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In this Reply,

we reexamine the beating Shubnikov—de Haas oscillations by a nonlinear curve-fitting tech-

nique. The results do not support the arguments of Tang et al. [Phys. Rev. B 73, 037301 (2006)], and it is
unlikely that the beating Shubnikov—de Haas oscillations we observed in Al,Ga;_,N/GaN heterostructures

originate from magnetointersubband scattering.

DOI: 10.1103/PhysRevB.73.037302

Tang et al. commented on our paper' that the beating
Shubnikov—de Haas (SdH) oscillations we observed in
Al,Ga;_,N/GaN heterostructures might originate from mag-
netointersubband scattering (MIS) instead of zero-field spin
splitting. To support their argument, they pointed out that (i)
a second-subband population with SdH oscillation frequency
16.7 T might exist in sample 3, (ii) the theoretical calculation
in wurtzite GaN was still not available, (iii) the phase differ-
ence between SdH and MIS oscillations was equal to 7, and
(iv) the amplitude of the beating pattern induced by the
MIS effect was determined by Ayyg—~sin vw, where
v=(Ep—E,)/ ho,.

In order to examine the accurate phases for the individual
SdH oscillations, we applied the nonlinear curve-fitting tech-
nique to the original data in Fig. 3 of Ref. 1. After the re-
moval of the background noise signal (nonoscillating signal),
the oscillatory resistivity p..(B) was fitted to the superposi-
tion of two independent cosine functions,’

(,L, B)> (—w) 1/X;B
PosclB) = E +(wB)? P\ LB/ sinh(1/X:B)
Xcos(2mfi/B+ ¢;), (1)

where p; is a constant proportional to the zero-field resistiv-
ity, w;=w,7;/ B, 7; is the quantum lifetime of the carrier, and
w.=eB/m", X;=he/2mkgTm", and f; and ¢; are SAH fre-
quency and phase of the ith subband. It is noted that
fi=n;h/2e is for the spin-degenerated ith subband and n; is
the carrier concentration of that subband, but f;=n;h/e is for
the spin-splitting subband due to the lift of spin degeneracy.
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The fitting results are shown in Fig. 1: the upper black lines
are the experimental data and the lower red (gray) lines are
the fitting data for each set of different illuminated times.
The fitting parameters are shown in Table 1.
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FIG. 1. (Color online) The nonlinear curve fitting to the SAH
data of Fig. 3 in Ref. 1. The upper black lines denote the experi-
mental data and the lower red (gray) lines denote the fitting results
for each set.
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TABLE 1. The parameters of curve fitting results for SdH oscillations in Fig. 1.

Time (s) p1 P2 M M2 X5 Fi(T) f2(T) & b
0 91 263 1.07 0.31 0.045 0.039 178.8 159.3 82 165
180 118 172 0.82 0.59 0.058 0.044 179.0 164.3 104 173
780 126 184 0.80 0.79 0.061 0.041 179.6 164.5 124 157
2580 129 229 0.94 0.65 0.056 0.040 180.3 164.8 125 146
7980 142 240 0.80 0.56 0.054 0.042 181.0 164.7 120 148
13380 149 246 0.79 0.56 0.053 0.041 181.2 164.7 117 147

The two fitting frequencies for zero illumination time
(178.8 and 159.3 T) give the carrier concentrations of spin
up and spin down, 4.34 and 3.86 X 10'2 cm™2, which is in
agreement with the low-temperature carrier concentration de-
termined by Hall measurement, 8.96 X 10'> cm™2 (the sum of
spin-up and spin-down carrier concentrations).! This is our
reply to comment (i) of Tang er al. In addition, none of the
phase difference (¢, — ¢,) in Table I is equal to 7r. This is our
reply to comment (iii) of Tang et al. Based on the theory of
magnetointersubband resonant scattering,>* where Sander
et al.” derived their equations, the magnetointersubband reso-
nant scattering produces a series of resistivity oscillations
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FIG. 2. (Color online) (a) The spin splitting determined by the
y-axis intersection of the plot of Das ef al. (8 versus B) in Fig. 4 of
Ref. 6 is §,=2.31 meV. (b) The spin splitting determined by
the beat frequency of the Landau plot (fye=0.925T) is
8=1.16 meV.

with a frequency of (f;—f,) against inverse magnetic field
(1/B). In the equation, A; and A, (the fundamental SdH
terms) are the first-order terms of (1/g), but B, (the MIS
term) is the second-order term of (l/g%); see Eq. (2) of
Ref. 3. The second-order term (MIS) is always small as com-
pared with the first-order terms (SdH)—i.e., Bj,<<A|,A,.
However, in Table I, it is shown that the difference of
fast Fourier transform (FFT) amplitudes for the two SdH
oscillations (in Ref. 1) is mainly due to the presence of
carriers having different “mobility” (u;). Here, the “mobil-
ity” is defined as u,=er;/m". In the Comment of Tang
et al., the argument that the amplitude of the beating
pattern (node) induced by the MIS effect was determined by
Apis ~ sin var, where v=(Ep—E,)/ho,, is incorrect. It should
be v=(Eyp—Ey)/hw.=(f|—f>2)/B; i.e., see Eq. (7) in Ref. 3.
The beat frequency (f,..=f1—/2) should be determined by
the slope of Laudau plot (Landau levels versus 1/B), the
inset in Fig. 5 of Ref. 1, instead of the y-axis intersection of
the plot of Das et al. (8 versus B) in Fig. 4 of Ref. 6. The
spin splitting determined by the the plot of Das e al. is
8=2.31 meV. The spin splitting determined by the beat fre-
quency of the Landau plot (f;,eq;=0.925 T) is §=1.16 meV.
The linear fittings of the two plots are shown in Fig. 2, which
are used the same data points (sample A of Ref. 6). The
results can support our argument.'® This is our reply to com-
ment (iv) of Tang ef al.

A new mechanism (Aq;-Acs coupling) was recently pro-
posed to describe the large spin splitting in wurtzite GaN,
which is originated from the band-folding effect and intrinsic
wurtzite structure inversion asymmetry.” The band-folding
effect generates two conduction bands (A¢; and Ac3), in
which the p-wave probability has tremendous change when
k, approaches the anticrossing zone. The Acj-Acz coupling
can produce a spin-splitting energy much larger than tradi-
tional Rashba or Dresselhaus effects. This is our reply to
comment (ii) of Tang et al.

In conclusion, we have shown that the nonlinear curve-
fitting results do not support the arguments of Tang et al. and
it is unlikely that the beating Shubnikov—de Haas oscillations
observed in Al,Ga;_,N/GaN heterostructures originate from
magnetointersubband scattering.
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