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We studied the suppression of weak antilocalization in an AlxGa1−xN/GaN two-dimensional electron gas in
the presence of an additional in-plane magnetic field. By comparing our experimental data to a theoretical
model, we concluded that the suppression can be attributed mainly to the Zeeman effect, while the contribution
due to disorder at the AlxGa1−xN/GaN heterointerface is considerably smaller. Furthermore, our results give
further evidence for the value of spin-orbit scattering length determined from weak antilocalization
measurements.
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Despite the fact that GaN is a large-band-gap material,
clear indications of the presence of a spin-orbit coupling
were recently observed in AlGaN/GaN two-dimensional
electron gases �2DEGs�.1–9 This result is somewhat astonish-
ing, since usually pronounced spin-orbit coupling is expected
in low-band-gap semiconductors, i.e., InAs or InGaAs. The
latter is due to the fact that the strength of spin-orbit coupling
increases with decreasing band-gap energy and increasing
valence-band splitoff energy, as is the case for the semicon-
ductor materials given above.10 Nevertheless, a spin-orbit en-
ergy splitting was observed in AlGaN/GaN 2DEGs. It can
be attributed to the large sheet electron concentration and to
the large internal piezoelectric fields. The latter are a result of
the lower symmetry of the wurtzite crystal lattice, which is
the stable configuration of AlGaN/GaN heterostructures,
compared to the zinc-blende structure of most other III-V
semiconductors.

Information on the strength of spin-orbit coupling in
AlGaN/GaN 2DEGs can be obtained, e.g., by analyzing the
characteristic beating pattern in Shubnikov–de Haas
oscillations1–4 or by the investigation of the circular photo-
galvanic effect.5 However, by using the first approach, a
large spread of the spin-orbit coupling parameter was found,
with some values considerably larger than the theoretically
estimated ones.11 Another viable way is to analyze weak
antilocalization.3,6–9 Here, in the presence of spin-orbit cou-
pling, the quantum-mechanical interference of electrons
propagating on time-reversed paths results in an enhanced
conductance at zero magnetic field.12–14 Compared to the
studies of Shubnikov–de Haas oscillations, the analysis of
weak antilocalization led to more consistent results. In fact,
in all studies on 2DEGs with only a single conductive sub-
band occupied, a characteristic spin-orbit field Bso close to
2 mT was reported.6–9 The quantity Bso is a measure of the
strength of spin-orbit coupling.

In order to deepen our knowledge on spin-related effects
in the transport properties of AlGaN/GaN heterostructures,
we conducted weak antilocalization measurements with an
additional magnetic field B� applied parallel to the plane of
the 2DEG. The effect of B� on the magnetoconductivity is
expected to be twofold. First, the parallel field results in an
additional Zeeman energy splitting according to Ez=g�BB�,

with g the electron gyromagnetic factor and �B the Bohr
magneton. As pointed out by Mal’shukov et al.,15,16 the Zee-
man interaction causes a suppression of the weak antilocal-
ization peak. Experimentally, a suppression of weak antilo-
calization in GaxIn1−xAs quantum wells was observed by
Minkov et al.17 and Meijer et al.18,19 As a second effect of B�,
potential fluctuations due to disorder in the channel, i.e., in-
duced by charged impurities or by interface roughness at the
heterojunction, can give rise to a suppression of interference
effects.17,20–25

In this paper, we report on the weak antilocalization mea-
surement of AlGaN/GaN 2DEGs with an in-plane field B�

applied, in addition. We will elucidate to which extent the
Zeeman interaction and potential fluctuations due to disorder
contribute to the suppression of weak antilocalization. The
Zeeman contribution was considered by taking the known g
factor for GaN into account,26 while the effect of the disorder
contribution is estimated based on the experimentally deter-
mined surface morphology of the layer system. The measure-
ments in a parallel magnetic field allowed us to give further
evidence for the strength of spin-orbit coupling determined
by weak antilocalization.

Two different polarization-doped AlxGa1−xN/GaN hetero-
structures were grown by metal-organic vapor phase epitaxy
on a �0001� Al2O3 substrate. Both layer sequences consisted
of a 3-�m-thick GaN layer followed by an Al0.15Ga0.85N top
layer with thicknesses of 70 and 35 nm for samples A and B,
respectively. A schematic of the layer sequence of sample A
is depicted in Fig. 1 �inset�. All layers were nominally un-
doped. Hall bar structures with a width of 200 �m and with
voltage probes separated by 180 �m were defined by dry
mesa etching. Sample B was covered by a Ni/Au gate elec-
trode isolated from the semiconductor surface by a SiO2
layer.

The samples were measured in a He-3 cryostat equipped
with a superconducting coil with a maximum field of 10 T.
The standard lock-in technique was employed to determine
the magnetoresistance. The first sets of Shubnikov–de Haas
measurements were performed in a configuration with the
magnetic field aligned perpendicularly to the plane of the
2DEG. For the subsequent measurements in an in-plane
magnetic field B�, the samples were mounted with the plane
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of the 2DEG aligned along the field of the 10 T magnet. A
pair of small superconducting split coils with a maximum
field of 20 mT was used to apply a perpendicular magnetic
field B�. Owing to the small size of the samples compared to
the diameter of the split coils, inhomogeneities of B� could
be neglected.

The presence of a 2DEG at the AlGaN/GaN interface can
be deduced from the observance of pronounced
Shubnikov–de Haas oscillations, as shown in Fig. 1�a� for
sample A. From the �1/B� fast Fourier transform of the os-
cillations in Rxx�B��, a sheet electron concentration of n
=3.51�1012 cm−2 was extracted. Only a single subband was
occupied. Temperature-dependent measurements confirmed
that the electron concentration remains constant in the tem-
perature range from 0.5 to 3.4 K. From the resistance at
B�=0, a mobility of �=8530 cm2/V s was determined, re-
sulting in a transport mean free path ltr of 260 nm and a
diffusion constant D of 0.033 m2/s. From corresponding
measurements for sample B at zero gate voltage, n=4.21
�1012 cm−2 and �=7390 cm2/V s were extracted, resulting
in ltr=250 nm and D=0.034 m2/s. At gate voltages of −0.5
and −1.0 V, the electron concentrations are reduced to 3.85
�1012 and 3.53�1012 cm−2, respectively. At all gate volt-
ages, only a single subband was occupied.

In the following, we will focus on the transport properties
close to zero magnetic field. In Fig. 1�b� the quantum correc-
tion to the conductivity ��B��−��0� of sample A is shown
for three different temperatures. The pronounced peak at zero
magnetic field can be attributed to weak antilocalization, be-
ing a clear indication of the presence of spin-orbit
coupling.12 At ±2 mT, the slope of ��B��−��0� changes
sign, indicating the transition from weak antilocalization to
weak localization at sufficiently large magnetic fields. Since
the effects observed here originate from electron interfer-
ence, the decrease of the phase coherence length l� with

temperature results in a corresponding decrease of the weak
antilocalization peak at B�=0.7 The slight asymmetry of the
conductivity with respect to the magnetic-field sign is attrib-
uted to a small asymmetry in the sample geometry.

In order to obtain information on the spin-orbit scattering
length lso and on the phase coherence length l�, the experi-
mental curves plotted in Fig. 1�b� were fitted by using the
model of Iordanskii, Lyanda-Geller, and Pikus �ILP�.27 Only
the k-linear Rashba contribution was assumed, while any
contribution due to the crystal anisotropy was neglected.7

Under this condition, the quantum corrections to the conduc-
tivity depend on three characteristic fields, i.e., Btr, B�, and
Bso. The first parameter Btr, which is defined by � /2eltr

2 , can
be determined directly from ltr as given above. Note that the
ILP model is only valid for B�Btr, in our case: Btr=5 mT.
The remaining two characteristic fields B�=� /4eD�� and
Bso=� /4eD�so were extracted from the fit to the experimen-
tal data. Here, �� and �so are the phase breaking time and
spin-orbit scattering time, respectively. At 1.0 K, the best fit
was achieved for H�=7 �T and Hso=1.6 mT. The values of
�� and �so correspond to a phase coherence length l�

=�D�� of 3.7 �m and a spin-orbit scattering length lso

=�D�so of 300 nm, respectively.
If an additional in-plane magnetic field B� is applied, the

height of the weak antilocalization peak decreases. This can
be seen in Fig. 2, where B� was changed as a parameter from
0 to 1.0 T. A full suppression of the weak antilocalization
peak is reached at B� =1.0 T. However, the slope of
��B� ,B��−��0,0� for �B� � �2 mT attributed to weak local-
ization is basically unchanged if an in-plane field is applied.

As outlined above, an in-plane magnetic field can cause a
suppression of weak antilocalization either due to the Zee-
man effect or due to disorder in the channel. Since in our
case only a single subband is occupied, finite thickness ef-
fects were neglected.23,25,28,29 In order to quantify the effect
of the Zeeman and disorder contributions, we followed the

FIG. 1. �Color online� �a� Magnetoresistance Rxx of sample A
measured at a temperature of 1.0 K with the magnetic field aligned
perpendicularly to the plane of the 2DEG. The inset shows the layer
sequence of sample A. �b� Experimental values ��� of the quantum
correction to the conductivity ��B��−��0� in units of e2 /4	2� vs
B� at temperatures of 0.7, 1.9, and 3.4 K �sample A�. Full lines
show the fit to the experimental data using the ILP model �Ref. 27�.

FIG. 2. �Color online� Experimental values ��� of the quantum
correction to the conductivity ���B� ,B��−��0,0�� / �e2 /4	2�� of
sample A as a function of a perpendicular magnetic field B�. The
in-plane magnetic field B� was changed as a parameter from
0 to 1.0 T in steps of 0.1 T. The full line shows the fit to the model
of Mal’shukov et al. �Ref. 15�.
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approach of Mal’shukov et al.15,16 Here, the quantum inter-
ference corrections to the conductance is divided into two
contributions.27,29 First, the triplet part Ft, representing scat-
tered states with a total angular momentum of 1. The triplet
channel contributes negatively to the interference corrections
of conductivity, i.e., lowers the conductivity. The second
term is the singlet part Fs, representing scattering states with
zero total angular momentum. The singlet channel contrib-
utes positively to the conductivity correction, thus increasing
the conductivity. The dependence of the quantum-
mechanical correction to the conductivity on a combined per-
pendicular and in-plane magnetic field can be expressed
as15–17

��B�,B�� − ��0,B�� =
e2

4	2�
�Ft	B�,t

B�

,
Bso

B�


 − Fs	B�,s

B�

,
Bso

B�


� .

�1�

Here, the characteristic fields representing the phase breaking
in the triplet and singlet contributions are defined by B�,t
=� /4eD��,t and B�,s=� /4eD��,s, respectively. For the triplet
channel, the effective phase breaking rate is enhanced by the
contribution due to the presence of disorder in the channel:
1 /��,t=1/��+1/�d, where 1/�� is the phase breaking rate at
B� =0. The additional rate 1 /�d, given by16,22,23,25

1

�d
=

4eD

�

dB�

2, �2�

represents the contribution due to disorder. The parameter 
d
is a measure of the effect of the disorder due to charged
impurities or due to interface roughness. The phase breaking
rate of the singlet state, 1 /��,s=1/��+1/�d+1/�z, is addi-
tionally enhanced by the Zeeman contribution 1/�z given
by15,16

1

�z
=

�so

�2 �g�BB��2. �3�

Here, for �so the value at B� =0 has to be taken.
In order to obtain information to what extent the two

mechanisms discussed above contribute to the suppression of
the weak antilocalization peak, the experimental curves at
various in-plane magnetic fields were fitted using Eq. �1�.
The corresponding fits are shown in Fig. 2. It turns out that,
with regard to the Zeeman contribution, the best fit is ob-
tained for a g factor of 1.95, corresponding to the value
determined from electron-spin-resonance experiments on
AlGaN/GaN 2DEGs.26 For �so, the value extracted from the
fit at B� =0 using the ILP model was taken. In our case, the
Zeeman energy g�BB� is well below � /�so up to the maxi-
mum value of B�, so that Eq. �1� is valid in the whole range
of B�.15 With respect to the disorder contribution, cf. Eq. �2�,
an optimum value of 2.1�10−4 T−1 was found for 
d. Our
fits to the experimental curves at various in-plane magnetic
fields confirm that the additional phase breaking owing to the
Zeeman effect and to disorder is described well by a B�

2

dependence of 1 /�z and 1/�d, respectively. Furthermore, a
direct comparison of both rates reveals that, for our sample,
phase breaking due to the Zeeman effect is more than a fac-
tor of 2 larger. The conclusions drawn for sample A are con-

firmed by the measurements of sample B; here, for gate volt-
ages of 0, −0.5, and −1.0 V, the best fits were obtained for
the same values of 
d and g as used for sample A.

In contrast to most other 2DEGs in semiconductor hetero-
structures in our case, no modulation doping by impurities is
required to supply carriers at the AlGaN/GaN interface.
Thus the potential fluctuations due to charged impurities
should be small. Since in our structures the carriers are ac-
cumulated at the interface due to polarization doping, pre-
sumably the major disorder contribution is due to interface
roughness. Under this assumption, the value of 
d obtained
from the fit can be compared to values expected from the
surface roughness determined from atomic force microscopy.
Here, a root-mean-square height z̄ of about 0.2 nm was ex-
tracted, corresponding to an almost atomically flat surface
with monoatomic steps. The correlation length L was ap-
proximately 2 �m and thus considerably larger than ltr. For
this particular case �L� ltr�, Mal’shukov et al.16 gave the
following estimate: 
d��e /��z̄2. With z̄ as given above, we
obtain a value of 0.6�10−4 T−1, being somewhat smaller
than the value obtained from the fit.

Further insight into the interplay between the Zeeman and
disorder contributions can be gained by analyzing the quan-
tum correction to the conductance at B�=0 as a function of
B�. The corresponding experimental values of ��0,B��
−��0,0� for sample A are plotted in Fig. 3. From Eq. �1�,
Minkov et al.17 derived the following expression in the limit
B�→0:

��0,B�� − ��0,0� =
e2

4	2�
�2 ln	B�,t + Bso

B� + Bso



+ ln	B�,t + 2Bso

B� + 2Bso

 − ln	B�,s

B�



+ S�B�,t/Bs� − S�B�/Bs�� . �4�

Here, S�x� is defined by

FIG. 3. �Color online� Conductance corrections ���0,B��
−��0,0�� / �e2 /4	2�� of sample A as a function of B� at B�=0
�dots�. The full line shows the calculation according to Eq. �4�
including the Zeeman and roughness contributions. The dashed and
dashed-dotted lines illustrate the case when only the Zeeman con-
tribution or the roughness contribution is assumed, respectively.
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S�x� =
8

�7 + 16x
�arctan	�7 + 16x

1 − 2x

 − 	��1 − 2x�� ,

with ��y� the Heaviside step function. It can be seen in Fig.
3 that a good agreement with the experimental data is ob-
tained if the values of B�,t and B�,s are inserted in Eq. �4�,
which were obtained from the fit shown in Fig. 2. The curves
for the case when only the Zeeman effect or only disorder is
assumed are also shown in Fig. 3. Obviously, the decrease of
��0,B��−��0,0� with B� is dominated by the Zeeman con-
tribution.

The fact that the contribution of the potential fluctuations
due to disorder plays a minor role is confirmed by measure-
ments up to higher values of B�. This aspect is illustrated in
Fig. 4, where the corrections to the conductance of sample B
at a gate voltage of −0.5 V are plotted. It can be seen that
after the weak antilocalization peak is completely suppressed
at B� �1.0 T, no change in the remaining dip due to weak
localization is observed upon a further increase to 3 T. This
is in contrast to the theoretically expected damping of the
weak localization feature if the disorder contribution is suf-
ficiently large.20,22 The narrowing of the weak localization
dip upon an increase of B� up to 7 T is not covered by the
current theoretical models20,22 and was not observed in other
material systems.18

The fits to the experimental data at various values of B�

were performed by assuming a constant value for �so. No
increase of �so with B�

2 was required for a satisfactory fit, in
contrast to the results for other material systems.18 Further-
more, the Zeeman contribution, cf. Eq. �3�, is very well de-
scribed by assuming the value of �so extracted from the fit at

B� =0 according to the ILP model. This gives further evi-
dence for a reliable determination of the spin-orbit scattering
length by weak antilocalization measurements.

In summary, the peak in the conductance due to weak
antilocalization was suppressed by applying a sufficiently
large in-plane magnetic field B�. It was found that the sup-
pression can be attributed mainly to the Zeeman contribu-
tion. Owing to lack of impurity doping and to the very good
interface quality, the disorder contribution plays only a minor
role.
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