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Electron g-factor anisotropy in GaAs/Al;_,Ga,As quantum wells of different symmetry

Yu. A. Nefyodov,"* A. V. Shchepetilnikov,' I. V. Kukushkin,'! W. Dietsche,? and S. Schmult?
Unstitute of Solid State Physics RAS, 142432 Chernogolovka, Moscow District, Russia
2Max-Planck-Institut fiir Festkorperforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany
(Received 6 October 2011; revised manuscript received 22 November 2011; published 8 December 2011)

The anisotropy of the electron g factor is investigated in symmetrically (SQW) and asymmetrically (AQW)
doped 20-nm GaAs/AlGaAs quantum wells, grown in the [001] direction. Applied was the electrically detected
electron spin resonance technique. The AQW demonstrates strong twofold in-plane g-factor anisotropy with the
[110] and [110] principal axes. This can be readily ascribed to the internal electric field asymmetry as caused by
single-side doping. The SQW is shown to have 10 times as weak (but still detectable) anisotropy with the same
principal axes. The linear (in the magnetic field) corrections to the g factor were also carefully measured. The
a tensor of these corrections is shown to have at least three different nonzero components, namely, a,;., d,,.,

and a,,..
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Spin phenomena in two-dimensional (2D) systems are of
great fundamental and applied interest. The fundamental one
includes such effects as metal-insulator transition,' excitonic
effects,” spin Hall effect,® etc. With comprehensive knowledge
of all factors that affect spin splitting, one can successfully
manipulate spin states. This provides the opportunity of
making ultimately small logical elements and memory arrays
with a high operational frequency, low energy consumption,
and high informational capacity.*

Spin phenomena are commonly described by the Landé g
factor, which again is determined by spin-orbit interaction. In
bulk zinc-blende materials with 7,; point group symmetry the
g factor is reduced to a scalar. In the case of two-dimensional
systems, the situation changes due to the symmetry reduction.
This reduction is strongly dependent on the quantum well
growth direction. The most symmetric wells are those grown
in the [001] direction. It is such wells we investigated in
the present paper. If the intrinsic electric field potential is
symmetrical in the growth direction, the point group symmetry
of the well is Dy, and the electron g factor is isotropic in the
well plane; that is, the g4 tensor has only two independent
components, namely, g # g;. The asymmetry of the potential
leads to the point group symmetry reduction to Cy,, giving
rise to the in-plane g-factor anisotropy. Thus, in the principal
axes, the g,g tensor should have three independent compo-
nents g.r,8yy,8z;- This fact was theoretically predicted in
Ref. 5 and was observed experimentally in undoped quantum
wells.57

The present paper aims to carefully investigate the in-
plane and out-of-plane anisotropy of the g factor in doped
GaAs/AlGaAs quantum wells grown in the [001] direction, to
determine experimentally the influence of the quantum well
symmetry on this anisotropy, and to estimate the values of the
a tensor of the linear in the magnetic field correction to the g
factor.

Following Ref. 5, consider a 2D quantum well of the finite
width (Oz axis is parallel to the growth direction) in the
magnetic field B. The magnetic field component parallel to
[100] deflects the electron motion from the Oz axis, giving
rise to small electron momentum alteration along [010], §p.
The rise of this admixture changes the effective Rashba
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and Dresselhaus fields, defining the electron precession. The
appropriate precession vectors are as follows:

Pe 43
Q) =a/m*| —pe |, @) =8/m| pc |. D)
0 0

Here, the £,¢ axes coincide with the [100],[010] directions,
respectively. The change in p, due to the finite B; yields an
admixture in 2, directed along &, which, hence, changes diag-
onal g-factor tensor components. £, gives rise to nondiagonal
components gz, gr¢. Careful analysis® yields the following
formulas:

2ye
e = e = 13— ((P2)0) ~ (p1), @

UB
where y is the Dresselhaus coefficient, up is the Bohr
magneton, and the averaging is done through the electron states
in the quantum well. Since gz, = g;¢, 8z = &;¢, the directions
[110], [110], [001] should be the principal axes of g. From
Eq. (2) one can easily see that the in-plane g-factor anisotropy
is defined by the wave-function symmetry along the growth
direction and, hence, the symmetry of the intrinsic electric field
potential. Aiming to simplify the experimental data discussion,
we rotate reference axes around the [001] direction by 45° and

define new axes Ox | [110] and Oy || [110].

The investigations of the g factor in the 2D system have been
performed earlier with the aid of Kerr rotation, quantum beat
spectroscopy, and electrically detected electron spin resonance
techniques. Optical techniques!®!'! were mainly used to study
undoped quantum wells. Several theoretical papers®’ were
devoted to the calculation of the g-factor tensor in such wells.
In contrast, in the present paper undoped quantum wells are
under investigation. It is worth noting that it is this type of
well that is potentially suitable for spintronic applications.
The electrically detected ESR technique was successfully used
to study doped quantum wells.'>"'® In our previous paper,'?
we applied this technique to study a single-side doped 25-nm
quantum well and showed strong anisotropy of g,g in such a
system.

The conventional ESR technique cannot be successfully
applied to 2D electron systems'’ due to the low number of
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spins. However, as early as 1983, magnetoresistance of the
2DEG was shown'’ to be very sensitive to spin resonance
when the Fermi level is located between spin-split states of
a given Landau level. Having measured the fraction ép,, of
the magnetoresistance py,, arising due to the RF quantum
absorbtion, it is possible to observe spin resonance as a peak
in p,,(B) at a fixed RF frequency.

In the ESR experiment, the electron from the lower spin
state absorbs the RF energy quantum and is excited to a
higher state. This spin-flip transition is accompanied by the
appearance of the hole in the lower spin state. The excited
electron and the hole form the bounded state—spin exciton.
The dispersion relation of spin waves at finite wave vectors
was calculated in Ref. 2. Since the RF power wave vectors
are much smaller than the reciprocal magnetic length, the
excitonic effects do not significantly affect spin splitting and
thus, the experimentally measured g factor corresponds to zero
wave-vector limit.

Two Al,Ga;_,As/GaAs quantum wells of equal 20-nm
widths were studied. Both of them were grown in the
[001] direction using the MBE technique. Sample No. 1
(AQW) is a single side delta-silicon doped well with 2DEG
density n &~ 4.4 x 10'! cm~2, whereas the mobility amounted
to 6 x 10 Crx2s at liquid-helium temperature. The sample No.
2 (SQW) is a symmetrical, two-side doped well with electron
density n ~ 4.8 x 10''cm~2 and the mobility 4.5 x 10° 011‘1/25'
Usual Hall bar mesas were prepared on both samples. In
Ref. 13 we showed that the g factor does not depend on the
orientation of the mesa and, hence, the direction of the probe
current with respect to crystal axes, but it does depend on the
magnetic field orientation.

An ac probe current of 1 pA at the frequency of ~1 kHz was
applied from source to drain. A lock-in amplifier monitored
the channel resistance R, through two sense contacts along
the channel. The sample was illuminated by 100% amplitude
modulated radiation at the frequency of fioq ~30 Hz; RF
power was delivered from an Anritsu MG3696B generator
through a rectangular waveguide. A second lock-in amplifier,
synchronized at the frequency of fi,04, Was connected to the
output of the first one and thus measured the change § R, in
the magnetoresistance, caused by microwave irradiation.

It is common knowledge that hyperfine interaction of
electron and nuclear spins can cause dynamic polarization
of nuclear spins, which results in shifting of the position
and changing of the shape of the ESR line.'®!® The more
the RF power, the more pronounced is the effect, which was
successfully used to study nuclear spin relaxation rates.'® In
our experiments, we used so low RF power that the influence
of dynamic polarization was negligible, that is, the ESR line
shape and position did not change with RF-power variations.
The actual RF-power incident to the sample amounted to
<1 mW. Experiments were carried out at the temperatures
of 1.3 +4.2 K in the magnetic fields up to 10 T. In our
experiments, we fixed the microwave frequency and swept
the magnetic field. In Ref. 12, we showed that the results of
ESR measurements using the frequency and magnetic field
sweeps do coincide, but the magnetic field sweep is much
more convenient in the experiment.

The ESR signal was observed in the vicinity of filling
factors v = 3,5,7 with the linewidth amounting to ~20 mT
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in these samples. The ESR linewidth was found to be
dependent on the magnetic field strengths and orientation. This
phenomenon will be discussed in detail elsewhere.

To study the g-factor anisotropy, we mounted the sample
on the rotation stage in such a manner that the normal to
the 2DEG plane formed an angle 6 with the magnetic field B,
whereas the sample axis x formed an angle ¢ with the in-plane
magnetic field component. Both angles 6 and ¢ can be easily
changed and measured with the aid of a three-dimensional (3D)
magnetic field sensor rigidly attached to the sample. The value
of 6 is double-checked by the 3D magnetic field sensor and
by the measurements of the Hall voltage on the sample under
investigation. Assuming the axes x,y,z to be the principal
ones, we expect the following formula to be valid:

85(0.9) = (g1, cos® ¢ + giy sin® ¢ sin* 0 + g2, cos’ 0, (3)

where g..,8yy,8;; are the principal values of the g-factor
tensor.
With the angles 0,¢ fixed, we measure the ESR reso-

nance magnetic field Bgsgr = m for successive set of
microwave irradiation frequencies f. Here, Byp and Byown are
the spin resonance magnetic fields for upward and downward
field sweeps, respectively. All thus obtained dependencies
f(Bgsr) can be perfectly fitted near the odd filling factors by
parabolic expression f = fo + upB(g + aB) with negligible

fo. The dependence g(B) = ;% is piecewise linear with

discontinuities at even filling factors.!” The linear g(B)z_o

extrapolations of continuous near different odd filling factor

sections give the same value of the g factor at zero mag-

netic field.!> Hence, the effective g factor near the subband

bottom can be easily obtained by the linear extrapolation

go(0,¢) = lim g(0,¢,B) = lim h—fB of any continuous sec-
B—0 B—0 M8

tion. In our experiments we used the sections near the
filling factor v = 3. Furthermore, the linear term aB of
this extrapolation can be used to estimate the values of

the tensor aqg, = igl;f’. In the perpendicular magnetic field
Y

the coefficient a is dependent on the Landau level number
N: a = const(N + %), the fact predicted theoretically'® and
established experimentally.'>!4

During the first set of the experiments, we fixed the angle
¢ to zero or 90° and measured the effective g factor for three
successive 6 values from zero [this gives us directly g., =
g(0 = 0,¢)] to =45°. According to Eq. (3), the extrapolations
of g(z) tocos? @ = 0 give us the values g, 8yy- Thisisillustrated
in Fig. 1, where the experimental points for AQW and SQW
are shown by circles and squares, respectively; the data for
¢ =0 and 90° are shown by solid and open symbols. The
result of fitting the data on Fig. 1 for AQW gives significantly
different |gy¢] = 0.292 and |g,,| = 0.349, which are very
close to those obtained earlier!® for 25-nm wide AQW. This
fact is due to the saturation of the g factor with increasing well
width.® In the case of SQW, the in-plane components appeared
to be equal |g.x| = |gyy| = 0.340 within the experimental
uncertainty.

To resolve the in-plane g-factor anisotropy more precisely,
we performed another set of the experiments. We fixed the an-
gle 6 = 45° and changed the angle ¢ successively. The rotation
was performed in situ, that is, without thermocycling. Knowing
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FIG. 1. (Color online) The dependencies of the effective g factor
squared on the cos? #. The experimental points for AQW and SQW
are shown by circles and squares, respectively; the data for ¢ = 0 and
90° are shown by solid and open symbols. The intersection of solid
lines with vertical axis give us g., and g,, according to Eq. (3).

the value of |g,.| from the experiments at 6 = 0 and using
Eq. (3) again in the similar manner, we get the in-plane g-factor
anisotropy g(¢)) = g(0 = 90°.¢) = /2820 = 45°.¢) — 2.,
as shown in Fig. 2. The result of fitting (solid line) the data
for AQW in Fig. 2 clearly shows the axes x and y to be the
principal ones. Surprisingly, the SQW demonstrates behavior
quite similar to AQW but with in-plane anisotropy 10 times as
weak. Since the in-plane anisotropy is prohibited for a perfectly
symmetric quantum well, a small remanent asymmetry of
two-side doping of the sample under investigation could be a
possible explanation of this phenomenon. The experimentally
extracted principal values of ¢ are shown in Table I. The
g-factor sign is of common knowledge and was not extracted
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FIG. 2. (Color online) The experimental dependencies of the in-
plane g factor on the angle ¢. Open circles and solid squares stand
for AQW and SQW, respectively. Solid lines show fits utilizing g,
and g,, as free parameters according to Eq. (3).
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TABLE L. The experimentally extracted values of § components
(Ox || [110], Oy || [110], and Oz || [001]).

AQW (No. 1) SQW([No. 2)
Gxx —0.292 £ 0.005 —0.343 £ 0.004
Syy —0.347 £ 0.005 —0.350 £ 0.004
—0.403 £ 0.001 —0.414 £ 0.001

directly from the experiment. Slightly different values of g,
appearing in Table I and in the table in Fig. 1 for the case of
SQW can be caused by the change of electron density in the
sample, which occurred because of thermocycling during the
first set of experiments.

Let us discuss the possibility of estimating the components
of the tensor of linear (in the magnetic field) corrections to the

88ap

g factor: @ = aup, = 33> using the experimentally measured
Y

(at different magnetic field orientations) values of

dg* 1
dB g%

Zgijaijkninjnka (€]

i,j.k

where the quadratic in the magnetic field terms are omitted
and

ny =sinf cos¢,n, = sinf sinp,n, = cos o 5)

are the fractions B;/B of the total magnetic field B along
the appropriate axis. Note that theoretically,' the only com-
ponent of tensor @, namely, a,.,, should be nonzero. It can
be directly measured in the perpendicular magnetic field:
8.:(B) = g.:(0) + a,,. B. Leaving only this term in Eq. (4),
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FIG. 3. (Color online) The dependencies of the linear (in the
magnetic field) correction to the in-plane g factor on the angle ¢, the
independent on ¢ term due to a,, is subtracted. Lines show the fits

222

using off-diagonal a,,, and a,,. terms indicated in Table II.
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TABLE II. The experimentally extracted near the filling factor
v = 3 values of @ components (Ox | [110], Oy | [110], and Oz ||
[001]).

AQW (T SQW (T71)
Qxxz 0.002 £ 0.001 0.0075 £ 0.0005
Ayy; 0.012 4+ 0.001 0.0090 +£ 0.0005
a; 0.017 £ 0.0001 0.016 + 0.0001

we get the simplified formula for arbitrary angles:

3
w _ 8zzlzzzl;  8zz0zz; c

0s’ 6, (6)
8" 8"

a

which is independent on ¢. In Fig. 3, we plot the experimental
values of a* — % cos® @ as a function of ¢. Surprisingly,
these dependencies are nonzero, as follows from Eq. (6), both
for AQW and SQW, and clearly exhibit twofold symmetry on
¢ [as in the case of g(¢), the anisotropy of a* is significantly
weaker in the case of SQW]. This means the presence in a of
some nonzero components in addition to a... Since g;; =0
for i # j, only gi,-aiiknfnk terms make a contribution to a*.
Moreover, as follows from Egs. (4) and (5), only two of such
terms, namely g,,a,,.n>n, and gyyayyzninz, give rise to the
observed twofold symmetry of a*. The lines in Fig. 3 show
the experimental data fits using the off-diagonal a,,, and a,,,
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terms. Finally, Eq. (4) is reduced to the following form:
1 1
at = g_* Z giiaiizniznz = E(gzzazzz cos’ 0

4 [gxxrxz cos? O+ gyyayy: sin? 0] sin” 6 cos 0). (1)

This means that all the principal values of the g-factor
tensor are affected by the quantizing magnetic field through
the change of band structure. In Table II we show the
experimentally extracted values of & components. Note that
despite the positive sign of these components, they reduce the
g-factor absolute value due to the negative sign of the g factor
itself.

In conclusion, we have carefully investigated the anisotropy
of the electron g factor in symmetrically and asymmetrically-
doped GaAs/AlGaAs quantum wells of 20-nm widths grown
in the [001] direction. The [110],[110],[001] crystallographic
directions were shown to be the principal axes of §. The sym-
metry of the intrinsic electric-field potential of the structures
investigated is shown to be mainly responsible for the in-plane
g-factor anisotropy. The components of the a tensor of the
linear (in the magnetic field) corrections to the g-factor tensor
have also been investigated. The experimental data suggest
the presence of nondiagonal @ tensor components, namely,
axx; and ay,., and allow us to estimate their values.
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