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Cyclotron effect on coherent spin precession of two-dimensional electrons
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We investigate the spin dynamics of high-mobility two-dimensional electrons in GaAs/AlGaAs quantum
wells grown along the [001] and [110] directions by time-resolved Faraday rotation at low temperatures. In
measurements on the (001)-grown structures without external magnetic fields, we observe coherent oscillations

of the electron-spin polarization about the effective spin-orbit field. In nonquantizing magnetic fields applied
normal to the sample plane, the cyclotron motion of the electrons rotates the effective spin-orbit field. This
rotation leads to fast oscillations in the spin polarization about a nonzero value and a strong increase in the spin
dephasing time in our experiments. These two effects are absent in the (110)-grown structure due to the
different symmetry of its effective spin-orbit field. The measurements are in excellent agreement with our

theoretical model.

DOI: 10.1103/PhysRevB.80.241314

A key issue in the semiconductor spintronics'? is the dy-
namics of spins of carriers in low-dimensional structures.
Advances in the technology allow manufacture of very clean
two-dimensional electron systems (2DESs) based on GaAs/
AlGaAs heterostructures where carriers can move ballisti-
cally over distances of several micrometers and the time be-
tween scattering events is on the order of 100 ps. The main
spin dephasing mechanism in these structures is the
Dyakonov-Perel’ (DP) mechanism,? driven by the wave vec-
tor k-dependent spin-orbit (SO) fields £2; present due to bulk
inversion asymmetry (Dresselhaus field)* and structure inver-
sion asymmetry (Rashba field).> By growing 2DES along
different crystallographic directions, the symmetry of the SO
fields can be changed, leading to strong modifications of the
electron-spin dynamics: in [110]-grown 2DES, for example,
the Dresselhaus field points along the growth direction, re-
gardless of the electron wave vector. Electron spins aligned
along the growth direction experience no torque, and the DP
mechanism is therefore effectively suppressed for this spin
orientation,®’ while it is still the main spin dephasing chan-
nel for any other spin orientation, leading to a strong orien-
tational anisotropy of the spin dephasing time (SDT).%? In
the presence of an additional Rashba field caused by an
asymmetrical placement of the modulation doping layers'%!!
or tuned by an external gate voltage,'? and oriented along the
2DES plane regardless of growth direction, the SDT is re-
duced drastically. By contrast, in [001]-grown 2DES
Dresselhaus and Rashba fields are in-plane; hence, the spin
z-component dephasing is relatively fast, and their interfer-
ence may also lead to a strong orientational anisotropy of
spin dephasing.'314

Two regimes of the DP mechanism are typically consid-
ered. The first is the “motional narrowing regime,” where the
electron-spin precesses about the SO field only by a small
angle in between scattering events. The other one is the
“weak scattering regime” where the spin can precess one or
more full revolutions before the electron is scattered. At
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liquid-helium temperatures and above, most 2DES are in the
motional narrowing regime. In high-mobility samples at low
temperatures, however, the weak scattering regime becomes
accessible in the experiment and the precession of the elec-
tron spins about the internal SO fields is observable as co-
herent oscillations of the z-component of the spin
polarization.”>"!7 Unlike the “motional narrowing regime”
where the cyclotron effect of an external magnetic field sim-
ply results in a spin-relaxation slow-down,'® in high-mobility
systems the regular change in the electron wave vector
caused by the cyclotron rotation was predicted to have a
dramatic effect on spin dynamics.!%%

Here, we present a study on the electron-spin dynamics in
high-mobility 2DES at low temperatures in zero and non-
quantizing perpendicular fields. We observe coherent zero-
field oscillations, and fast, small-amplitude spin beats in per-
pendicular fields which stem from the cyclotron rotation of
the SO field. Our samples were grown by molecular-beam
epitaxy on (001) and (110)-oriented semi-insulating GaAs
substrates. The active region in all three samples is a
GaAs-Al);Gay;As  single-quantum  well (QW). While
sample B is a conventional, one-side modulation-doped QW,
samples A and C utilize a complex growth structure (similar
to that used in Ref. 21) to achieve a symmetrical, double-
sided doping profile. Sample properties are listed in Table 1.
For optical measurements in transmission geometry, the
samples were glued onto sapphire substrates with an optical
adhesive, and the substrate and buffer layers were removed
by selective etching.

In the time-resolved Faraday rotation (TRFR) measure-
ments, a mode-locked Ti:Sapphire laser was used, which al-
lowed for a near-resonant excitation of electrons into the
conduction band slightly above the Fermi energy of the
2DES. Details of the experimental setup are published
elsewhere.?> The TRFR measurements were performed in a
split-coil magnet cryostat with a *He insert, allowing for
sample temperatures between 400 mK and 4.5 K.
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TABLE I. Sample data. Density and mobility were determined
from magnetotransport measurements at 1.3 K. The momentum
scattering time 7, is found from the mobility. The electron-
electron-scattering time T:e is calculated for 4.5 K (Ref. 23).

*

Growth Width  Density n Mobility u Ty Ty
No. axis (nm) (10'' em™2) (10% cm?/Vs) (ps) (ps)
A (001) 30 2.97 14.8 563 88
B (001) 20 2.1 1.6 61 22
C (110) 30 34 5.1 194 130

First, we study the spin dynamics in all three samples in
the absence of an external magnetic field. Figures 1(a)-1(c)
show TRFR traces measured on samples A-C at low tem-
peratures. In samples A and B, a strongly damped oscillation
is clearly observable in the measurements at 4.5 K. In both
samples, the decay constant of this oscillation becomes
longer, and the oscillation frequency increases, as the sample
temperature is lowered. In contrast, sample C does not show
oscillatory spin dynamics, even at low temperatures. Instead,
the TRFR signal decays partially within the measurement
window and then approaches a nonzero value.

In samples A and B the SO interaction-induced effective
magnetic field £2; lies in the QW plane. In the weak scatter-
ing regime QkFT*> 1 the electron-spin precesses around 2
and the pronounced oscillations are observed. Here, QkF is
the effective magnetic field for electrons at the Fermi level
and 7" is the single electron momentum scattering time
which has additive contributions from disorder and phonon-
scattering processes, as well as from the electron-electron
scattering.”> The damping of the oscillations is caused by
these scattering processes and by the anisotropy of the spin
splitting.'® In the symmetric sample A, the Dresselhaus term
contains first and third angular harmonics as is schematically
shown in Fig. 1(d) since for the given sample parameters, the
Fermi wave vector and the inverse quantum well width are
comparable. The spin beats are damped due to the spin split-
ting anisotropy and electron-electron scattering: it is seen
that the change in sample temperature from 400 mK to 4.5 K
[Fig. 1(a)], which reduces the electron mobility by a factor of
2, only weakly reduces the decay constant of the coherent
oscillation from 74 ps at 400 mK to 63 ps at 4.5 K. As the
calculated traces in Fig. 1(a) show, the spin splitting aniso-
tropy alone is not sufficient to explain the damping, there-
fore, electron-electron scattering is likely to be the dominant
scattering process in this sample also at 400 mK. The weak
temperature effect on the beats may be attributed to the heat-
ing of the electron gas by the excitation which leads to a
reduced difference in the electron-electron-scattering times at
the two measurement temperatures.

In sample B, which has a one-side doping layer, Rashba
and Dresselhaus fields are present; their relative strength was
determined by magnetoanisotropy measurements>* to be
about 0.65. The symmetry of their vector sum is shown in
Fig. 1(e). The average amplitude of this effective SO field is
larger than for sample A, due to the Rashba effect and the
enhancement of the Dresselhaus term for the thinner QW.!6
Accordingly, the precession frequency of the coherent beats
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FIG. 1. (Color online) (a)—(c) TRFR measurements without ex-
ternal magnetic field. (a) Sample A, measured at 4.5 K and 400 mK.
Calculated data (Ref. 32) with and without the inclusion of scatter-
ing (as marked near the lines) are shown below the measured data.
(b) Sample B, measured at 4.5 and 1.3 K. Sample C, measured at
0.4 K. (d) Symmetry of the SO field of sample A for electron spins
at the Fermi surface. The arrows indicate the direction and ampli-
tude of the SO field. (¢) Symmetry of the SO field of sample B.

is larger. In this sample, which has a lower mobility than
sample A, the coherent oscillation is predominantly damped
due to momentum scattering. Its influence is observable in
the strong temperature dependence of the decay constant,
which is reduced from 35 to 18 ps as the temperature is
increased from 1.3 to 4.5 K due to the reduced electron mo-
bility, and the increasing importance of electron-electron
scattering [Fig. 1(b)]. In this sample, the ensemble momen-
tum scattering time 7,, which may be extracted from mobil-
ity measurements, and the electron-electron-scattering time
(see Table I), are comparable at 4 K.

The situation is drastically different in a symmetric (110)-
grown QW, sample C [Fig. 1(c)]. Here, the Dresselhaus field
points along the growth direction and is therefore parallel to
optically oriented electron spins. Due to the symmetric dop-
ing, there is no pronounced Rashba field present in this
sample, therefore, the injected electron spins do not precess
coherently. The partial decay of the Faraday signal in this
sample is due to photocarrier recombination and the BAP
mechanism.? In symmetrically grown (110) samples, very
long spin dephasing times have been observed, and other
dephasing mechanisms may be important.”2%%” The limit for
spin dephasing in these systems is due to random Rashba
fields caused by fluctuations in the remote doping density.?®

We now turn to measurements in weak perpendicular
magnetic fields, far below the regime where Landau-level
quantization influences the spin dynamics in a 2DES,* and
focus on sample A. Figure 2(a) shows a series of TRFR
traces measured on sample A for various perpendicular mag-
netic fields at 400 mK. Two features are clearly visible: at
B >0, fast, damped spin beats become apparent in the Fara-
day signal, their frequency increases with the perpendicular
magnetic field. The amplitude of these beats is small, and for
B>10 mT, the Faraday signal does not cross the zero line.
Additionally, the decay of the Faraday signal becomes
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FIG. 2. (Color online) (a) TRFR measurements in various small
perpendicular magnetic fields measured on sample A at 400 mK. (b)
Calculated time evolution of the z component of the spin polariza-
tion for magnetic fields corresponding to measurements in (a).

slower with increasing magnetic field, and after the spin
beats are damped out, a longer-lived tail of the Faraday sig-
nal is observed.

The quantitative description of the electron-spin dynamics
in a magnetic field is carried out within the standard kinetic
approach.'®?3 The kinetic equation for the spin distribution
function s, in a magnetic field B applied along the growth
axis can be written as dsy/dt+sy X 24+ w, sy ! I+ Ofsy}
=0. Here w,=|e|B/mc is the cyclotron frequency, where e
and m are the electron charge and effective mass, respec-
tively, ¢y is the angle between k and the x axis, and Q{s;} is
the collision integral. The main features of the spin dynamics
can be understood from the solution of the kinetic equation
in the case of isotropic-spin splitting |§2;|=£); under the as-
sumption 7", w.7>1,%

Sz,kp([)
Sz,kF(O)

= Ae™"s + Be™"™ cos(Qet), (1)

where Q=+ O, A=}/, B= | QG 7,'=B/ 7",
and 7,'=(1+.4)/(27°). In the general case of anisotropic
spin splitting and nonzero temperature Eq. (1) approximately
holds for the averaged spin if QkF and 1/7* are replaced by
the effective values containing an additional contribution due
to the spread of spin precession frequencies.!® According to
Eq. (1), the z component of the spin, s (1), demonstrates
damped oscillations with the combined frequency (., su-
perimposed on the exponential decay. The enhancement of
the spin precession frequency is a result of the electron cy-
clotron motion. The cyclotron rotation of k results in the
modulation of the SO field and the electron-spin experiences
a torque being a geometrical sum of £2;_and w,."”

The damping of the spin beats occurs at time scale 7,
~ 7", while the decay of the average spin value takes a much
longer time 7,> 7. At QkF< w,, the spin-relaxation time 7
passes to the “motional narrowing” expressions'®3! because
the variation of the SO field caused by the cyclotron rotation
is much faster than the spin precession in the field Qkp' The
results of a numerical solution of the kinetic equation, with
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FIG. 3. (Color online) (a) TRFR measured on Sample A at 400
mK in a 36 mT perpendicular magnetic field (open circles). The fit
function is shown as a solid line. The arrow in the figure traces the
“tail” of the spin-polarization decay. (b) Oscillation frequency of
the spin beats observed in perpendicular magnetic fields. The solid
line is a fit to the experimental data (open circles). (¢) Amplitude of
the spin beats as a function of magnetic field. The solid line is a fit
to the experimental data. (d) Spin lifetime of the ‘tail” of the spin-
polarization decay as a function of perpendicular magnetic field.
The solid line is a fit to the experimental data (open circles) using
approximate Eq. (1).

allowance for anisotropic spin splitting,’? are shown in Fig.
2(b). The experimental data are well reproduced by such a
modeling.

For further comparison between experiment and theory
we plot the amplitude and frequency of the fast spin beats, as
well as the decay constant of the tail, by fitting the experi-
mental data by Eq. (1), as it is shown in Fig. 3(a). The sum-
mary of the fit parameters is given in panels (b)—(d) of Fig. 3.
In Fig. 3(b), we plot the observed frequency as a function of
the applied magnetic field. The best fit using the geometric
sum formula is shown as a solid line. It is in good agreement
with the experimental data, however, the effective cyclotron
frequency extracted from the fit is about 20% larger as com-
pared to the calculated one. Such a difference can be caused
by the anisotropy of the spin splitting. The beats at low mag-
netic field are damped on the same time scale as the coherent
zero-field oscillation in agreement with Eq. (1) due to the
anisotropy of the SO field and the momentum randomization
due to disorder and electron-electron scattering.?3-3

The spin beats amplitude systematically decreases with
the applied magnetic field, as shown in Fig. 3(c), because
fast cyclotron rotation of §2; suppresses the spin precession
around £2;. The solid line in Fig. 3(c), which represents a fit
to the data using Eq. (1), is in good agreement with the
experimental data.

Finally, we focus on the magnetic field dependence of the
long-lived ‘tail’ of the Faraday signal. The experimental data
in Fig. 3(d) demonstrate that the decay time of this tail in-
creases quadratically as a function of the perpendicular field.
A fit according to Eq. (1) [solid line in Fig. 3(d)] leads to a
rather small scattering time 7 =20 ps, which is an evidence
of the strong spin splitting anisotropy in the sample. The
kinetic model with allowance for the spin splitting
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anisotropy>? [not shown in Fig. 3(d)] is in excellent agree-
ment with the experimental findings.

In the symmetric [110]-grown QW, where the SO field
points out of the QW plane, this precession is absent, as the
optically oriented electron spins are parallel to the externally
applied magnetic field and the SO field. TRFR measurements
on sample C at low temperatures in weak perpendicular
fields (not shown) show no spin beats, confirming that there
is no significant Rashba field in this sample.

In conclusion, we have investigated the electron-spin dy-
namics in high-mobility two-dimensional electron systems
grown in different crystallographic directions at low tem-
peratures. In measurements without applied magnetic field,
pronounced coherent oscillations of the electron-spin polar-
ization about the SO field are observed in the (001)-grown
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samples. In the same samples nonquantizing perpendicular
magnetic fields make the spin beats faster and strongly sup-
press the decay of the net spin polarization due to the cyclo-
tron rotation of the effective SO field. In symmetric (110)-
grown samples the SO field does not result in a z spin
component rotation and, consequently, no cyclotron effect is
observed. The experimental observations are in good agree-
ment with calculations based on a kinetic equation approach.
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