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Spin dynamics in (110) GaAs quantum wells under surface acoustic waves
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Long spin transport lengths (>60 wm) independent of temperature up to approximately 80 K are demon-
strated in (110) GaAs quantum wells using surface acoustic waves (SAWs). Study of the dynamics of spins
aligned along the [110] direction shows that, in addition to the intrinsic absence of the D’yakonov-Perel’
spin-relaxation mechanism [Sov. Phys. Semicond. 20, 110 (1986)], the Bir-Aronov-Pikus mechanism [Sov.
Phys. JETP 42, 705 (1976)] is also suppressed due to the type-II carrier confinement imposed by the SAW
piezoelectric potential. Experimental evidence is provided for suppression of the spin relaxation via motional
narrowing effects induced by the mesoscopic carrier confinement in narrow stripes along the SAW wave front,
thus demonstrating the tuning of the spin-relaxation rates with the acoustic power.
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Semiconductor spintronics is receiving considerable at-
tention due to potential applications in quantum information
processing.! In order to achieve long-range spin transport,
substantial effort has been devoted to the control of the
mechanisms limiting spin coherence. In intrinsic GaAs quan-
tum wells (QWs) at low temperatures, the most relevant ones
are normally the D’yakonov-Perel’ (DP) (Ref. 2) and the
Bir-Aronov-Pikus (BAP) (Ref. 3) spin-relaxation mecha-
nisms. The former arises from the lack of inversion symme-
try. Due to the spin-orbit (SO) coupling, moving electrons
experience a momentum-dependent effective magnetic field
Bgo(k), which lifts the degeneracy of the spin states. The
dependence of Bgg on electron momentum Kk leads to a dis-
tribution of spin precession frequencies and, consequently, to
the relaxation of the average spin vector. BAP is caused by
electron-hole (e-h) scattering, which leads to spin flip due to
the exchange interaction.

Different approaches for controlling DP dephasing in
GaAs QWs have been proposed and demonstrated, such as
motional narrowing induced by doping,* spin confinement
within mobile quantum dots,”> and in narrow two-
dimensional channels.®~® Crystal symmetry has also been ex-
plored, with the most impressive results being achieved in
(110) GaAs QWs, where By lies always along the growth
(z) direction, thus suppressing DP scattering for z-oriented
spins.”~'2 Control of the BAP scattering mechanism for pho-
toexcited spins at low temperatures is more subtle due to the
inherent presence of electrons and holes. It can, however, be
achieved by doping!® or by carrier confinement in type-II
potentials. 41

In this Brief Report, we investigate the spin-relaxation
dynamics during transport by surface acoustic waves
(SAWs) in (110) GaAs QWs. We show how the SAW fields
considerably enhance the lifetime of spins photoexcited
along the growth direction (to values exceeding 20 ns) and
transport them with the acoustic velocity over distances ex-
ceeding 60 um. The long lifetimes and transport lengths
persist up to liquid nitrogen temperatures. The analysis of the
spin dynamics under different temperature, illumination in-
tensity, and acoustic power reveals that the long spin life-
times are due to (i) suppression of the DP mechanism for
z-oriented spins, (ii) inhibition of the BAP mechanism due to
the type-II spatial separation between electrons and holes
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induced by the SAW piezoelectric potential, and (iii) lateral
confinement of the spins within submicrometer-wide poten-
tial wires oriented along the SAW wave fronts. Interestingly,
we found that the spin lifetime reduces at high acoustic pow-
ers. The latter is assigned to a structural inversion asymmetry
(STA) contribution to spin relaxation induced by the SAW
moving strain and piezoelectric fields.

The experiments were carried out on an 18-nm-thick un-
doped GaAs QW with AljsGaly,As barriers grown by
molecular-beam epitaxy on a (110) GaAs substrate.'® Ray-
leigh SAWs propagating along the x[I[001] direction of the
QW plane were generated by applying a radio-frequency (rf)
signal to a focusing interdigital transducer (IDT),'7 which
operates at an acoustic wavelength Ngaw=35.6 um (Fig. 1),
corresponding to a frequency fsaw=514 MHz. The acoustic
beam is approximately 20 um wide. A 500-nm-thick layer
of ZnO (not shown in Fig. 1) was sputtered on the sample
surface to enhance the amplitude of the SAW piezoelectric
field.

In the optically detected spin transport measurements, a
focused left circularly polarized laser (A\,=785 nm) gener-
ates carriers with spins polarized along the zII[110] direction
onto an =5 um spot G on the SAW path, where the carriers
are trapped and transported by the moving piezoelectric po-
tential (Fig. 1). The photoluminescence (PL) emitted by the
transported carriers along the SAW channel was recorded by
a charge-coupled-device (CCD) camera. The electron—heavy
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FIG. 1. (Color online) Acoustic transport mechanism: carriers
are optically generated at a spot G and transported by the SAW. The
degree of spin polarization of the electrons is obtained from the PL
emitted along the transport path.
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FIG. 2. (Color online) Spatial dependence of spin polarization
p,. The right vertical axis plots the intensities /g and /; for Pgaw
=58 W/m integrated across the spectral width of the e-hh PL line

along the transport channel shown in the inset. The dashed line
shows I (divided by 60) for Pgaw=0.

hole (e-hh) PL line was spectrally selected using a mono-
chromator and band-pass filters. By simultaneous detection
of the right (I) and left (7;) PL components, we determined
the degree of spin polarization p.=(Izx—1;)/(Ig+1}).

The right vertical axis in Fig. 2 displays the spatial depen-
dence of I, and I; integrated across the transport channel
recorded at 15 K under a laser excitation power P,
=4 uW. The dashed line shows I in the absence of a SAW,
where the PL profile is determined by carrier diffusion and
practically vanishes for |x|=20 wm. A strong reduction in 7
(filled squares) and I; (empty squares) by a factor of =30 (at
x=0) takes place when a SAW with an effective acoustic
power Pgaw=58 W/m is launched. The photogenerated car-
riers are transported over distances exceeding 120 um away
from G by the strong SAW piezoelectric potential (cf. PL
micrograph in the inset). The I profile remains above the I,
one along the whole spatial range, demonstrating a nonzero
electron-spin density in the channel (the hole spins relax
much faster than the electron ones'®). The circles in Fig. 2
(left vertical axis) display the spatial dependence of the spin
polarization p,, which decays exponentially (red solid line)
with a remarkably large spin transport length of L;
=64 um. The latter corresponds to a spin lifetime of 7,
=L,/v,=22 ns, where v,=2930 m/s is the SAW velocity.'?
The very long spin lifetime for z-oriented spins in (110)
GaAs QWs is primarily attributed to the suppression of the
DP relaxation mechanism.’

Figure 3(a) displays on a half-logarithmic scale the decay
of the spin polarization for different values of P.,. For x
>15 wm (and for the whole spatial range for the lower light
intensities), the spin-relaxation rates are essentially indepen-
dent of P, thus indicating that the long-range acoustic
transport is not limited by the e-h exchange interaction due
to the spatial separation of electrons and holes during trans-
port. For high illumination intensity (P.,=10 uW curve), p,
decays faster close to the generation spot (x<<15 um). The
latter is attributed to the BAP mechanism induced by the
screening of the SAW piezoelectric potential due to the
larger concentration of carriers at G. As the carriers are taken
away from the generation spot, BAP relaxation is virtually
eliminated.
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FIG. 3. (Color online) Decay of the spin polarization for differ-
ent (a) light excitation powers P, (recorded at T=15 K using
Pgaw=14.6 W/m) and (b) temperatures (Pgaw=11.6 W/m and
Pe=4 pW).

Figure 3(b) shows that the spin-polarization profiles are
essentially independent of temperature (7) up to 75 K. The
invariance of L; with T further confirms the quenching of the
BAP mechanism during acoustic transport since the reduc-
tion in the e-h correlation with temperature leads to an en-
hancement of spin lifetimes.”!! Reliable transport measure-
ments could not be carried out above 80 K due to the
reduced transport efficiency.

The dependence of the spin lifetime 7, on Pguy is shown
in Fig. 4(a) (left vertical). The corresponding values of L, (on
the right) show an increase from 35 um [for Pgaw
=5 W/m] up to 65 um [for Psyw=92 W/m]. This result
shows that the acoustic power can be used to tune the spin-
relaxation rate. We note that the carrier transport length (ob-
tained from the PL decay along the SAW path) is indepen-
dent of Pgaw in this rf-power range, so that the enhanced
spin transport lengths cannot be attributed to an increased
carrier transport efficiency.

In the absence of BAP mechanism, the z component of the
electron spin in (110) QWs becomes sensitive to weak in-
plane effective magnetic fields, such as those arising from
SIA contributions due to asymmetric confinement potentials
induced by differences between the two QW
interfaces.!%!*!1® These SIA effective magnetic fields slowly
rotate the electron spin, thus adding an in-plane spin compo-
nent. The D’yakonov-Perel’ relaxation associated with this
component leads to randomization of the average spin of the
ensemble via carrier momentum fluctuations.'!"!'> Spin relax-
ation due to such fluctuations can, however, be suppressed by
scattering at mesoscopic potential boundaries? and, thus, be
affected by the confinement induced by the strong SAW pi-
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FIG. 4. (Color online) (a) Spin lifetimes (and the corresponding
transport lengths on the right) as a function of Pgsw. The inset
illustrates the electron-spin scattering in the confinement potential
boundaries. (b) Larmor precession frequencies (), and Qgg induced
by the SAW strain and piezoelectric fields, respectively, over one
SAW cycle for Pspaw=140 W/m. The right vertical axis shows the
SAW piezoelectric potential.

ezoelectric potential. During acoustic transport, the carrier
thermal velocity (v7) is much higher than the SAW velocity
(vy>v,). The enhancement of the SAW piezoelectric poten-
tial squeezes the electrons in potential wires, thus making the
electron movement quasi-one-dimensional (parallel to the
SAW wave front). As the acoustic power is increased (for
Psaw=90 W/m) the momentum scattering rates of the
electrons at the wire potential boundaries also increase, thus
causing an enhancement of the in-plane spin component life-
time via motional narrowing effect.?

The effectiveness of the mesoscopic confinement for spin-
relaxation suppression depends on the ratio between the con-
finement dimension (x.) and the spin-orbit length (Agp) of
the electron spins. Agp is defined as the ballistic transport
distance required for a precession of the electron spin by an
angle of 1 rad around the internal magnetic field Bgo(k)
arising from the SO interaction. The suppression of spin re-
laxation via momentum scattering at the potential boundaries
requires confinement dimensions much smaller than Agg.
When the precession angle ({dgof) between two scattering
events is very small, boundary scattering conserves the spin
component, as illustrated in the inset of Fig. 4(a).

The SO length is given by the ratio Agg=v/{gq, Where v
is the electron velocity and ()gy the precession frequency
around the SO field to which the spin component is sensitive.
For the case of (110) QWs, when the initial z-spin compo-
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nent is rotated, the in-plane component becomes sensitive to
the D’yakonov-Perel’ internal magnetic field, which is ori-
ented along the z direction. Using v=fik,/my and |Qgo|
=[ymk,/2fid%] (from Ref. 12), we obtain

242 | dog |2
)\so=_[_ff] ; (1)
ymg|

where my is the electron effective mass, y the GaAs spin-
splitting constant, and d.g the effective QW thickness given
by the nominal one plus the wave-function penetration in the
QW barriers. Note that Eq. (1) does not depend on the carrier
momentum. Using y=18 eV A (from Ref. 12) and assum-
ing an effective QW thickness of d.=20 nm, Eq. (1) yields
Ngo=5.2 pm.

For acoustic transport, the average lateral carrier confine-
ment length (x,) depends on \gaw and on the amplitude of
the SAW piezoelectric potential (¢*V). The sinusoidal spa-
tial distribution of ¢3AV(x)= ¢, cos(ksawx) can be approxi-
mated around the minimum of the electron energy (at x=x,)
by ¢SV (x) = 1 ok2 s (x—x.)%, where ¢, is the SAW piezo-
electric potential amplitude and kgaw=27/Agaw. The aver-
age confinement distance can be estimated by

we= 2= x= AS% \/?’ @)
0

with kg as the Boltzmann constant. Using the numerical pro-
cedure described in Ref. 17, we calculate ¢, expected for our
multilayer structure.'® Even for a low acoustic power of 5
W/m, we obtain ¢y=60 mV, which at 7=15 K corresponds
to XC=0.35 Mm < )\50.

In the collision dominated regime, the electron-spin-
relaxation rates can be affected by changes in the momentum
scattering time 7,(1/7,%7,),' which can be induced by
changes in ¢. The rise on the spin lifetimes with Pgaw
observed in Fig. 4(a) can, therefore, be mainly attributed to
the decrease in 7,, which can be estimated by the ratio be-

tween x, and vy. We obtain 7,~Ngaw/ mVmy/ . In the
range of Pgaw from 5 to 60 W/m, ¢, is calculated to lead to
a relative decrease in 7 by a factor of 1.9, which agrees
reasonably well with the experimental variation of 7, with
Pgaw in this acoustic power range.

As the acoustic power is increased, the spin lifetime satu-
rates and decreases for Pgaw>>90 W/m. This decrease for
higher values of Pg,w is probably related to the spin relax-
ation induced by the moving SAW fields. A Rayleigh wave
propagating along the [001] direction carries a strain and a
piezoelectric field which reduce the QW symmetry and lead
to SIA contributions to spin relaxation. It can be shown that
the SAW-induced SIA contribution to spin relaxation for this
Rayleigh wave is described by a Larmor frequency,

CiS,, aE,
., 9E,
A %

Osaw = Qs+ Qpr=- [ :|<kx>.)/)' (3)
QOgaw is always perpendicular to carrier propagation direc-
tion, i.e., along ylI[110]. The first term (£),) corresponds to
the Larmor frequency induced by the strain field, which is
determined by the strain component S,..!° The second term
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describes the Bychkov-Rashba contribution to the spin split-
ting ({pg) induced by the z component (E,) of the SAW
piezoelectric field.!” (k,) is the average carrier momentum
determined by v, the SAW propagation velocity along [001].
C; and «a are material specific parameters assumed to be
0.8 eA (Ref. 20) and 5.2 eA? (Ref. 21) for GaAs, respec-
tively.

The amplitudes of ), and Qpg along the SAW cycle ob-
tained from the acoustic field distribution expected for
Psaw=140 W/m are displayed in Fig. 4(b). ¢>*V(x) is dis-
played in the right vertical axis. The minimum of the elec-
tronic energy [—e>*WV(x,)], where the electrons are expected
to be trapped (x.~ 1.4 wm), coincides with a location where
the piezoelectric and strain-induced effective precession fre-
quencies are close to their maximum amplitudes. A calcula-
tion for Pgaw=140 W/m yields a value of approximately 2
mT for the effective magnetic field experienced by the elec-
trons during transport. Such field transforms the motional
narrowing regime of the electron spins at low acoustic pow-
ers into a very slow precession motion around the average
SAW-induced effective magnetic field. It is not shown but
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the spatial decay of p, for Pgaw=145.8 W/m can, as ex-
pected, be reproduced with the anisotropic spin dephasing
model'"!? by using a magnetic field of 2 mT.

In conclusion, we have addressed the spin-relaxation
mechanisms during long-range acoustic transport in a (110)
GaAs QW. We showed that the piezoelectric potential of the
SAW completely suppresses the BAP mechanism via
quenching of the e-h interaction and also contributes to an
enhancement of the spin lifetimes due to lateral confinement
of the carriers. The spin transport lengths were shown to
increase over tenths of microns without any significant
changes with temperature up to 75 K. High acoustic fields,
however, were shown to affect the spin-relaxation rates, pro-
viding perspectives for manipulation of moving spins by tun-
ing the piezoelectric and strain fields of SAWs in future
acoustic transport based spintronic devices.
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