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Abstract

Spin–orbit coupling is investigated by magneto-conductivity measurements in AlxGa1–xN/AlN/GaN heterostructures with a

polarization-induced two-dimensional electron gas having a carrier density range from 0.8� 1012 cm�2 to 10.6� 1012 cm�2. The zero-

field electron spin-splitting energies extracted from the weak antilocalization measurements are found to scale with the Fermi wavevector

kF as 2ðakF þ gk3
FÞ with effective linear and cubic spin–orbit parameters of a ¼ 5.070.3� 10�13 eVm3 and g ¼ 1.670.6� 10�31 eVm3,

respectively. The cubic spin–orbit coupling parameter is purely due to the bulk inversion asymmetry of the wurtzite crystal and has not

been previously measured for the GaN system.
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Following the prediction of above room temperature
ferromagnetism in GaN-based dilute magnetic semicon-
ductors [1], the GaN-based layer system emerged as very
interesting candidates for spintronic applications [2].
However, for realization of useful spintronic devices based
on GaN, several important physical processes such as
generation, transport, and detection of spin must be
performed in a controllable manner. These are challenging
tasks, since spin is not a conserved quantity in semicon-
ductor heterostructures. One of the important issues is the
spin–orbit interaction in two-dimensional (2D) electron
systems. Spin–orbit interaction is responsible for the spin
relaxation in low dimensional semiconductor systems. In
this context, it is essential to understand the spin–orbit
coupling and the associated zero-field electron spin-
splitting in GaN-based 2D electron systems.
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It is well known that the spin-splitting for a 2D electron
system originates from both the structural inversion
asymmetry (SIA), i.e. Rashba term, of a quantum well
(QW) [3] as well as the bulk inversion asymmetry (BIA) of
the crystal [4,5]. The spin-splitting in GaN/AlGaN arising
from the SIA scales linearly with the Fermi wavevector kF,
whereas there are two terms associated with BIA effect for
a wurtzite structure: one scales as kF and the other scales as
k3
F and is anisotropic in the plane of GaN/AlGaN QW

[6,7]. The Rashba coupling is of particular interest for gate
controlled spin transistor applications [2] and the kF linear
BIA spin–orbit term is only specific to wurtzite (W) bulk
crystals and does not exist in zinc-blende (ZB) structures.
However, in a c-axis-oriented W-structure 2D system, both
SIA and BIA effects have the similar terms in the effective
spin–orbit coupling Hamiltonians [3]. The contributions
of these terms have not been measured independently for
the GaN/AlGaN heterostructures. Therefore, it remains
a challenging task to differentiate the contributions by
SIA and BIA effects in W-structure materials. Recently,
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Fig. 1. (a–b) Magneto-conductivity after the subtraction of the zero-field

background of samples B and E at T ¼ 1.6K. The solid lines are

theoretical fits to the data. (c) BSO extracted from WAL fits versus carrier

density for six samples.
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zero-field spin–orbit splitting parameter has been calcu-
lated theoretically in wurtzite GaN/AlGaN heterostruc-
tures and a large spin–orbit coupling is predicted due to
strong polarization field at the interface and polarization-
induced doping [8,9]. However, in Ref. [9], the BIA
coupling coefficients in III-nitrides were estimated from
parameters of other semiconductor materials and only
the effective linear coupling coefficient was obtained. The
BIA terms were expected to be larger than SIA term in
III-nitride QW [9]; that means the effective cubic BIA term
scaling with k3

F is not negligible in W–GaN QW systems,
especially when the carrier density is high. Furthermore,
there have been conflicting reports on the size of spin-
splitting energies based on the beat patterns of Shubnikov-
de Haas (SdH) oscillations [10,11]. To resolve these issues,
two other groups and we have recently used weak
antilocalization (WAL) measurements to extract spin-
splitting energies instead [6,7,12]. WAL measurements,
which are reliable for studying the spin–orbit coupling,
have been consistent among the aforementioned efforts
and revealed that the spin splitting energies scale linearly
with kF at low carrier densities. In this work, we extended
the WAL measurements to higher carrier densities and
report the contribution of the cubic k3

F term due to the BIA
effect for the first time.

We use AlxGa1–xN/AlN/GaN heterostructures with a
wide range of carrier densities in this work. The hetero-
structures were all grown by metalorganic vapor-phase
epitaxy on c-plane sapphire substrates and consist of the
following layers: a 3 mm GaN buffer layer, a 1 nm AlN
interfacial layer, a 25 nm AlxGa1–xN layer and a 3 nm GaN
cap layer where the Al composition x ranged from 0.1 to
0.35. All layers were undoped and the 2D electron gas
(2DEG) is induced by spontaneous and piezoelectric
polarization effects just below the AlN interfacial layer,
which was used to suppress alloy scattering [13]. To study
the magnetotransport properties 600 mm long� 100 mm
Hall bar structures were fabricated by photolithography
followed by dry etching. Ti/Al/Ti/Au contacts annealed at
900 1C were then used to form ohmic contacts to the
2DEG. The Hall bar samples A, B, C, D, and E were
fabricated using heterostructures with Al compositions
x ¼ 0.1, 0.15, 0.25, 0.3, and 0.35, respectively. We also
fabricated a gated Hall bar structure, sample F, which is
identical to sample E except a metal gate was deposited on
the heterostructure to vary the carrier density of 2D
electrons.

The samples are characterized by magneto-resistance
and Hall measurements in a variable temperature cryostat
with a base temperature of 1.6K. The carrier densities
extracted from Hall and SdH oscillations were in agree-
ment with each other. By employing the persistent
photoconductivity effect in samples A–E [14], we were
able to vary the carrier density of the samples in a
controllable manner over the ranges of 0.8–1.3�
1012 cm�2, 1.7–4.9� 1012 cm�2, 3.1–6.7� 1012 cm�2, 5.3–
8.9� 1012 cm�2 and 8.1–10.6� 1012 cm�2 for the five
heterostructures, respectively [7], at 1.8K. In sample F,
by applying a gate voltage from �1900 to 300mV we were
able to cover a carrier density range of 9.3–10.6�
1012 cm�2. As expected, the sample with the highest
Al concentration x ¼ 0.35 exhibited the highest carrier
density. In terms of mobility, sample B with the Al
concentration of x ¼ 0.15 had the highest electron mobility
of m ¼ 20, 300 cm2/V s at a carrier concentration of
n ¼ 4.9� 1012 cm�2 at 4.2K [7].
To extract the spin–orbit coupling and the associated

spin-splitting energies, we measured the quantum correc-
tions to conductance at low magnetic fields. Typical traces
of magneto-conductivity after the subtraction of the zero-
field background, Ds ¼ s(B)�s(0), obtained from two
samples are shown in Fig. 1(a–b). There is a clear WAL
behavior at magnetic fields below 2mT at 1.8K. This
feature arises from the quantum interference of spin-
dephased paths and can be used to quantify spin–orbit
coupling in semiconductors. The size of WAL feature is
strongly temperature dependent and decreases with in-
creasing temperature whereas the width of the peak does
not vary with temperature.
We analyzed the WAL effect by using the Iordanskii,

Lyanda-Geller, and Pikus (ILP) equations [15]. For each
sample, we determined the elastic scattering time ttr, the
diffusion constant D ¼ v2Fttr=2, and the characteristic
transport field Btr ¼ _=4eDttr using the measured values
of carrier density and mobility. A typical transport field Btr

is around 7mT in our experiment. We fit the data with two
adjustable parameters, the spin–orbit field BSO ¼ _=4eDtSO
and the phase coherence field Bf ¼ _=4eDtf, where tSO
and tf are the spin–orbit and phase coherence times,
respectively. For the traces shown in Fig. 1(a–b), best fits
are obtained using BSO ¼ 1.81 and 2.17mT and Bf ¼ 0.095
and 0.133mT, for samples B and E, respectively.
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Fig. 2. The spin-splitting energy extracted from WAL measurements

versus Fermi wavevector. The solid line is a fit to the data, which includes

both the linear and cubic terms for spin–orbit interaction. The inset shows

the 95% joint confidence area in the a–g parameter.
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In Fig. 1(c), we show BSO versus the carrier density and
a striking feature appears: as the carrier density varies
from 1.7 to 10.6� 1012 cm�2, BSO varies from 1.7 to
2.37mT. Since BSO is proportional to the spin–orbit
coupling parameter, this observation indicates that the
spin–orbit energy is no longer a linear function of kF at the
particularly high carrier density. The spin-splitting energy
ESS ¼ 2_O can be calculated from the spin–orbit field using
the equation BSO ¼ ð_=4eDÞ2O2t, where O is the spin–orbit
frequency. We plot the spin-splitting energies extracted
from all the samples as a function of the Fermi wavevector
kF in Fig. 2. At low carrier densities, the spin-splitting
energy is expected to scale linearly with kF and at higher
carrier densities there should be a crossover to the cubic
region. A deviation from the linear behavior is evident in
the data shown in Fig. 2. We should note that the Fermi
wavevector is determined from the measured carrier
density using kF ¼

ffiffiffiffiffiffiffiffi

2pn
p

, which assumes that the 2D
electrons only occupy the lowest sublevel of the confine-
ment potential. This assumption may no longer be valid at
high carrier densities (�1013 cm�2) where the second
subband would start to be occupied. Thus, the actual kF
would be a bit smaller than that given by the equation, in
which case the deviation from the linear behavior observed
in Fig. 2 would get even more enhanced. By fitting the data
to a form ESS ¼ 2ðakF þ gk3

FÞ, we extracted the linear and
cubic spin–orbit parameters of a ¼ 5.070.3� 10�13 eVm
and g ¼ 1.670.6� 10�31 eVm3, respectively. This repre-
sents the first measurement of the cubic spin–orbit
parameter for the GaN/AlGaN system. We also show in
the inset in Fig. 2a 95% joint confidence area for the linear
and cubic spin–orbit parameters based on a statistical error
analysis of our data. The joint confidence area is a tilted
ellipsoid in the a–g parameter space; for the 95%
confidence region it covers a range of 4.7–5.3� 10�13 eVm
in a and 1.0–2.2� 10�31 eVm3 in g.
For a W–AlxGa1–xN/AlN/GaN heterostructure, both

the SIA of the QW (Rashba term) and the BIA of the
crystal contribute to the linear term. We note that we did
not observe any significant difference in the spin-splitting
energies for sample E and F, where the carrier density was
varied by the persistent photoconductivity effect and by
gating, respectively. This suggests that the spin–orbit
coupling cannot be varied easily by gating in this material
system. Further theoretical and experimental work is
needed to quantify the individual contributions of BIA
and SIA to the linear term. In contrast, the cubic spin–orbit
parameter purely arises from the BIA of the crystal. We
note that the cubic parameter of GaN extracted from our
measurements is 2 orders of magnitude smaller than that of
GaAs [16].
In conclusion, we have extended WAL measurements of

spin–orbit coupling in AlGaN/AlN/GaN 2D electron
systems to carrier densities as high as 10.6� 1012 cm�2.
We find that the electron spin-splitting energies do not
scale linearly with kF at high carrier densities. From this
deviation, we are able to extract the cubic spin–orbit
parameter g ¼ 1.670.6� 10�31 eVm3 for this material
system for the first time, which suggest that the k3

F term
from BIA effect in spin-splitting energy is not negligible in
the high carrier density region.
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