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Fundamental aspects of spin-orbit interaction in commercially relevant GaN/AlxGa1−xN
heterostructures hosting two-dimensional electron systems are extensively studied by electron spin
resonance (ESR). This unprecedentedly accurate experimental technique allows access to the fine details
of coupling between the spin degree of freedom and the quantized orbital motion of an electron in the
quantum Hall regime through the precise measurement of the electron g-factor. Filling-factor-dependent
changes of the g-factor value in strong magnetic fields allow extraction of the Rashba spin-orbit
interaction constant α in various GaN/AlxGa1−xN heterojunctions with electron sheet densities in the
range 0.8–5.2 × 1012 cm−2. Despite three significantly different approaches used to tune the electron
density, the extracted value of α is on the order of 5.3 ± 0.4 meV Å for all experimental realizations. This
striking finding can be explained by assuming that the spin-orbit interaction is of bulk origin. Theoretical
calculations confirm this observation, as the bulk cubic in-plane wave-vector term of the spin-orbit
interaction compensates the rising contribution due to the change in the quantum well shape. Finally, the
value of α is cross-checked and confirmed by weak antilocalization measurements in the longitudinal
magnetoresistance at substantially lower magnetic field values compared to the ESR approach. The
presented experimental findings provide knowledge for estimating the true scales of spin-orbit interaction
in GaN-based spintronic devices.
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I. INTRODUCTION

The most prominent properties of GaN include its large
direct band gap, outstanding semiconducting properties,
chemical stability, and mature epitaxial growth technolo-
gies. Therefore, GaN-based low-dimensional systems are
often viewed as a promising material platform with plen-
tiful possible applications in the fields of optoelectronics
[1–3], high power [4], high frequency [5] and transparent
electronics [6], and even spintronics [7–12]. The key to
realizing the full potential of this material in the spin elec-
tronics is understanding the spin-orbit interaction (SOI), as
SOI not only governs the spin relaxation rates, but may be
utilized to manipulate the electron spin degree of freedom,
as well. Note that the wurtzite structure of GaN implies
the absence of an inversion center and thus this material
exhibits strong SOI even in the bulk material. Presence of
the high-symmetry hexagonal c-axis in GaN dictates [13]

*shchepetilnikov@issp.ac.ru

the SOI term in the single-electron Hamiltonian to be of
the Rashba form [14]:

H = α(σ × k)n. (1)

Here σ stands for the Pauli matrices, whereas k and n stand
for the electron wave vector and the unity vector directed
along the c axis, respectively. The value α is an even func-
tion of the wave vector k and is constant to the first order
in k. This bulk spin-orbit coupling is therefore inherited to
GaN-based semiconductor heterostructures.

The constant α and its functional dependence on the
electron wave vector in GaN-based devices has been
extensively investigated theoretically [15–18], yet the
experimental research was limited to solely magneto-
transport studies of either thin doped GaN layers or
GaN/AlxGa1−xN heterostructures, namely, to the analy-
sis of the antilocalization traces [19–23] at low magnetic
fields or beating patterns [24] of Shubnikov-de Haas oscil-
lations. Note that weak-antilocalization experiments yield
SOI constants that are sensitive to the theory used [22],
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whereas the beating patterns approach can be strongly
obscured by the possible inhomogeneity of the electron
density in the two-dimensional (2D) channel.

Our present work aims to considerably extend the
experimental scope of the problem by applying an alter-
native method of probing spin-orbit parameters with
the help of electron spin resonance (ESR) in wurtzite
GaN/AlxGa1−xN heterojunctions hosting a high-quality
two-dimensional electron system (2DES) with sheet den-
sities varied in a rather broad range.

The possibility to study spin-orbit interaction by ESR
has already been discussed earlier—either by analyzing
the g-factor anisotropy for the case of GaAs-based
heterostructures [25–27], or by studying the modification
of the g factor in the quantum Hall regime for the case of
cubic AlAs quantum wells [28,29]. However, here we use
the ESR technique to study SOI in wurtzite GaN-based
heterojunctions, which are extremely relevant in the field
of applied physics. It is worthwhile to note, that a different
crystal symmetry will result in another dominating SOI
for the case of GaN-based heterostructures than found in
heterostructures containing AlAs or GaAs quantum wells.

The experimental approach utilized is discussed in
details in our previous publications [28,29], where it was
used to investigate SOI in AlAs-based 2DES. Here we
would like to present only a brief summary. At high mag-
netic fields the in-plane motion of the electrons is quan-
tized in the set of spin-split Landau levels. Yet, spin-orbit
interaction is not diagonal in this wave-function basis and
hybridizes the states with different Landau level indices
and spin projections, leading to the modification of both,
the single-particle spin splitting and the correspondent g
factor. This effect may be easily understood if we ana-
lyze the single-electron Hamiltonian in the presence of a
strong magnetic field. In the symmetric gauge the wave-
vector operators may be expressed as a linear combination
of creation and annihilation operators a+, a. In this case,
the Rashba SO term consists of the products of two opera-
tors a or a+ and σ+ or σ−, where σ± = (σx ± iσy)/2 are the
spin rotation operators. Each product has a simple physical
meaning—the transfer of an electron between neighboring
Landau levels with a flip of its spin. In the limit of large
magnetic fields, i.e., when the cyclotron splitting is much
larger than the characteristic energy of SO interaction α/l2b
(lb stands for the magnetic length), the SO term may be
treated as a small perturbation. Using the second-order per-
turbation theory we may deduce the SOI-induced variation
of the g factor in the following form [30]:

δg∗=−Aα2(2N + 1)/B. (2)

Here N stands for the Landau-level index, B is the mag-
netic field and A is a constant consisting of the GaN
band parameters. This modification may be probed by

ESR with exceptional accuracy allowing for the precise
determination of α.

II. METHODS AND SAMPLES

The spin resonance of the 2D conduction electrons may
be detected by monitoring the magnetoresistance Rxx of
the two-dimensional system in the quantum Hall regime
under microwave irradiation. As Rxx is extremely sensi-
tive to the microwave absorption, ESR may be observed
as a sharp peak in the 2D channel resistance if the mag-
netic field is swept while the microwave frequency is kept
constant. One of the key advantages of this method is that
it remains effective in the extremely wide range of fields
and microwave frequencies. It was earlier used in Ref. [31]
to study ESR in GaAs/(Al, Ga)As heterostructures, and in
the case of GaN-based systems the possibility to observe
ESR in such a manner was demonstrated recently [32] and
was used to measure the spin relaxation rate in these struc-
tures. The substantial increase in the signal-to-noise ratio
may be achieved by applying the standard double lock-in
technique. An alternating probe current of 1 μA at a fre-
quency of approximately 1 kHz is applied from source to
drain. The first lock-in amplifier measures the 2D channel
resistance Rxx through two sense contacts along the mesa.
The sample is irradiated by a sub-THz radiation. As the
radiation is 100% amplitude modulated at a frequency of
fmod ∼ 30 Hz, the output signal of the lock-in amplifier
contains the oscillating part proportional to the variation
of the sample resistance due to the radiation absorption.
The second lock-in amplifier, synchronized at fmod, is con-
nected to this output and, thus, measures this variation
δRxx.

The sub-THz power is delivered through a cylindrical
oversized waveguide. Several backward-wave oscillators
serve as sources of microwave radiation covering the fre-
quency range from 65 GHz up to 380 GHz. The microwave
radiation power coupled into the waveguide did not exceed
1 mW. The experiments are carried out in the regime of
linear response with respect to the power of the microwave
radiation and the magnitude of the applied current. We
keep the frequency of the sub-THz radiation constant,
while the magnetic field is slowly swept allowing us to
observe a sharp peak in the variation δRxx of the sample
magnetoresistance. As the typical linewidth of the detected
peaks is on the order of several mT, the resonant magnetic
field of the ESR can be determined with high accuracy.
Furthermore, we perform additional testing to check that
the effect of nuclear dynamic polarization [33] is negligi-
ble and did neither affect the position, nor the line shape of
the observed electron spin resonances.

The spin splitting measured with ESR is essentially of
single-particle nature, as any many-electron contributions
are forbidden by the Larmour theorem. Strictly speaking,
in the quantum Hall effect (QHE) regime, ESR implies
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resonant absorption of the radiation quanta accompanied
by the creation of a spin exciton—the bound state formed
from the excited electron in the upper spin-split Lan-
dau level and the remnant hole in the lower one. The
dispersion calculated in Ref. [34] starts from the purely
single-particle Zeeman energy and rises quadratically with
the exciton wave vector. As the wave vector of sub-THz
light is negligibly small compared to the value 1/lb that
sets the wave-vector scale of the spin exciton dispersion,
the energy of the absorbed light is exactly the single-
particle spin splitting in full accordance with the Larmour
theorem.

The experiments are performed on a set of GaN/Alx
Ga1−xN heterojunctions grown by molecular beam epitaxy
along the c direction on Ga-polar, semi-insulating wurtzite
GaN bulk substrates. The layer stack consists of a 1-μm-
thick GaN buffer followed by a 16-nm-thick (Al, Ga)N bar-
rier and a 3-nm-thick GaN cap. The 2DES is hosted at the
GaN/AlxGa1−xN interface. The growth procedure for these
exact structures is reported earlier [35,36]. Typical low-
temperature electron sheet density and mobility are equal
to 1.7 × 1012 cm−2 and 1.3 × 104 cm2/V s, respectively, in
case the Al mole fraction is equal to x = 0.06. In order to
perform magnetotransport measurements a 200-μm-wide
Hall bar is patterned from the sample with Ohmic con-
tacts formed by a standard Ti/Al/Ni/Au thermally annealed
metal stack. We want to highlight, that several essentially
distinct methods of density modification are used, namely,
optical pumping with UV light [37], application of exter-
nal gating, and changing the Al concentration in the barrier
region from x = 0.06 to x = 0.25 [38]. This allows us to
study SO interaction in a rather wide range of electron den-
sities and also to check if SOI is sensitive to the way the
electron concentration is varied.

Note that in the dark ungated GaN/AlxGa1−xN hetero-
junctions under study are insulating in case x = 0.06, as
2DES is absent. In case the Hall bar is irradiated with UV
light, the 2D channel emerges and persists at low tempera-
tures. After the UV light is turned off, the electron density
relaxes to an equilibrium density that is stable on the time
scale of several days. This effect is discussed in details
elsewhere [37,39]. The stable sheet density is independent
of the radiation power, but under constant radiation the
value of n is defined by the level of UV light intensity.
This enables us to vary the electron density, yet in a rather
limited range.

In case the Al mole fraction in the barrier region
is increased to x = 0.25, the GaN/AlxGa1−xN hetero-
junction becomes conductive even in the dark. The
corresponding electron concentration reaches the value of
5.2 × 1012 cm−2. Even at such high density only single
size quantized subband is populated, as demonstrated by
optical studies in Ref. [38]. Extensive magnetotransport
and magneto-optical studies of this particular sample may
be found in the above cited publication, as well.

The cross section of the sample with x = 0.06 and a
top gate is demonstrated in the inset of the Fig. 1(a). On
the surface of the mesa a 175-nm-thick layer of insulating
Al2O3 is deposited by atomic layer deposition and is
followed by a thin chromium top gate thermally evapo-
rated in a vacuum chamber. We want to highlight that the
presence of the external metallic gate noticeably compli-
cates ESR spectroscopy of 2DES, as the electromagnetic
radiation is unable to penetrate a highly conducting metal-
lic film. In order to circumvent that obstacle, a top gate
with the conductivity below the impedance of free space
should be used. In this case a substantial part of the radia-
tion power in the desired frequency range (50–500 GHz) is
transmitted through the metallic layer [40]. Thin layers of
Cr may serve as ideal candidates for such semitransparent

(a)

(b) (c)

FIG. 1. (a) Typical magnetoresistance of the gated
GaN/Al0.06Ga0.94N device in the regime of the QHE for
three different top-gate voltages −3.5, −1.5, and 5.5 V. The
positions of the first several odd filling factors ν are indicated.
The temperature is 0.5 K. (b) The dependence of the electron
density on the applied top-gate voltage for two temperatures
1.5 K (circles) and 0.5 K (squares). (c) The mobility of the 2D
channel versus the 2D electron density for two temperatures 1.5
K (circles) and 0.5 K (squares).
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gates due to the good adhesion of Cr and its large sheet
resistance at a reasonable layer thickness. The actual thick-
ness of Cr used is in the range of 7 nm. In this case, the
typical resistance of the top gate is 1 k� per square and
is larger than the impedance of free space Z0 = 377 �,
allowing the radiation to reach the 2DES. Typical ESR line
observed in a gated sample at T = 0.5 K is presented in
Fig. 2(c) for the radiation frequency of 319.1 GHz. The
gate voltage is equal to Ug = −3.5 V resulting in the 2D
electron density of 0.9 × 1011 cm−2. Solid line denotes a fit
performed following the procedure reported in Ref. [32].

The samples are mounted inside the He-3 chamber of
a helium-4 cryostat so that experiments are performed at
the temperatures down to 0.5 K and in magnetic fields up
to 15 T. Typical magnetoresistance traces recorded for a
number of top-gate voltages Ug are demonstrated in Fig.
1(a). The position of several odd filling factors is indicated
in the figure. The resultant dependencies of the electron
sheet densities n on the gate voltage and of the electron
mobility on the value of n are displayed in Figs. 1(b) and
1(c), respectively, for the two temperatures of 0.5 and 1.5
K. Note that even in case Ug equaled zero (or the top
gate is floating), the 2D channel exists and the device is
conducting. We attribute this effect to the pinning of the
Fermi energy at the sample surface due to the formation
of surface states that are typically created on the boundary
between Al2O3 and GaN. The potential variation created
by these states may effectively scatter electrons in the 2D
channel, as a result the observed mobility maximum in the
gated structure is smaller than for an ungated one.

III. EXPERIMENTAL RESULTS

First, let us discuss the acquired results for the
ungated structures. Typical ESR lineshapes observed in
a GaN/Al0.06Ga0.94N structure are demonstrated in Ref.
[32]. Given the magnetic field position B0 of the spin
resonance under constant microwave irradiation with fre-
quency F the electron g factor may be calculated as g =
hF/μBB0 where h is the Planck constant and μB stands
for the Bohr magneton. The dependence of the g factor
on the magnetic field measured in an ungated structures is
presented in the case of n = 1.7 × 1012 cm−2 in Ref. [32].
UV irradiation enables us to increase the concentration up
to n = 2.2 × 1011 cm−2 and the g factor measured under
these conditions is plotted (red symbols and lines) versus
the magnetic field B in Fig. 2(a). In the same figure, a simi-
lar dependence is demonstrated for the sample with a larger
Al fraction x = 0.25 (green circles and lines). All these
dependencies including that reported in Ref. [32] share the
same key features. Increasing magnetic field results in the
growth of the g factor. The value of g experiences well-
resolved jumps near even filling factors, whereas at the
exact odd fillings g is a function of the filling factor ν

in full agreement with Eq. (2). The experimental data are

(a)

(b) (c)

FIG. 2. (a) The dependence of the electron g factor on the
magnetic field for several odd fillings ν = 2N + 1. The Lan-
dau level indices N are shown near each dataset. The samples
studied are two GaN/AlxGa1−xN structures with the Al mole
fractions of x = 0.06 (red squares) and x = 0.25 (green cir-
cles). The corresponding electron density is indicated near each
dataset. The solid lines represent the fits according to Eq. (2).
The Landau level indices N used correspond to the filling factor
ν = 2N + 1. (b) The dependence of the electron g factor on the
value of ν2/n at exact odd fillings for the same two structures as
in (a). (c) Typical ESR line observed in a gated sample at T = 0.5
K. The radiation frequency is set to 391.1 GHz. The gate voltage
is equal to Ug = −3.5 V resulting in the 2D electron density of
0.9 × 1011 cm−2. Solid line denotes a fit performed following the
procedure reported in Ref. [32].

well fitted by this equation, as can be seen from Fig. 2(a),
where fits are denoted with solid lines. The corresponding
Landau level indices N used in Eq. (2) are indicated near

024037-4



SPIN-ORBIT INTERACTION. . . PHYS. REV. APPLIED 18, 024037 (2022)

each curve and the experimental data obtained near each
odd filling ν = 2N + 1 is fitted with a separate line.

Even more convincing is the agreement between the the-
oretical model and the data if we consider the value of the
electron g factor at exactly odd fillings ν = 2N + 1. In this
case, Eq. (2) is modified to become

g∗−g0 ∼ α2ν2/n. (3)

Hence, the value of g should be linearly proportional to
the combination of ν2/n with the slope determined solely
by the combination of known material parameters and
the Rashba coefficient squared. The experimental depen-
dencies of the g factor on the value of ν2/n are plotted
in Fig. 2(b) for the two electron densities n = 2.2 and
5.2 × 1012 cm−2 and both of them clearly follow the
experimentally expected linear behavior. The linear fits of
the data yield very close slopes and, thus, the α coefficients
are almost the same. The resultant values of α obtained
in ungated samples are demonstrated in Fig. 3(a) for all
three electron densities studied. The dependence of α on n
is almost absent. We want to highlight that the band non-
parabolicity does not affect the value of α determined in
such a way, as the value of g at exact odd fillings is proven
to be insensitive to this effect [41,42].

The procedure of determining α for gated structures
is essentially the same as that for ungated devices. The
only experimental difference lays in the slightly reduced
quality of the gated structures and, as a result, in the limited
amount of odd filling factors that could be examined. The
dependencies of the g factor on the parameter ν2/n for two
values of n = 1.74 and 2.24 × 1012 cm−2 are presented
in Fig. 3(b). Once again both of them are linear and fol-
low each other closely with almost identical slopes and,
hence, Rashba coefficients. The resulting dependency of α

on electron density demonstrated in Fig. 3(a) turned out to
be essentially weak, similar to that of ungated structures.
Note that the extracted values of α are slightly larger in
gated devices than in those without external gates. This
somewhat small discrepancy might stem from the modifi-
cation of the quantum well shape in the presence of surface
states [44] at the Al2O3/GaN interface that may induce
Fermi-energy surface pinning.

Finally, the Rashba coefficients are also extracted with
the aid of a more conventional method, namely, by ana-
lyzing the weak antilocalization (WAL) effect in the very
same structures. This effect stems from the quantum inter-
ference of electron wave functions in the presence of SO
interaction [45]. Typical normalized magnetoconductivity
with a clear presence of antilocalization is demonstrated in
Fig. 3(c) for an ungated GaN/AlxGa1−xN device with n =
1.7 × 1012 cm−2. Using equations reported in Refs. [19,43]
for the case of GaN-based 2DES we may fit the experimen-
tal data and deduce the Rashba coefficients. Note that the
theoretical model utilized in the cited publications is valid

(a)

(b) (c)

FIG. 3. (a) The value of Rashba coefficient α determined
experimentally using various methods. The red diamonds and
blue circles denote the α extracted from ESR measurements
on the ungated and gated samples, respectively. Green squares
denote the Rashba coefficients acquired from fitting the low-field
magnetotransport curves with a clear antilocalization effect. The
arrow indicates the data point for an ungated GaN/Al0.06Ga0.94N
heterojunction, whereas all the other AL points are measured on
the gated device. Solid and dashed lines denote the calculated
value of α using Eq. (5) with and without the term 2πγ n. (b) The
dependence of the electron g factor on the value of ν2/n at exact
odd fillings for the gated GaN/Al0.06Ga0.94N heterojunction with
two different gate voltages of 1.5 and 10 V. The correspon-
dent densities are 1.74 (green circles) and 2.24 × 1012 cm−2 (red
squares). (c) The magnetotransport data with a clear AL effect
measured on an ungated GaN/Al0.06Ga0.94N sample. Data are
shifted vertically so that σ = 0 at zero magnetic field. The elec-
tron density is equal to 1.7 × 1012 cm−2. Temperature is fixed
at 0.5 K. Solid line represents approximation of the data using
equations from Ref. [43]. Vertical dashed lines denote the value
of transport magnetic field limiting the applicability of the used
WAL theory.

in the diffusive regime, i.e., it holds true in the region of
magnetic fields smaller than the so-called transport field
Btr = �/2el2, where l is the electron mean free path. The
value of Btr is indicated with vertical dashed lines. As
can be seen, the experimental data is fitted well with the
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theoretical formula in case B < Btr, whereas discrepancy
becomes substantial outside this region.

The extracted SO coupling parameters α are summa-
rized in Fig. 3(a). We want to highlight several aspects
of the data extracted from WAL. The WAL experiments
are carried out in the magnetic field range of several mT
in contrast to ESR studies that are performed in the fields
several orders of magnitude larger (up to 15 T). Yet the
values α determined from WAL compare well with those
acquired from ESR experiments and are only a bit larger.
Furthermore, they are in excellent qualitative agreement
with the AL data reported by other groups [19,21]. The
coefficient α extracted from weak antilocalization traces
is reported to depend slightly on the theory used [22,46].
This fact may be responsible for the observed deviation.
The Rashba coefficients deduced from WAL turned out to
be the same for both gated and ungated structures [the data
point for an ungated GaN/Al0.06Ga0.94N heterojunction is
indicated with an arrow in Fig. 3(a)], suggesting that the
accuracy of the used WAL approach is inferior to the ESR
experiments. Moreover, we did not observe weak antilo-
calization for the smallest and highest densities, yet we are
able to probe SO interaction by ESR in these structures.

IV. DISCUSSIONS

Both ESR and WAL approaches yield similar results,
as not only the extracted values of α are close, but its
behavior with varying density is essentially the same. The
dependence of the Rashba coefficient on the density is
almost absent suggesting the bulk origin of SOI. In order
to further understand this result, let us examine closely
the structure of α as a function of the electron wave vec-
tor. Note that it is recently demonstrated [18] that SO
interaction induced by the structural asymmetry of the
GaN/AlxGa1−xN heterostructure is negligibly small, thus
later on we focus on the SO coupling inherited from the
bulk GaN crystal. The SO interaction to the third order in
the wave vector may be written as

HSO = (α0 + bγ k2
z − γ k2

‖)(σxky − σykx). (4)

Here α0 and γ stand for bulk Rashba and Dresselhaus con-
stants, respectively, whereas σ represents Pauli matrices
and b is a constant equal to 3.9 in the case of GaN [17].
In quasi-2DES the term k2

z becomes a parameter depen-
dent on the well shape, as the movement of electrons
in the growth direction is quantized in the size quan-
tized subbands. The value of 〈k2

z 〉 is estimated numerically
with a self-consistent one-dimensional (1D) Schroedinger-
Poisson solver. As the actual form of the quantum well
may be affected by several parameters [44], including
background doping and surface potential, we had to
make several assumptions. Following Ref. [44], the Fermi
energy is believed to be pinned in the middle between the

conduction and valence band on the substrate side. Next,
the background doping is neglected and the barrier height
is supposed to be infinite. Note that under these assump-
tions the value of 〈k2

z 〉 is overestimated, so the actual
contribution from the term bγ 〈k2

z 〉 should be smaller.
The term γ k2

‖ can be taken into account by using the
stationary perturbation theory of the second order on the
whole SO Hamiltonian in Eq. (4). It is convenient to
rewrite it using operators σ± = 1/2(σx ± iσy) and k± =
kx ± iky . Note that in the quantizing magnetic field k± are
directly related to the creation and annihilation operators
a+ and a representing the transfer of an electron to the next
upper or lower Landau level: k+ = √

2a+/lb and k− =√
2a/lb. The resulting correction in the limit of ν2 � 1

and leaving only the linear term in γ can be deduced for
the exact odd filling giving the final formula for the α

coefficient:

α = α0 + bγ 〈k2
z 〉 − 2πγ n. (5)

The value of γ is calculated in Ref. [17] to equal 0.32
eV Å

3
. In order to match the data the α0 is put to be

4.3 meV Å, which is smaller than the value 9.0 meV Å
reported earlier from the theoretical calculations [47]. The
values of α calculated according to Eq. (5) is demonstrated
by the solid line in Fig. 3(a). The theoretically derived α

dependence is rather weak in quantitative agreement with
the experimental data. The dashed line in Fig. 3(a) repre-
sents the behavior of α if the last term 2πγ n is omitted
and here the dependence on the carrier density n is by far
stronger compared to the case, when the term is not taken
into account. This partly justifies the assumption that the
modification of the potential well shape due to the surface
charges may alter the value of α. It is worth noting that the
surface-induced SO interaction is omitted in the theoretical
analysis presented here.

V. CONCLUSIONS

The SO interaction is experimentally probed by the
electron spin resonance technique in GaN/AlxGa1−xN
heterojunctions containing high-quality two-dimensional
electron systems. ESR is used to measure the single-
particle g factor that experiences a SO-induced modifica-
tion in the quantum Hall regime. The measurements of
this phenomenon allowed us to extract the Rashba coef-
ficient in various GaN/AlxGa1−xN heterojunctions with
different electron sheet density. Several distinct methods
are used to alter the electron concentration, namely, opti-
cal pumping by UV light, electrostatic gate voltage con-
trol and changing Al mole fraction in the barrier region.
The experimental dependency of the Rashba coefficient
on the sheet density is rather weak. This surprising find-
ing suggests the bulk origin of the spin-orbit interac-
tion. Theoretical calculations confirm the statement, as
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the cubic in-plane wave-vector term of the Dresselhaus
SOI effectively compensates the rising contribution due
to the change in the quantum well shape. The Rashba
coefficient extracted with the aid of ESR is compared with
the values of α determined from WAL measurements. We
want to highlight that the ranges of magnetic fields used
for WAL and ESR experiments differ by orders of magni-
tude: several mT for WAL and around 10 T for ESR. Yet a
good agreement between the values of α obtained by both
of these methods is observed.
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