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Weak antilocalization and the Shubnikov–de Haas effect were investigated in AlxGa1−xN/GaN two-
dimensional electron gases. The weak antilocalization measurements on a gated sample revealed a constant
spin-orbit scattering length, which does not change if the Al content or the thickness of the AlxGa1−xN barrier
layer is varied. The occurrence of spin-orbit coupling is assigned to the lack of crystal inversion symmetry.
Although for some of the samples a beating pattern was observed in the Shubnikov–de Haas oscillations, its
presence was not attributed to spin-orbit coupling but rather to inhomogeneities in the AlxGa1−xN barrier.
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The interest in GaN-based semiconductors for future spin-
tronic applications is motivated by two aspects: First, nitride-
based diluted magnetic semiconductors are promising candi-
dates for spin injector or spin analyzer electrodes, since for
this material system Curie temperatures above room tem-
perature are theoretically expected and experimentally re-
ported �see, e.g., Ref. 1, and references therein�. Second,
two-dimensional electron gases �2DEGs� in AlxGa1−xN/GaN
layer systems are potential candidates for gate-controlled
spin precession utilizing the Rashba effect.2–5

Spin-orbit coupling in a 2DEG can be studied by analyz-
ing the characteristic beating pattern in the Shubnikov–de
Haas oscillations. Information on the magnitude of the spin
splitting due to spin-orbit coupling can be obtained from the
node positions in the beating pattern.6,7 Also the control of
the spin-orbit coupling can be confirmed by changing the
gate voltage, which changes the shape of the confining
potential.8,9 Alternatively, spin-orbit coupling in a 2DEG can
be studied by analyzing quantum correction to the conduc-
tance; i.e., weak antilocalization �WAL� �Refs. 10–12�. In
contrast to the weak localization effect �WL�, where the con-
ductance is decreased owing to constructive interference be-
tween time reversed paths, random deviations of the spin
orientations due to spin-orbit coupling result in an enhanced
conductance.13,14 The control of the spin-orbit coupling can
also be studied by means of WAL experiments.15–17

In wurtzite-type AlxGa1−xN/GaN 2DEGs zero-field spin
splitting can originate from two mechanisms. First, it can be
due to a macroscopic electric field in an asymmetric quantum
well containing the 2DEG �interface Rashba effect�.2 If this
is the case, the strength of the spin-orbit coupling can be
controlled by a gate voltage.8,9 Second, the lack of inversion
symmetry of the wurtzite-type lattice can result in a zero-
field spin splitting as well. In contrast to zinc-blende-type
lattices,18 here the effective electric field is oriented along the
�0001� direction and thus parallel to the macroscopic electric
field in the quantum well �bulk Rashba effect�.19 Although
spin-orbit coupling in AlxGa1−xN/GaN 2DEGs had been
studied intensively by analyzing the beating pattern in the
Shubnikov–de Haas oscillations20–23 or by measuring WAL
�Ref. 24�, its underlying mechanism is not yet fully under-
stood. In this Rapid Communication we report on antilocal-
ization studies and Shubnikov–de Haas measurements ex-

tended to gate-controlled AlxGa1−xN/GaN 2DEGs. We will
have clear evidence on whether the spin-orbit coupling re-
mains effectively constant or not. These studies are supple-
mented by measurements of two AlxGa1−xN/GaN hetero-
structures with a different AlxGa1−xN barrier layer. The
experimental findings are interpreted by considering the
different contributions to the spin-orbit coupling in
AlxGa1−xN/GaN 2DEGs.

The polarization-doped AlxGa1−xN/GaN heterostructures
were grown by metalorganic vapor phase epitaxy on a �0001�
Al2O3 substrate. The layer sequences consisted of a
3-�m-thick GaN layer and an AlGaN top layer. Both layers
were nominally undoped. Three different layer systems were
investigated. Their Al contents, as well as their layer thick-
nesses, are given in Table I. By using dry mesa etching,
200 �m wide Hall bar structures with voltage probes sepa-
rated by 180 �m were prepared. Ohmic contacts of
Ti/Al/Ni/Au were annealed at 900 °C for 30 s. Sample 1
was covered by a Ni/Au gate electrode isolated from the
semiconductor surface by a 30-nm-thick SiO2 layer.

From Shubnikov–de Haas measurements at 1.0 K the
electron concentrations n and mobilities � were determined
�Table I�. An effective electron mass m* of 0.22 me was
extracted from temperature-dependent Shubnikov–de Haas
measurements.

In Fig. 1�a� the magnetoresistance Rxx of sample 1 is
shown for various gate voltages VG. In the Shubnikov–de
Haas oscillations a beating pattern is observed resulting in a
double-peak structure in the 1/B fast Fourier transform
�FFT� �Fig. 1�b��. Only a single node is resolved in the beat-

TABLE I. Summary of parameters of the different samples: Al
content x, thickness d of the AlGaN layer, electron concentration n,
and mobility �. The values of n and � for sample 1 were taken at
VG=0.

Sample x �Al�
d �AlGaN�

�nm�
n@1.0 K

�1012 cm−2�
�@1.0 K
�cm2/V s�

1 0.15 35 4.21 7390

2 0.15 70 3.62 7580

3 0.30 30 8.00 6820

PHYSICAL REVIEW B 73, 241311�R� �2006�

RAPID COMMUNICATIONS

1098-0121/2006/73�24�/241311�4� ©2006 The American Physical Society241311-1

http://dx.doi.org/10.1103/PhysRevB.73.241311


ing pattern, which shifts from 7 T at VG=0 to 6.3 T at
−2.5 V. From the average position of the double-peak struc-
ture the electron concentration was extracted at each gate
voltage. At zero gate voltage n=4.2�1012 cm−2 is found,
which reduces to almost half its value of 2.4�1012 cm−2 at
VG=−2.5 V. The average electron concentration determined
from the fast Fourier spectrum corresponds to n determined
from the Hall measurements. Simultaneously, the mobility
decreases from 7390 to 6990 cm2/V s, respectively.

The presence of spin-orbit coupling can be deduced from
the measurements of the magnetoconductivity ��B�−��0�
shown in Fig. 2. Here, a peak is found at B=0 that can be
attributed to WAL, whereas the increase for �B��2 mT can

be assigned to WL being the dominant contribution at larger
magnetic fields. A WAL peak is found for all gate voltages.
However, a slight peak height decrease is observed for in-
creasing values of VG.

In order to obtain information on the magnitude of the
spin-orbit coupling at different gate voltages, the experimen-
tal curves were analyzed using the theory of Iordanskii,
Lyanda-Geller, and Pikus �ILP� �Ref. 25�. In this model the
quantum conductance correction is quantified by three char-
acteristic magnetic fields. The first one is Btr=� /2eltr

2 , with
ltr=vF�tr. Here, ltr is the transport mean free path and vF the
Fermi velocity. The transport scattering times �tr at different
gate voltages were determined from �tr=�m*/e. The second
characteristic field, which is related to the phase coherence
length l�, is defined as B�=� /4el�

2 . Here, l� is given by
�D��, with D= 1

2vF
2�tr the diffusion constant and �� the phase

coherence time. The magnitude of the spin-orbit coupling is
quantified by Bso=� /4elso

2 , with lso=�D�so the spin-
relaxation length and �so the corresponding spin-relaxation
time. Only the Rashba contribution was considered in the fit.
The ILP model is valid in the diffusive regime where B
�Btr. For our set of measurements Btr	5 mT.

It can be seen in Fig. 2 that the experimental data of
��B�−��0� can be fitted very well by the ILP model. Since
�tr and D are extracted directly from the Shubnikov–de Haas
measurements, only B� and Bso had to be used as fit param-
eters. The height of the WAL peak at B=0 is closely related
to B� and thus to the phase coherence length l�. The above
mentioned larger peak heights for larger n can directly be
related to an increased value of l�. As can be seen in
Fig. 3�a�, l� is increased from a value of 0.96 �m at
n=2.4�1012 cm−2 �VG=−2.5 V� to 1.22 �m at n=4.2
�1012 cm−2 �VG=0�. In contrast, the corresponding phase
coherence time �� slightly decreases with n, as can be seen
in Fig. 3�a�. The fact that l� nevertheless increases with n can
be explained by the increase of D with increasing n which
overcompensates the effect of ��. The experimental values of
�� are one order of magnitude larger than the values ex-

FIG. 1. �Color online� �a� Magnetoresistance Rxx of sample 1 for
different gate voltages in the range from 0 to −2.5 V at 1.0 K. The
node positions are indicated by circles. For VG=0 and −2.5 V the
filling factors 
 are given. �b� Amplitude of the corresponding 1/B
fast Fourier transform of the magnetoresistance in arbitrary units as
a function of the oscillation frequency Bf in units of T. The corre-
sponding electron concentration n is given by the upper scale.

FIG. 2. �Color online� Experimental values ��� of the quantum
correction to the conductivity ��B�−��0� in units of e2 /2�h vs B of
sample 1 at T=1 K. The gate voltage VG was varied from 0 to
−2.5 V in steps of 0.25 V. The curves are offset by 0.2 e2 /2�h for
clarity. Full lines show the fit to the experimental data using the ILP
model �Ref. 25�.

FIG. 3. �Color online� �a� Phase coherence length l� and phase
coherence time �� vs electron concentration n. �b� Spin-relaxation
length lso and spin-relaxation time �so vs n. The corresponding ef-
fective spin-orbit coupling parameter �* is shown in �c�.
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pected from theory.26 The large discrepancy might be due to
the small Fermi energy of the 2DEG compared to metallic
systems.14,27

Although in our set of measurements n is increased by
almost a factor of 2, the spin-relaxation length lso remains at
about the same value of approximately 290 nm �Fig. 3�b��.
However, since D increases with n, �so does decrease with
increasing electron concentration. Since we could not distin-
guish between the interface and bulk Rashba effect we cal-
culated an effective spin-orbit coupling parameter compris-
ing both contributions by:16 �*=�2 /�2m*lso. The value of �*

remains almost constant at 8.5�10−13 eV m for all gate volt-
ages, since �* depends only on lso �see Fig. 3�c��.

The peak height in ��B�−��0� attributed to WAL is re-
duced if the temperature is increased, as can be seen in Fig.
4�a�. By fitting the experimental data to the ILP model we
found that this decrease can be explained solely by a reduc-
tion of l� with increasing temperature while lso remains con-
stant. As can be seen in Fig. 4�b�, 1 /�� increases linearly
with temperature in accordance with theoretical models.26

Spin-orbit coupling mainly effects the position of the minima
in ��B�−��0�, which are found at approximately ±2 mT for
all temperatures. Consequently, from the fit to the ILP model
we found that Bso remains at the same value of 2 mT, corre-
sponding to lso=290 nm.

We have seen that for sample 1 the spin-relaxation length
lso is constant if the electron concentration or temperature is
changed. An interesting question is whether a different value
of lso could be observed in AlxGa1−xN/GaN 2DEGs with
different layer sequences. For this reason, we investigated a
layer system with a thicker barrier layer �sample 2� and a
sample with a higher Al content of 30% in the barrier layer
�sample 3�. As can be seen in Figs. 5�b� and 5�c�, for both
samples the minima in ��B�−��0� are found at ±2 mT, re-
sulting in the same spin-relaxation length as for sample 1.
This result shows that lso seems to be solely determined by
the GaN channel layer and that it is not affected by the
barrier.

Often information on the spin-orbit coupling parameter is
extracted from the nodes in the beating pattern of the
Shubnikov–de Haas oscillations. Assuming that the origin of
the beating pattern can be attributed to Rashba spin splitting,
the coupling parameter �* was determined from a fit to cal-
culated magnetoresistance oscillations. The latter is based on
the energy spectrum including the Landau quantization, the
Zeeman term, and the Rashba effect.29 For the g factor a
value of 1.95 was taken.28 For sample 1 a value of �*=4.7
�10−12 eV m was extracted at VG=0, which monotonously
increases to 5.7�10−12 eV m at VG=−2.5 V. Interestingly,
for sample 2 the node in the beating pattern is found at a
higher magnetic field of 9 T compared to sample 1, resulting
in �*=6.5�10−12 eV m �see Fig. 1�a��. In contrast, for
sample 3 no signature of a beating pattern is observed. Tak-
ing all three samples into consideration, it can be inferred
that �* extracted from the beating pattern is not consistent
with �* determined from the WAL analysis.

For a 2DEG with a single subband occupied, as in our
case, the presence of WAL is an unambiguous sign of the
presence of spin-orbit coupling. In contrast, a beating pattern
in the Shubnikov–de Haas oscillations can have other ori-
gins, e.g., an inhomogeneous carrier distribution.30 Cathod-
oluminescence spectroscopy of AlxGa1−xN/GaN interface
structures has shown that in the AlxGa1−xN barrier layer do-
mains with slightly different Al content can be formed.31,32

This would result in a slightly different electron concentra-
tion in the 2DEG and under certain domain distributions to a
beating pattern in the Shubnikov–de Haas oscillations. For
our samples this interpretation might apply, since the signa-
ture of the beating pattern changes from sample to sample.
For a definite answer concerning this issue further structural
studies are required. In any case, the value of �* extracted
from the beating pattern is too large if compared to the val-
ues obtained from the WAL measurements. As shown above,
�* obtained from the WAL analysis is identical for all three
samples under study, although the AlxGa1−xN barrier layers
as well as n are different. Furthermore, for sample 1 the

FIG. 4. �Color online� �a� Experimental values ��� of ��B�
−��0� in units of e2 /2�h vs B of sample 1 at VG=0. From the
top to the bottom, the curves correspond to T
=4.8,3.7,3.1,2.6,2.0,1.4,0.5 K. Full lines �green� show the fit to
the experimental data using the ILP model �Ref. 25�. �b� Inverse
phase coherence time 1/�� as a function of temperature at VG=0.
The gray line shows the corresponding linear fit.

FIG. 5. �Color online� �a� Shubnikov–de Haas oscillations of
samples 2 and 3. The filling factors 
 are given for higher magnetic
fields. Because of the beating pattern, 
 has to be assigned to the
maxima of the oscillations for sample 2. �b� Sample 2: Experimen-
tal values ��� of ��B�−��0� in units of e2 /2�h vs B and fit to the
ILP model �full line�. �c� Corresponding data for sample 3.

WEAK ANTILOCALIZATION IN GATE-CONTROLLED¼ PHYSICAL REVIEW B 73, 241311�R� �2006�

RAPID COMMUNICATIONS

241311-3



effective spin-orbit coupling parameter does not change with
gate voltage. From this observation we can conclude that the
contribution of the interface Rashba effect can be neglected.
The spin-orbit scattering present in our sample thus seems to
be completely determined by the bulk Rashba effect, which
is a crystal effect and cannot be controlled by a gate.

In conclusion, spin-orbit coupling in AlxGa1−xN/GaN
2DEGs was investigated. WAL measurements on a gated
sample as well as on samples with different barrier layers
revealed a constant effective spin-orbit coupling parameter.
No evidence of the interface Rashba effect was found. The

beating pattern observed in the Shubnikov–de Haas oscilla-
tions of some samples could not be attributed to the presence
of spin-orbit coupling but rather to electron concentration
variations due to inhomogeneities of the AlxGa1−xN barrier
layer.
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