B3 (vgr) and the best fit. (b) Calculated B3(7,) showing the estimated
electron temperature 7, achieved in the drift velocity range of Fig. 3
and extrapolation to higher values of 8. (c) Spin volume {A(#)w?(t)}
transients for several in-plane electric-field values. (d) Extracted spin
lifetimes 7, determined from the spin volume and spin diffusion
coefficient Dy extracted directly from S, (x, 0, 7) as a function of vy;.
Modeled D and t, are shown as solid lines, revealing a 7, range
comparable to that estimated in (b).

probable. From the figure, as vgy = O0km/s, A;o(f = 0.8ns) =
36 + 3 um — Ay ~ 30 & 3 um, using Dy(0 V) = 50cm?/s,
which compares favorably to the estimates of Ay obtained
from magnetic-field measurements. This Ey-measurement
value is slightly smaller with larger error, because the spin
polarization is still decaying towards Xy and the estimate is
extracted at a single delay time. Nonetheless, applied in-plane
electric-field measurements are used to directly estimate the
PSH spin precession length at zero electric field.

Figure 3(c) shows the extracted w(vq,) to decrease mono-
tonically throughout the range of vg. This corresponds to a
phase shift of the cosine fitting term from the center position
of the spin distribution, which has only previously been seen
along the y axis. A sloped w(vq) is consistent with the
discussion regarding its relation to the cubic Dresselhaus SO
coupling parameter. It is also possible that 83 also depends on
the drift velocity because it is dependent on the Fermi energy
of the 2DEG, 3 = ym*Ep/2h> = 0.14meV A, where the

Dresselhaus parameter for GaAsis y = 11eV A’ Increasing
vgr adds kinetic energy to the Fermi velocity of the 2DEG
electrons, equivalent to heating the electron gas. This leads to
a transition from degenerate (Fermi-Dirac) to nondegenerate
statistics (Boltzmann) [18]. The resulting average electron en-
ergy is then given as ¢ = Eg/[1 — exp(—Er/kgT,)], where kg
is the Boltzmann constant and 7, is the electron temperature.
At T, — OK, B3 is the value determined for the unheated
Fermi wave vector kg = +/2m*Ep/h. At all other tempera-
tures, Fermi smearing occurs and the cubic Dresselhaus SO
coupling becomes f3(T.) = ym*(g)/2h*. At high enough T,
this contribution is linear, i.e., B3 = ym*/2i*(Eg/2 + kg T,).
Figure 4(a) shows the extracted B3(vq4,), along with the zero-
field value and a linear fit. For comparison, Fig. 4(b) shows
theoretical 83(7;), using known sample parameters. It is con-

ceivable that for in-plane voltages of |E,| = 12V/cm, the
temperature of the 2DEG could reach ~300 K, because the
high mobility indicates low electron-phonon coupling. The
momentum scattering time is estimated to be 7, ~ 12.7 ps,
as compared to a substantially larger energy relaxation time
1 [25]. Consequently, the energy deposited into an elec-
tron during its time of flight in the 10 V/cm field is E =
(eEytp)?/2m* ~ 14.8 meV, which is equivalent to an electron
temperature of ~170 K. This temperature is below the longi-
tudinal optical (LO) phonon energy at 36 meV, or ~400 K.

From the spatiotemporal data, it is seen that the lifetime
of the spin signal is also reduced with increasing drift ve-
locity. Figure 4(c) shows the extracted spin volume Aw?)
plotted as a function of delay time, determined from fitting
the spatiotemporal data for several in-plane electric fields.
The transient spin volume has a nonexponential decay, due
to a drastic increase in decay slope at large r. The slope
change also occurs earlier in delay time with increasing vg;.
In principle, the spin volume captures the entire moving spin
polarization throughout ¢, avoiding optical vignetting by scan-
ning the microscope objective. Analysis of the decay of the
spin volume gives representative spin lifetimes as a function
of vqgr; see Fig. 4(d). The spin lifetime is given as rj_' ~
2D, (m*? /R334 (@ — Bi + B3)*] [7], suggesting that its
vgr-dependent decrease is influenced by both 83 and D;. As
observed in the spatiotemporal data, Dy does appear to vary
with vg,. Dy is extracted independently by fitting the Gaussian
width of S,(x, 0,¢) over a limited time range (0.3 ns < t <
0.7 ns), as plotted in Fig. 4(d). The ¢ limit ensures at least
half a spatial oscillation and avoids the strongly decayed
signal for larger vg,. The increasing D; further verifies the
broadening of the spatial extent of the spin distribution with
increasing vg, and is consistent with the resulting model of
increased T,. Hence, D; = 1 Er /m* must also be determined
by replacing the Fermi energy with (¢). The model of D(T,)
is well matched to the data in Fig. 4(d) throughout the range
of T, estimated from B3 in Figs. 4(a) and 4(b). Finally, with
both B3 and D, dependences on vy determined, t; can also be
modeled, resulting in an asymptotic behavior that represents
the extracted data well.

Up to some moderate value, vy, increases D;, decreases
75, and increases |B3|. At drift velocities above 45 km/s, Dy
matches quite well but appears to roll over. One possible
mechanism for this is coupling to LO phonons, which has
been observed to occur below the LO phonon resonance at
electron temperatures as low as ~100 K [26-28]. In this case,
temperatures 7,(vgr) would saturate or be sublinear. Addition-
ally, increasing temperature increases the electron heat capac-
ity [29], suggesting that while the drift velocity is linearly
increased with in-plane voltage the resulting 7, is sublinear.

After examining the phonons and thermodynamics, 7,
alone may be insufficient to explain the observed increase
in D;. In fact, in one-dimensional S,(x) at fixed y and ¢, D;
may also include changes in mobility. Hence, an alternative
source of the increasing D; with vg, may be an increase in
7, through unbound charge separation. As photogenerated
electrons and holes separate under the influence of the applied
field, the mean free path (or time between scattering events)
can increase for the spin-polarized charge carriers. A strongly
increasing Dj is likely to change the slope of the spin volume
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transient at some time during the decay. Moreover, it would
be expected to occur earlier in time as the drift velocity
increases and there is a characteristic time at which charge
separation has occurred, #.;. Both the slope change and its
arrival earlier in time are exhibited in Aw?; see Fig 4(c).
Indeed, using f.s ~ w(t.)/ver to represent the delay time
where the transient would steepen, due to charge separation
and increased diffusion, reveals self-consistent values based
on inputting the estimated values of vg;, D, and 7. This
suggests that increasing vy is expected to hasten the onset
of the steeper slope due to charge separation. Moreover, this
mechanism explains the increase of the Dy at higher fields
where carrier heating may be less effective.

Finally, using the calculated D, values to estimate A in
Fig. 3(a) shows that the slope is less steep than Agp. This is ex-
pected because 1 is equivalent to choosing a large delay time,
where the spin distribution has relaxed into the PSH mode.
Comparison to Ref. [18] shows a trend of kgo that decreases
with increasing vg. In this case, continuous-wave measure-
ments sample Ay and are minimally effected by diffusion. In
time-resolved measurements, Ago only approaches Xy with
increasing time. For large enough time delay and differing
sample parameters, Ao (vq,) may result in different slopes [19].

V. CONCLUSION

In conclusion, the systematic variation of an in-plane elec-
tric field in a 2DEG is governed by the SO coupling, even

in systems close to the persistent spin helix regime, where
one direction should have a negligible effective magnetic
field. In zero field, spins moving in the x direction ([110] or
[110]) do not undergo spin precession, which offers a good
control for the effects introduced to spins moving with a drift
velocity. The observations show that the cubic Dresselhaus
parameters govern any drift-dependent spin precession; the
spin packet undergoes additional diffusion and a reduction
in the spin lifetime. The latter properties are consistent with
an increased electron temperature and charge separation, due
to the applied electric field. Moreover, the x-direction TR-
KRM measurements allow for determination of &« — S from
the spin precession length A, without the application of an
external magnetic field. Combining this result with « + B,
readily extracted from Aq ,, provides a method for independent
extraction of & and B without the use of a magnet.
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