
PHYSICAL REVIEW B 15 SEPTEMBER 1999-IVOLUME 60, NUMBER 11
Zero-field spin splitting in an inverted In 0.53Ga0.47As/In0.52Al0.48As heterostructure:
Band nonparabolicity influence and the subband dependence
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A gated inverted In0.52Al0.48As/In0.53Ga0.47As/In0.52Al0.48As quantum well is studied via magnetotransport.
By analyzing the gate-voltage-dependent beating pattern observed in the Shubnikov–de Haas oscillation, we
determine the gate voltage~or electron concentration! dependence of the spin-orbit coupling parametera. Our
experimental data and its analysis show that the band nonparabolicity effect cannot be neglected. For electron
concentrations above 231012 cm22, it causes a reduction ofa up to 25%. We report thea value for the second
subband.@S0163-1829~99!09335-2#
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Study of the spin-orbit coupling in semiconductor and
influence on transport phenomena is currently of grow
interest. Spin-orbit coupling in heterostructures with stru
ture inversion asymmetry is known to lift the electron su
band spin degeneracy at finite values of the wave ve
parallel to the interface, leading to a finite spin splitting
the Fermi level in the absence of external magnetic fi
~Bychkov-Rashba spin splitting!.1 It causes both macro
scopic effects like a beating pattern in the Shubnikov–
Haas ~SdH! oscillation2,3 and mesoscopic effects such
antilocalization4 and spin-orbit Berry phase.5,6 Recently it
was found that a surface gate could control the spin-o
coupling parametera.7–9 This is a first step to realizing a
spin-transistor proposed by Datta and Das.10

However, the understanding of this subject is still cont
versial. For example, a contribution of the average elec
field to the spin splitting is estimated very differently in di
ferent theoretical models.8,11–13 Experiments on
InxGa12xAs/InxAl12xAs ~Ref. 7 and 8! and InAs/AlSb~Ref.
14! quantum wells, respectively, found rather different b
havior of the gate voltage~or electron concentration! depen-
dence ofa. Comparing the theories with experiment requir
accurate determination of the electric field distribution alo
the growth direction. However, it was usually done by fitti
the measured total electron density based on self-consi
subband structure calculations. It is not clear to what ex
one can rely on the field distribution obtained in this wa
Indeed, in gated structures it is often found that the app
gate voltage differs from the value required to fit the to
density, indicating that good fitting of the total density do
not reflect a correct determination of the detailed field dis
bution. More precise and comprehensive experimental d
are required. In addition, except for a general discuss
given by Daset al.,3 the band nonparabolicity effect wa
often neglected both in the evaluation of the spin splitt
from SdH data and in the self-consistent band-structure
culation. While earlier work on Bychkov-Rashba spin sp
PRB 600163-1829/99/60~11!/7736~4!/$15.00
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ting focused on mostly GaAs/AlxGa12xAs hetero-
structures,1,11 recently there is growing interest of usin
InxGa12xAs or InAs quantum wells2–8,14 where the band
nonparabolicity effect is not negligible due to their smal
energy gap.

In this paper, we report on an investigation of the ga
voltage Vg dependent SdH oscillations in an inverte
In0.52Al0.48As/In0.53Ga0.47As/In0.52Al0.48As quantum well.
Fourier analyzing the SdH oscillations as functions of 1B
confirms the existence of the zero-field spin splitting of t
second electron subband. The gate voltage dependence o
spin-orbit coupling parametera of both the first and second
subband is determined. We find that taking into account
correction from band nonparabolicity leads to a reduction
a up to 25% at high concentrations. To our knowledge, t
effect was not reported in previous studies.

Our sample is an inverted modulation-dop
In0.52Al0.48As/In0.53Ga0.47As/In0.52Al0.48As quantum-well
structure grown by molecular-beam epitaxy on a Fe-do
semi-insulating~100! InP substrate. The two-dimension
~2D! electron gas channel is formed in the undop
In0.53Ga0.47As channel layer of 20 nm thickness. Undernea
the quantum well, a 7-nm-thick In0.52Al0.48As carrier supply
layer with the doping density of 431018cm23 is separated
from the channel layer by an undoped 6-nm-thi
In0.52Al0.48As spacer layer. Standard Hall bar was fabricat
above which a gate electrode was made on the top of a 1
nm-thick SiO2 insulating layer. The sample without a SiO2
insulating layer and gate electrode was initially characteri
by SdH measurement and its temperature dependence.
carrier concentrationns was estimated to be 231012cm22

with an electron mobility of 36 500 cm2/V s. From the tem-
perature dependence of the SdH oscillation amplitude,
effective massm* of the electron at the Fermi level wa
deduced to be 0.05me , whereme is the free electron mass

The SdH measurement of the gated sample is perform
in lock-in technique with an excitation current of 73 nA at
7736 ©1999 The American Physical Society
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temperature of 0.4 K. Figure 1~a! shows the typical results
obtained under different gate voltage bias. Beating patte
are observed at the low magnetic-field region, in accorda
with a previous study on a different sample from the sa
wafer.7 The origin of the beating pattern is known to be t
zero-field spin splitting, which results in two closely spac
SdH oscillation frequency components with similar amp
tudes. At positive gate voltage, a different low SdH oscil
tion frequency component appears that becomes clearly
ible for Vg.0.5 V. It indicates the occupation of the seco
subband with small carrier density.

It is well known that the SdH oscillation for an ideal 2
system is periodic in the inverse field, whose period, w
spin degeneracy 2, is given byD(1/B)5(e/\p)/ns , where
ns is the carrier concentration. In a system where sev
spin-split subbands are occupied with electrons, a fast F
rier transform~FFT! performed on the SdH oscillations a
functions of 1/B gives a direct measurement of spi
dependent carrier concentrations of each subband. The
respondent FFT results of the SdH oscillations displayed
Fig. 1~a! are shown in Fig. 1~b!. The ~horizontal! frequency
axis is normalized to give the unit in the spin-depend
carrier concentration. With increasing gate voltage, car
concentrations of both subbands are found to linearly
crease till reaching saturation values. While the total satu
tion density is determined by the doping and layer structu
the relative concentrations of the two subbands reflect
intersubband energy. It is interesting to notice that the g
voltages at which the carrier concentrations saturate
slightly different for the two subbands. This implies that t
intersubband energy could not be simply determined fr
the confinement potential, but it changes with the gate v
age, depending on the detail of the carrier and field distri
tion, which must be solved in a self-consistent way. T
clearly resolved double-peak structures allow us to determ
the concentration of carriers on the same subband bu
different spin orientations. The presence of two types of c
riers on the first subband with slightly different concent
tions causes the beat observed in the SdH oscillation.
particular interest is the double structure feature of the s

FIG. 1. ~a! Shubnikov–de Haas oscillations measured atT
50.4 K with different gate voltage applied.~b! The corresponding
Fourier power spectra of traces in~a!. The horizontal axis is nor-
malized to give the unit in the spin-dependent carrier concentrat
Traces are shifted vertically for clarity.
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ond subband observed for high positive gate voltage.
though it is difficult to identify beating patterns related wi
the second subband, the FFT analysis shows that the se
subband also splits into two spin-resolved sublevels.

Recently, based on the consideration of the sp
dependent density of state, a simple formalism w
developed,8 where the spin-orbit coupling parametera i of
the i th subband could be determined from the total (ni) and
the difference (Dni) of the concentrations of the spin
resolved sublevels by the form

a i5
Dni\

2

m*
Ap/2~ni2Dni !. ~1!

Here m* is the electron effective mass at the Fermi lev
This expression is, however, worth checking f
InxGa12xAs/InxAl12xAs heterostructures since it is based
the parabolic energy dispersion of the form1

E~k!5Ei1
\2k2

2m*
6a i uku, ~2!

whereEi is the i th subband energy,k is the electron wave
vector parallel to the interface, and6a ik describes the spin
orbit coupling energy. In the In0.53Ga0.47As/In0.52Al0.48As
quantum-well structure studied here with a typical total el
tron concentration of about 231012cm22, the nonparabolic-
ity induced energy correction at the Fermi level can be e
mated to beEF

2/Eg'10 meV. HereEF is the Fermi energy
measured from the subband edge andEg50.81 eV is the
energy gap of In0.53Ga0.47As. As found in this work this en-
ergy correction is larger than the Bychkov-Rashba spin sp
ting energy at the Fermi level~of about 5 meV!. Therefore
one has to take into account the modification of the den
of states by the band nonparabolicity to get the correct va
of a from the measured electron concentrations. The s
plest way of including the band nonparabolicity effect~ne-
glecting any anisotropy! is to start from an energy dispersio
of the form

E~k!5Ei1
\2k2

2m0*
2

S \2k2

2m0*
D 2

Eg
6a i uku. ~3!

This equation is based on the two-band model for narro
gap semiconductors and comes from an expansion of
square-root dispersion relation. Using the band-edge ef
tive massm0* '0.042me for In0.53Ga0.47As, the energy de-
pendence of the electron effective mass deduced from Eq~3!
is found to be in agreement with the previous experimen
result.15 Using this energy dispersion,a i of the i th subband
is found to be of the analytical form

a i5Ap/2
\2

m0*
~Ani1Dni2Ani2Dni !~12j i !, ~4!

where j i5(2p\2/m0* Eg)ni is the normalized modification
factor arising from the band nonparabolicity. For largeEg or
small ni where j i'0, and by assumingm0* 5m* , a i de-
duced from Eq.~4! is approximately equal to that from Eq
~1!.16

n.
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In Figs. 2~a! and 2~b! we plot the carrier concentration o
the spin-resolved subbands and the spin-orbit coupling
rametera as a function of the gate voltage, respectively.
Fig. 2~a!, up and down triangles represent the concentra
of electrons on different spin-resolved sublevels. For the g
voltage below 1 V, the spin-splitting for the second subba
was not resolved. In Fig. 2~b! we comparatively plot the
value ofa determined with~solid marks! and without~open
marks! band nonparabolicity correction by using Eqs.~4! and
~1!, respectively. Circles and squares represent the spin-
coupling constant of the first and second subband, res
tively. Clearly, the band nonparabolicity effect is not neg
gible when the subband is highly populated. With the sa
ration density of about 2.831012cm22 for the first subband,
the modification ofa1 due to the band nonparabolicity effe
reaches about 25%. We therefore confirm that in our str
turea1 of the first subband could be modulated from a va
of 10310212eV m at21 V to about 5310212eV m at11.5
V. Such a 100% changing of the value ofa could be applied
to modulate the spin precession angle fromp to 2p, which is
required to get the maximum current modulation in the fi
effect spin transistor.10

Another commonly used method to determinea is to fit
the measured beating pattern in SdH oscillations with the

FIG. 2. ~a! Up ~n! and down~,! spin electron concentration
obtained from experiment shown in Fig. 1 as a function of the g
voltage.~b! Spin-orbit coupling parametera of the first~circle! and
second~square! subband obtained including~solid! and not includ-
ing ~open! band nonparabolicity correction as a function of the g
voltage.
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of Landau fan chat.2,7,8,14 Instead of using the slight differ
ence of the density of states of the two spin-resolved sub
els, this method relies on the slight difference in the sp
dependent modification of the otherwise equally spa
Landau levels. Similar to the above discussion, if the mo
fication of the electron kinetic energy due to the band n
parabolicity is comparable or larger than that due to the sp
orbit coupling, both effects have to be treated on the sa
level to get the correct value ofa. This is also numerically
confirmed by fitting our SdH data with the use of the Land
fan chat, where the obtained value ofa ~taking into account
only the correction of the spin-orbit coupling!, is close to the
open marks in Fig. 2~b!. We emphasize that the correction
a due to the band nonparabolicity depends on both the ba
gap energy and the electron concentration. The recent s
of a gated InAs/AlSb quantum well,14 where the spin-orbit
coupling constant was found to be gate voltage independ
need probably be revised since InAs has a small band-
energy. Indeed, cyclotron resonance experiment on sim
InAs/AlSb structures confirmed that both the effective ma
and theg factor are strongly energy dependent due to
band nonparabolicity.17

Finally, we would like to discuss the different value ofa
found for the first and second subband, respectively. de
drada e Silva, La Rocca, and Bassani12 showed that in a
square quantum wella should be determined by the penetr
tion of the wave function into the barriers and its asymme
at both interfaces. Since the wave function for the seco
~higher! subband penetrates more into the barriers than
of the first subband, they predicta2.a1 , if the asymmetry
of both wave functions is similar. That is what we observ
An estimation based on the recent theory13 found thata1 can
be either smaller or larger thana2 , depending on the detai
of the potential shape of the quantum well. A quantitati
evolution of botha values would require a detailed know
edge of electric field distribution in the well, which is a
present unknown.

In conclusion, the Bychkov-Rashba spin-orbit coupli
parameter of the conduction-band electrons in an inve
In0.52Al0.48As/In0.53Ga0.47As/In0.52Al0.48As heterostructure
with different surface gate voltage bias was investigated. T
concentration dependence of the spin-orbit coupling par
etera is determined for two subbands. The band nonpara
licity effect is quantitatively analyzed and it is found to b
important at high densities or/and in heterostructures w
small energy gap.

This work has been partially supported by the Core R
search for Evolutional Science and Technology~CREST! of
the Japan Science and Technology Corporation. One o
~C.M.H.! would like to thank Y. S. Gui, Z. H. Chen, and P
D. Ye for many helpful discussions.

e

e

s,

v.
1Y. A. Bychkov and E. I. Rashba, J. Phys. C17, 6039~1984!.
2J. Luo, H. Munekata, F. F. Fang, and P. J. Stiles, Phys. Rev. B38,

10 142~1988!; 41, 7685~1990!.
3B. Das, D. C. Miller, S. Datta, R. Reifenberger, W. P. Hong, P.

Bhattacharya, J. Singh, and M. Jaffe, Phys. Rev. B39, 1411
~1989!; 41, 8278~1990!.
.

4W. Knapet al., Phys. Rev. B53, 3912~1996!.
5A. G. Aronov and Y. B. Lyanda-Geller, Phys. Rev. Lett.70, 343

~1993!.
6A. F. Morpurgo, J. P. Heida, T. M. Klapwijk, and B. J. van Wee

Phys. Rev. Lett.80, 1050~1998!.
7J. Nitta, T. Akazaki, H. Takayanagi, and T. Enoki, Phys. Re



, U

-

hy

ijk,

J.

te-

and

PRB 60 7739BRIEF REPORTS
Lett. 78, 1335~1997!.
8G. Engels, J. Lange, Th. Scha¨pers, and H. Lu¨th, Phys. Rev. B55,

1958 ~1997!; J. Appl. Phys.83, 4324~1998!.
9J. P. Lu, J. B. Yau, S. P. Shukla, M. Shayegan, L. Wissinger
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