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Spin splitting in modulation-doped AlxGa1ÀxNÕGaN heterostructures
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We have studied the electronic properties of AlxGa12xN/GaN heterostructures by using Shubnikov–de Haas
~SdH! measurement. Two SdH oscillations were detected on the samples ofx50.35 and 0.31, due to the
population of the first two subbands with the energy separations of 128 and 109 meV, respectively. For the
sample ofx50.25, two SdH oscillations beat each other, probably due to a finite zero-field spin splitting. The
spin-splitting energy is equal to 9.0 meV. The samples also showed a persistent photoconductivity effect after
illuminating by blue light-emitting diode.
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The spin splitting of conduction band in the inversio
layer of semiconductor heterostructures has been inv
gated both theoretically1,2 and experimentally3,4 for decades.
The intrinsic splitting is caused by the confinement poten
of a two-dimensional electron gas~2DEG! in the present of
an interface electric field. Two competing mechanisms w
used to interpret the zero-field spin splitting; one is t
inversion-asymmetry-induced bulkk3 term and the other is a
linear interface spin-orbit interaction.1 The calculated spin
splitting in GaAs/AlAs due to the inversion-asymmetr
inducedk3 term is about 4 meV,2 while the theoretical spin
splitting arisen from the linear spin-orbit interaction
smaller than 1 meV.5 However, the experimental spin spli
ting determined from the Shubnikov–de Haas~SdH! mea-
surement on InGaAs/InAlAs is about 1.5;2.5 meV.4 The
value is still unclear to identify the mechanism of the sp
splitting. In order to distinguish these two mechanisms,
need a sample with a large interface electric field to enha
the inversion asymmetry, and its spin splitting exceed
meV, which is ascribed to the inversion-asymmetry-induc
k3 term. Because the AlxGa12xN/GaN heterostructures hav
a large conduction band discontinuity and a strong piezoe
tric effect, a high internal electric field is generated at t
interface. Therefore the AlxGa12xN/GaN heterostructure is
suitable material to evaluate the spin-splitting effe
Shubnikov–de Haas effect on the AlxGa12xN/GaN hetero-
structures has been studied for varied Al compositions fr
x50.1 to 0.18 by Wanget al.,6 and for different barrier
thickness withx50.22 by Jianget al.7 There were two SdH
oscillations observed in both papers. Jainget al. attributed
the additional oscillation to the second subband populat
while Wang et al. did not discuss about it. However, th
secondary SdH oscillation in Wang’s paper showed app
ently different characteristics from that in Jiang’s paper. T
conduction-band bending depends strongly on charge tr
0163-1829/2002/65~16!/161306~4!/$20.00 65 1613
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ferring and polarization field for the piezoelectric materia
such as AlGaN/GaN or InAlAs/InGaAs. Since the greater
composition~x! yields a larger conduction-band offset an
hence more electrons are transferred into the GaN triang
potential well. A high carrier concentration is achieved at t
interface and the second subband is consequently occu
In addition to the charge transferring, a strong macrosco
polarization field is generated at the AlxGa12xN/GaN inter-
face due to the piezoelectric effect. A linear increase of
polarization field with the Al composition was reported.8 The
theoretical calculation showed that the carrier concentra
due to the piezoelectric field depends on the Al composit
of Al xGa12xN layer as well.9 If the high electric field gener-
ates a large inversion-asymmetry-induced spin splitting
the AlxGa12xN/GaN heterostructure, then we should be a
to detect the splitting on the SdH measurement.

Three samples of the modulation-doped AlxGa12xN/GaN
heterostructure were used in this study. The samples w
grown on a sapphire (Al2O3) substrate by metal-organi
chemical vapor deposition and consisted of 1;2 mm GaN
100 Å undoped-AlxGa12xN spacer and 200 Å Si-dope
n-Al xGa12xN barrier @see the inset in Fig. 1~b!#. Al compo-
sition changes fromx50.35 to 0.25 and Si-doping concen
tration varies from 531018 to 1.731017 cm23. The Hall car-
rier concentration (nH) and mobility (mH) of the samples
were determined by van der Pauw Hall measurement and
shown in Table I. The SdH measurement was performed
Hall bar samples, and the data were taken with equal spa
of 1/B ~for the Fourier transformation purpose! from 0.5 to
12 T at the temperature of 1.2 K. The magnetoresistanceRXX
oscillates with 1/B and the SdH frequencyf i depends only
on the carrier concentrationni for the i th subband: f i
5hni /2e. The energy difference between Fermi levelEF and
the i th subband minimumEi can be calculated byEF2Ei
5p\2ni /m* , wherem* is the effective mass andh is the
©2002 The American Physical Society06-1
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Planck’s constant.10 The SdH oscillations were observed
all of the samples. The illumination of the samples by a b
light emitting diode at low temperature increases the car
concentration and the increase is persistent after the rem
of the light ~i.e., a persistent photoconductivity effect!. Fig-
ure 1 shows the plots ofRXX versus the magnetic field afte
illuminating the samples for about 780 s. The fast Four
transformations~FFT! of these SdH data are shown in Fig.
The SdH frequencies of the primary (f 1) and the secondary
( f 2) oscillations are determined from the FFT spectrum.
Figs. 2~a! and 2~b!, if the two SdH frequencies are due to th
lowest two subbands, the carrier concentrations of the
subbands obtained from the two SdH frequencies are 1
31013 and 1.631012 cm22 for sample 1, and 1.0331013 and
5.831011 cm22 for sample 2, respectively. It is reasonab

FIG. 1. The SdH oscillations after illuminating the samples
1.2 K for about 780 s.
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because sample 1 has a higher carrier concentration du
the largerx and higher Si-doping level. If we assume that t
effective mass for the two subbands is about the same,m*
50.215m0 , the energy separation between the two subba
is E22E15128 meV for sample 1, and 109 meV for samp
2. Garridoet al. calculated the energy separation of the fi
and second subbands in Al0.25Ga0.75N/GaN heterostructure to
be 112 meV.8 The theoretical value is in good agreeme
with our experimental results. The small deviation proba
arises from the different sample parameters~e.g., in Garri-
do’s sample,x50.25, the barrier thickness is 350 Å, th
spacer is 30 Å, and the Si-doping level is 231018 cm23!,
which can affect the piezoelectric field and charge trans
ring. Therefore, in samples 1 and 2, electrons transfer fr
the barrier into the 2DEG and start to populate the sec
subband due to the high carrier concentration. In sampl

t FIG. 2. The FFT spectra of the SdH oscillations in Fig. 1.
y van
TABLE I. The parameters of samples and their Hall carrier concentration and mobility determined b
der Pauw measurements at 10 K.

Sample Al composition (x) Si-doping concentration~cm23! nH ~cm22! mH ~cm2/V s!

1 0.35 531018 1.5131013 2720
2 0.31 331018 1.2431013 4009
3 0.25 1.731017 8.9631012 6120
6-2
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there are two SdH oscillations beating each other with t
frequencies,f 15180.0 andf 25163.3 T @see Figs. 1~c! and
2~c!#. The beating effect still exists even after illuminatin
the sample for longer times. Figure 3 shows the plot ofRXX
versus the magnetic field for different illumination time
The two frequencies, obtained from the FFT spectra of
SdH data in Fig. 3, increase with the illumination time~Fig.
4!. The beat frequency (f beat5 f 12 f 2) did not change obvi-

FIG. 3. The SdH oscillations of sample 3 for different illumin
tion times at 1.2 K.

FIG. 4. The frequencies of SdH oscillations for sample 3x
50.25) versus illumination time.
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ously, but the nodes shift to a higher field. The beating eff
implies that the two SdH oscillations have similar freque
cies and comparable amplitudes. There are three possibi
to produce the beating:~i! the spin splitting of the first sub
band, ~ii ! two-subband occupation, and~iii ! the second-
channel located at the Al0.25Ga0.75N barrier. The theoretica
band calculation shows that most of the free electrons tra
fer from then-Al0.25Ga0.75N barrier to the triangular poten
tial well due to the large conduction band offset.8 Even if
there reside some electrons in the barrier layer, the impu
scattering will reduce the mobility of the electrons and hen
their contribution can be ignored. Therefore, the third pos
bility is unlikely to produce the beating effect on sample 3.
we assume that two subbands are occupied, the carrier
centrations obtained from SdH frequencies aren158.73
31012 and n257.9231012 cm22, which yield the energy
separation of 9.0 meV. The theoretical energy separation
the two lowest subbands is about 112 meV. The carrier c
centrations are inconsistent with the Hall carrier concen
tion shown in Table I, and the energy separation disagr
with the calculated value of 112 meV. Therefore, the seco
possibility is probably not the case of sample 3. However
the beating effect has arisen from the spin splitting of
first subband, the spin degeneracy factor of 2 needs to
removed and the relation of SdH frequency to the car
concentrations of spin-up and spin-down electrons beco
f ↑5hn↑ /e and f ↓5hn↓ /e. Thus the carrier concentration
obtained from the two frequencies aren↑54.3631012 and
n↓53.9631012 cm22. These values agree with the Hall ca
rier concentration in Table I. The energy difference~i.e., the
zero-field spin splitting! becomes E↓2E↑52p\2(n↑
2n↓)/m* . We therefore calculated the spin-splitting ener
from the SdH frequencies to beE↓2E↑59.0 meV.

What is the origin to generate the beating effect in sam
3? Das et al. observed the SdH beating effect
InxGa12xAs/In0.52Al0.48As heterostructures and deduced
spin splitting of 1.5;2.5 meV as the applied magnetic fie
approached zero.4 The authors attributed the beating patter
to the finite zero-field spin splitting related to the inversio
asymmetry-induced bulkk3 term.1,2,4 Similar to the weak
ferromagnetic electron system~e.g., ZrZn2!, the imbalance of
the number of spin-up (n↑) and spin-down (n↓) electrons
induces the spin-split Fermi surfaces at zero magnetic fi
and hence produces the beating oscillations on the Fe
surface measurements such as de Haas–van Alphen11 or
Shubnikov–de Haas effects.4 Based on Das’ model,4 the am-
plitude of the beat pattern induced by spin-split Landau l
els can be expressed asASdH;cospn, wheren5d/\v, and
d is the total spin splitting of the Landau levels. If the tot
spin splittingd is B dependent, it can be expanded on t
cyclotron energy:d5d01d1\v1d2(\v)21¯ , whered0
is the zero-field spin splitting andd1\v is the linear-field
splitting, and so on. Becaused05E↓2E↑52p\2(n↑
2n↓)/m* , a finite zero-field splittingd0 gives rise to a bea
pattern against 1/B and the amplitude of the beat becom
ASdH;cos(pfbeat/B) with a beat frequency,f beat5 f ↑2 f ↓ ,
where we usedf ↑5hn↑ /e and f ↓5hn↓ /e. The linear-field
term (d1\v) only contributes a constant phase to the b
pattern,pd1 . The higher-order terms, e.g.,d2(\v)2, will
6-3
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yield a beating effect with aB-dependent frequency, and oc
cur in ferromagnetic materials whose electron exchange
teraction is so strong that the spin-splitting Fermi surfa
depend greatly on the applied magnetic field~e.g., f ↑2 f ↓
5184 T in ZrZn2!.11 However, in the semiconductor hetero
structures, the spin splitting induced by the inversion asy
metry is small and the higher-order terms can be ignor
The amplitude becomes ASdH;cospn5cos(pfbeat/B
1pd1). For example, in Das’ paper the beating pattern w
observed in sampleA, and the last node of the beat patte
appears atB50.873 T ~Fig. 2 in Ref. 4!. The authors esti-
mated the zero-field spin splitting by counting the ha
integer values ofn(51/2, 3/2, 5/2, . . .) against\v, and ob-
tainedd052.37 meV~Fig. 4 in Ref. 4!. However, since the
amplitude of the beatASdH is against 1/B, not \v, the
value of d0 extrapolated against\v in Ref. 4 is incorrect.
We recalculated the beat frequency for the InxGa12xAs/
In0.52Al0.48As heterostructure from the plot of integer vers
1/B at the fields of the nodes in Fig. 2 of Ref. 4. The ne
plot is shown in the inset of Fig. 5, and the beat frequenc
just equal to the slopef beat50.925 T. The linear fit in the
new plot is much better than that in Fig. 4 of Ref. 4. The
fore, we recalculated the zero-field spin splitting f
InxGa12xAs/In0.52Al0.48As heterostructure,d051.16 meV. In
our case, the Al0.25Ga0.75N/GaN heterostructure has a muc
higher piezoelectric effect than InGaAs/InAlAs.12 The high
piezoelectric field results in a greater band bending at
interface, and hence yields a larger spin-splitting energyd0
59.0 meV. This can be checked by the tilt of the sam
orientation with respect to the applied magnetic field. Sin
the Zeeman splitting energy is a function of total magne
field Btot while the SdH oscillation of 2DEG is a function o
the perpendicular component of the applied field, i.
B cosu, whereu is the angle between the sample orientati
and the applied field. The location of the nodes will move
higher fields whenever the Zeeman energy (g* mBBtot) be-
comes comparable tod0 . We performed the SdH measure
ments on sample 3 with a rotating sample holder foru from
22° to 88°. The results were shown againstB cosu in Fig. 5,
where the data ofu588° did not show in the plot. It is found
that the locations of the nodes and SdH peaks are held ne
to
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constant withB cosu for u,43°. It is because in the field
range ~0.5–12 T! the Zeeman energy of sample 3 is st
much smaller than d0 . This occurs in the
InxGa12xAs/In0.52Al0.48As heterostructure for the field rang
from 0.15 to 1.0 T andu,70° ~see Fig. 5 of Ref. 4!. There-
fore, we conclude that the beating effect on the SdH osci
tions observed in sample 3 is probably caused by the fi
zero-field spin splitting due to the inversion-asymmetr
induced bulkk3 term.

The project was supported by the National Science Co
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FIG. 5. The SdH oscillations of sample 3 for the angle
u522°, 13°, 28°, 43°, and 58°. The inset shows the plot of integ
versus the inverse field of the nodes in Fig. 2 of Ref. 4. The b
frequency is obtained from the slope of the plot,f beat50.925 T.
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