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Electron g-factor anisotropy in an AlAs quantum well probed by ESR
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Electron spin resonance (ESR) was studied in an asymmetrically doped 16-nm AlAs quantum well grown in
the [001] direction. Surprisingly the ESR was detectable even if the magnetic field was parallel to the surface
of the two-dimensional system. This allowed us to investigate precisely the in-plane anisotropy of the electron
g factor. In the case of the magnetic field aligned along the [110] or [110] crystallographic axes only one ESR
peak was observed, whereas it tended to split into two well-separated peaks when the in-plane component of the
magnetic field was between these directions. This fact clearly indicates that two in-plane valleys at X points of
the Brillouin zone were occupied with electrons and each valley was characterized by the anisotropic g factor
with the [100], [010], and [001] principal axes. The principal g-factor values were extracted.
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Electron-electron interactions are responsible for a vast
amount of beautiful physical phenomena in two-dimensional
(2D) electron systems. Fractional quantum Hall effect [1],
Wigner crystallization [2], and Stoner instability [3] are among
the most prominent and well-known many-particle effects.
The key parameter that describes the strength of the electron-
electron correlations is rs—the ratio of characteristic Coulomb
energy to the Fermi energy. Numerically rs can be expressed
as 1√

πns

m∗e2

ε�2 , where ns is the sheet electron density, m∗ is the
effective electron mass, and ε is the dielectric constant. In
typical AlAs quantum wells the effective mass of the electrons
[4] is heavier by an order of magnitude, and thus the rs

parameter is higher than in GaAs heterostructures. This implies
that many-particle effects are significantly more pronounced
in AlAs-based heterostructures so that, e.g., fractional Hall
effect can be observed [5]. In particular spin properties are
susceptible to this interaction when it surmounts the spin
splitting, i.e., an energy that depends on the g factor of the
material. This evokes great fundamental interest in systems
with strong many-particle effects. The present paper is aiming
to study the significant electron g-factor anisotropy in the
asymmetrical AlAs quantum well grown in the [001] direction
with the aid of the electron spin resonance (ESR) technique.

In the bulk AlAs semiconductor the minima of the conduc-
tion band lay at the X points, i.e., the points at the edge of
the Brillouin zone along the [100], [010], and [001] crystallo-
graphic axes. These valleys are commonly referred to as the X

valley for the [100] direction, the Y valley for the [010], and the
Z valley for the [001] directions. The schematic of the electron
valley positions with respect to the in-plane crystallographic
axes is shown in the inset to Fig. 1. In relatively narrow AlAs
quantum wells grown in the [001] direction only the Z valley
is occupied, whereas in wells wider than 5 nm electrons tend to
populate in-plane valleys instead. The electron population of
the X and Y valleys can be unequal and depends on the sample
structure and applied strain [4]. The width of the quantum well
under study is 16 nm and, thus, we will focus on the case when
the in-plane valleys are occupied. Although in bulk AlAs all
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three electron valleys are characterized by a highly anisotropic
mass with the ratio of longitudinal to transverse effective
masses larger than 5, the effective g∗ factor is close to the
free electron value g∗ ≈ 1.98 [6] and is isotropic [7]. Thus the
electron g-factor tensor is simply a scalar. Spatial confinement
in the [001] direction reduces the symmetry of the system, and
in the case of the asymmetric confining potential one can
expect the g-factor tensor in the X and Y valleys to be
characterized by three independent components. If for a certain
orientation of the magnetic field the effective g factors of the
X and Y valleys do not coincide, two separate spin resonances
can be observed.

The situation described above is quite similar to the
g-factor behavior in GaAs-based heterostructures, namely,
the electron g factor is isotropic in bulk GaAs but becomes
strongly anisotropic in GaAs quantum wells [8–11]. One might
even expect the same mechanisms of the g-factor anisotropy
discovered for GaAs quantum wells [12–14] to hold true for
the case of AlAs heterostructures.

The aim of the present Rapid Communication is to investi-
gate thoroughly the in-plane and out-of-plane anisotropies of
the g factor in an asymmetrically doped 16-nm AlAs/AlGaAs
quantum well grown in the [001] direction to determine ex-
perimentally the principal axes and carefully measure all three
components of the electron g-factor tensor. The experimental
approach based on the electrically detected ESR appears to be
the most suitable for this task. This technique is based on the
strong sensitivity of the longitudinal magnetoresistance ρxx(B)
of the two-dimensional electron gas (2DEG) to the spin reso-
nance in the quantum Hall regime. The ESR can be detected as
a sharp peak in ρxx(B) magnetic-field dependence at a fixed rf
frequency. This experimental technique was first proposed in
1983 [15] and since then has been successfully utilized to study
the spin properties of many 2DEG systems. In our previous
works [10,11,14] we applied this approach to carefully inves-
tigate the g-factor anisotropy in GaAs-based heterostructures.

Surprisingly, the conventional resonator technique of ESR
detection turned out to be applicable to AlAs-based het-
erostructures [6]. With the aid of this technique spin resonance
was shown to originate not from the microwave magnetic
field, but from the effective magnetic field due to spin-orbit
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FIG. 1. (Color online) The schematic of the electron valley’s
position with respect to the in-plane crystallographic axes in the
AlAs quantum well is presented in the upper panel. The lower panel
shows the longitudinal resistance of the sample measured in the
perpendicular magnetic field at the temperature of 1.4 K. Inset to
the lower panel: temperature dependence of the sample longitudinal
resistance at zero magnetic field.

interaction and modulation of the electron wave vector by
the microwave electric field. However, no thorough studies
of the electron g factor were performed in that paper, so the
present Rapid Communication measures the electron g-factor
anisotropy in AlAs-based heterostructures. Let us note that
detection of the spin resonance as a resistance peak is much
more convenient for the experiments in a wide range of
rf frequencies at low temperatures than the conventional
resonator-based technique.

The electron g factor acquired with the aid of the ESR
technique is substantially single particle since the Larmour
theorem prohibits any contribution from the electron-electron
interactions to the value of the measured spin splitting and,
thus, the g factor. This fact was also confirmed by theoretical
calculations [16].

We have studied a 16-nm AlAs quantum well which was
epitaxially grown along the [001] direction. The Al concen-
tration in the AlxGa1−xAs barrier layers was equal to 46%.
The structure was asymmetrically δ doped with Si to result
in a low-temperature sheet density of n ≈ 1.8 × 1011 cm−2.
The spacer layer between the quantum well and the doping
layer was 35-nm thick. The electron mobility was equal to
2 × 105 cm2 V−1 s

−1
at a temperature of 1.4 K. Standard

indium contacts to the 2D electron system were formed in
the common Hall bar geometry.

An ac probe current of 1 μA at a frequency of ∼1 kHz was
applied from source to drain. A lock-in amplifier monitored
the channel resistance Rxx through two sense contacts along
the channel. The sample was irradiated by 100% amplitude
modulated radiation at a frequency of fmod∼30 Hz; rf power

was delivered through a rectangular oversized waveguide. A
second lock-in amplifier, synchronized at fmod frequency, was
connected to the output of the first one and, thus, measured the
variation δRxx in the magnetoresistance, caused by microwave
irradiation. The sample was mounted on the rotation stage so
that we were able to change the orientation of the magnetic
field with respect to the sample crystallographic axes. The
angle between the in-plane component of the magnetic field
and the [110] direction is referred to as ϕ. The angle between
the normal to the 2DEG plane and the magnetic field is denoted
as θ . Both angles θ and ϕ could be changed and monitored
with the aid of the three-dimensional magnetic field sensor
rigidly attached to the sample.

The hyperfine interaction of electron and nuclear spins
commonly causes dynamic polarization of nuclear spins
in GaAs-based heterostructures and complicates the precise
measurements of the electron g factor by shifting the position
and changing the shape of the ESR line [17,18]. Rather slight
dynamic polarization of nuclear spins was observed under
certain conditions, which will be discussed in more detail
in a separate publication. The data obtained in this Rapid
Communication showed no sign of nuclear polarization.

The longitudinal resistance of the sample measured in the
perpendicular magnetic field (θ = 0) at the temperature of
1.4 K is shown in the lower panel of Fig. 1. The upper panel
shows schematically the electron valley’s position with respect
to the in-plane crystallographic axes.

Surprisingly, the ESR did not vanish in the case of θ = 90◦.
This may be ascribed to the fact that even at zero out-of-plane
magnetic field where no Landau quantization takes place, the
longitudinal resistance of the sample demonstrated temper-
ature dependence strong enough to allow for the detection
of even subtle heating of the electron system caused by the
resonant microwave absorption. Temperature dependence of
the resistance at zero magnetic field is presented in the inset to
the lower panel of Fig. 1. The value of the electron g factor was
so large that the rf frequency at which ESR occurred (in the
magnetic-field range of 2–6 T) was well above the temperature
at which the experiment was conducted so that the electron
system would be spin polarized to a rather high degree.

The typical ESR peaks in δRxx measured for a fixed fre-
quency of f = 120 GHz of microwave radiation and different
angles ϕ are presented in Fig. 2. The angle θ was equal to
90◦, i.e., the magnetic field B was parallel to the plane of
the 2DEG. All peaks are of the Lorentzian line shape. The
single ESR peak was observed for the case of ϕ = 0◦ or
90◦ (magnetic field oriented along the [110] or 110 axes),
however it splits into two well-separated resonance lines for
other ϕ angles. The maximal separation between the two peaks
is achieved when angle ϕ = 45◦,135◦, . . ., i.e., the magnetic
field is directed along the [100] or [010] axes. We believe
these two spin resonances to originate from the X and Y

valleys populated with electrons. Apparently, the Z valley was
empty of the electrons in our sample as the position of the
correspondent resonance line should have been independent
of angle ϕ. Moreover, only one resonance was detected in
the case of θ = 0◦. From the inset to Fig. 1 it can be clearly
seen that the system symmetry dictates that the electron g

factors of the populated valleys should be equal for the [110]
or [110] directions, and thus, spin resonances originating
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FIG. 2. Typical ESR peaks measured at different orientations of
the in-plane magnetic field (data shifted for clarity). Angle θ was fixed
at 90◦, temperature was 1.4 K, and microwave radiation frequency
was equal to 120 GHz.

from these valleys should overlap into a single peak. For the
same symmetrical reasons the maximal difference between
the electron g factors of the X and Y valleys (and, as a result,
the maximal separation between ESR peaks) is to be observed
in the case of B directed along [100] or [010].

To study the electron g factor more precisely we measured
the ESR for a vast set of experimentally accessible microwave
frequencies f with angles θ and ϕ fixed. In the case of
ϕ �= 0◦,90◦ and θ �= 0◦ two distinct ESR peaks were observed
for all the frequencies, and thus two magnetic fields B1 and B2

were obtained for a single f yielding two separate dependences
f (B1) and f (B2). All of the thus acquired dependences f (B1)
and f (B2) could be ideally fitted with a linear expression
f = f0 + αB with negligibly small f0. This is illustrated
by Fig. 3 where f (B) dependences of the lower and upper

FIG. 3. f (B) dependences of the lower and upper in the magnetic-
field peaks for the cases of θ = 90◦, ϕ = 45◦.

FIG. 4. (Color online) The dependences of the effective g factor
on the magnetic field for several most important magnetic-field
orientations with respect to the crystallographic axes of the sample.
Solid lines represent linear extrapolations to zero magnetic field.

peaks are shown for the cases of θ = 0◦, ϕ = 45◦. These
dependences are close to each other, however the difference
between them is much higher than the experimental error.
This fact together with the smallness of f0 for all the fits
allow us to extract two separate electron g-factor dependences
g1(B1) = f (B1)

μBB1
and g2(B2) = f (B2)

μBB2
, where μB is the Bohr

magneton. The dependences g1(B1) and g2(B2) measured in
the most important magnetic-field orientations (θ = 0◦ and
θ = 90◦ with ϕ = 0◦,45◦,90◦) are presented in Fig. 4. For a
given magnetic-field orientation both values g1 and g2 turned
out to be independent of the magnetic-field magnitude and thus
to coincide with the values of g0

1 and g0
2 of the electron g factors

near the band minima corresponding to X and Y valleys. By
changing angles θ and ϕ we were able to measure g0

1(θ,ϕ)
and g0

2(θ,ϕ). After denoting the principal axes of the g-factor
tensor as x,y,z one can easily derive the following formula that
describes the angular dependences of the effective g factor for
a single valley:

(g0)2(θ,ϕ) = [
g2

x cos2 ϕ + g2
y sin2 ϕ

]
sin2 θ + g2

z cos2 θ, (1)

where gx,gy,gz are the principal values of the g-factor tensor.
One of the principal axes of the g-factor tensors for both

X and Y valleys coincides with the growth direction [001] for
the symmetry reasons. It is convenient to denote this axis as
z. According to Eq. (1), the principal value gz is measured
directly in the case of θ = 0◦, and it equals 1.976 ± 0.003 for
both valleys.

To identify the in-plane main axes of the g-factor tensor
we plot two g-factor dependences g(θ = 90◦,ϕ) on angle ϕ in
Fig. 5. Two branches g0

1(ϕ) and g0
2(ϕ) demonstrating twofold

anisotropy are clearly resolved. These branches are shifted by
the angle 90◦ one to another, and their extrema correspond to
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FIG. 5. The dependences of the effective g-factor g0 and on ϕ

measured at the temperature of 1.5 K. Two values of g0 at a single
ϕ correspond to two well-resolved ESR peaks. Angle θ was fixed at
90◦. Solid lines represent fitting according to Eq. (1).

the values ϕ = 45◦,135◦. Thus, the principal axes for both
branches appear to be [100] and [010] as ϕ is the angle
between the in-plane magnetic field and the [110] direction.

The result of fitting (solid line) the data in Fig. 5 according
to Eq. (1) clearly justifies this assumption and enables us to
measure the in-plane principal values gx = 1.877 ± 0.005 and
gy = 1.967 ± 0.005 for a single valley. It is worth noting that
we were unable to experimentally distinguish the X and Y

valleys and thus it is impossible to determine which in-plane
principal value of the g factor corresponds to which in-plane
crystallographic direction for a given single valley.

In conclusion, the electron spin resonance was studied in the
asymmetrically doped to n ∼ 1.8 × 1011 cm−2 16-nm AlAs
quantum well grown in the [001] direction. We were able
to detect the ESR even if the magnetic field was parallel to
the 2DEG plane and thus to precisely investigate the in-plane
anisotropy of the electron g factor. If the magnetic field was
perpendicular to the 2DEG plane or was aligned with the [110]
or [110] crystallographic axes only one ESR peak was found,
whereas in all other cases two well-separated resonance peaks
were observed. This fact clearly indicates that the in-plane X

and Y valleys were occupied with electrons and each valley
was characterized by the anisotropic g factor with the [001],
[010], and [001] principal axes. The principal g-factor values
were extracted for each valley. Our data confirm also that the
Z valley is empty.
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