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We report experimental evidence that indicated the lifting of the spin degeneracy of the two-

dimensional (2D) electron ground subband due to the lack of inversion symmetry in narrow
InAs/GaSb quantum wells. Through detailed analysis of the beating patterns in 2D electron
Shubnikov-de Haas (SdH) oscillations, we conclude that the finite spin splitting at B =0 is dom-

inated by the lack of inversion symmetry in the confining potential well. The efFects of the inversion

asymmetry connected with the InAs bulk structure, although they exist, are of minor importance in

the samples studied. The 2D energy band structure in such asymmetric wells can be described by
including the Rashba term, H, , =a, (o Xk).z, into the electron Hamiltonian; the spin-orbit cou-

0

pling constant a, =0.9X 10 eV cm is determined for a 75-A well by simulating the measured SdH
oscillations. We also studied the magnetic field dependence of the spin splitting by rotating the sam-

ple in constant magnetic fields as high as 15 teslas. The results indicate that the spin splitting in-

creases nonlinearly with the external magnetic field. Finally, the electron scattering times of the
two spin states of the ground electron subband are not always the same; their difFerence is found to
increase with the spin splitting. The possibility of spin-dependent scattering mechanisms is also dis-
cussed.

I. INTRODUCTION

The electron states in an ideal noninteracting two-
dimensional electron gas (2DEG) are twofold spin degen-
erated unless an external magnetic field B is applied. The
magnetic-field-induced spin splitting, the so-called Zee-
man term, is equal to gp&8, with p~ the Bohr magneton
and the free-electron spin g factor of about 2. This
description, however, is too simple for most real 2DEG
systems because not only do the electrons strongly in-
teract with each other, they also are influenced by elec-
tronic properties of their host system. One of the most
extensively studied 2DEG systems is an inversion layer
on a Si metal-oxide-semiconductor field-effect transition
(MOSFET). The spin splitting of the 2D energy levels in
the inversion layer can be properly described by the Zee-
man term; but the spin g factor has been shown to depend
on the electron concentration and on the position of the
Fermi energy relative to the Landau levels due to many-
body effects. ' If the host system lacks spatial inversion
symmetry, then the spin degeneracy of 2D electron states
is lifted even in the absence of an external magnetic field.
Effects related to this zero-field spin splitting have been
reported recently in systems such as GaAs,
In Ga, As, and Hg, Cd&~ Te.

In this paper, we report an experimental study of
molecular-beam-epitaxy (MBE)-grown InAs/GaSb quan-

turn wells which contain a 2DEG confined in the InAs
layer sandwiched between two GaSb barriers. An in-
teresting feature of the InAs/GaSb system is that the
electrical properties of the 2DEG strongly depend on the
InAs layer width (d, ). The wide wells (d, ) 100 A) ex-
hibit well-defined Shubnikov-de Haas effects. The elec-
tron spin splitting depends linearly on the external mag-
netic field and vanishes at 8=0; the g factor varies in
general from the InAs bulk value of 15 and decreases
with reducing of the well width. For example, values of
g =19 and 17 have been measured by Chang et al. on
InAs/GaSb superlattices with d, =1000 and 500 A, re-
spectively, and g =8 measured on 100-A wells by Smith
and Fang. The dependence of g factor on the well width
is attributed to the competing effects of electron many-
body interactions and the InAs conduction-band nonpar-
abolicity in the system. Many-body effects enhance the
spin g factor for decreasing electron density in a similar
fashion to that observed in Si inversion layers. The non-
parabolicity effects, which are negligible in Si but become
rather important for InAs, tend to reduce the g factor for
increasing confinement energy. Therefore, reducing the
well width can effectively enhance the effect of nonpara-
bolicity and to cause the g factor to become smaller than
the InAs bulk value. In extremely thin wells (d, -75 A),
the SdH oscillations show beating patterns instead of the
usual simple 1/B periodic oscillations due to the finite
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zero-field spin splitting of the ground electron subband.
The focus of this work is on this group of extremely nar-
row InAs/GaSb quantum wells, i.e., to identify the origin
of the zero-field spin splitting and to study the evolution
of the spin splitting in finite external magnetic fields.

II. THE ORIGIN OF THE ZERO-FIELD
SPIN SPLITTING

The zero-field spin splitting of electron energy levels in
a quantum well can be caused by the lack of inversion
symmetry either in the host semiconductor bulk crystal
potential or in the interface confinement potential. Both
kinds of asymmetry exist in the InAs/GaSb system stud-
ied here because InAs, with a zinc-blende structure, is in-
trinsically inversion asymmetric, and a certain degree of
asymmetry in the potential well is also expected due to
the characteristics of the growth of the samples. The
spin splitting of I 6 conduction band in a bulk zinc-blende
semiconductor has been ascribed to a k contribution in
conduction-band Hamiltonian. When a quantum well is
built on this type of semiconductor, the electron wave
vector perpendicular to the layer is quantized to
k, -(n. /d, ) and the electrons can only move freely along
the well plane. If the quantum well is thin enough that
the in-plane wave vector k «(m/d, ), then the spin split-
ting caused by the bulk asymmetry will be dominated by
the leading term

'2
7T

~bulk V
Z

where k is the in-plane 2D wave vector and y is a
material-specific constant. The well-width-dependent
coefficient (n/d, ) indicates that the spin splitting that
originated from the bulk inversion asymmetry can be
enhanced by the quantum confinement.

The spin splitting associated with the potential-well
asymmetry, on the other hand, has no explicit depen-
dence on the well thickness. An asymmetric well is ac-
companied by an interface electric field, which is directed
along the normal of the well plane and lifts the spin de-
generacy of the 2D electron energy bands by coupling the
electron spin and orbital motion. This spin-orbital cou-
pling is described by a Hamiltonian' '" H, , =a, (n
Xk) z, where o is the vector of the Pauli spin matrices, z
is the unit vector along the surface field direction, and k
is the electron wave vector along the plane. The spin-
orbit coupling constant a, is implicitly proportional to
the strength of the built-in surface electric field (E,„,r).
Since it was first introduced by Rashba, this spin-orbit
Hamiltonian H, , is usually referred to as the Rashba
term. The resultant spin splitting,

well thickness.
The two aspects of the total spin splitting, that caused

by the bulk structure and that by the interface potential,
are both proportional to the electron in-plane wave vec-
tor. No matter which one of them dominates, the sample
with higher electron concentration (n, ) exhibits larger
zero-field spin splitting in the SdH-type measurements
that probe the electronic properties at the Fermi level.
This is because the Fermi wave vector kf =(2nn, ).' for
a 2D system. The evaluation of the bulk or surface field
term based on the total spin splitting obtained for a given
sample is nearly impossible due to the lack of quantitative
information about either one of them. Because of the
(1/d, ) dependence of the bulk asymmetry term, howev-
er, samples with comparable carrier concentrations but
with different well widths can be examined to give a
quick insight into the relative importance of the bulk and
well asymmetry effects.

Devices consisting of a 75- or 100-A InAs layer were
examined for this purpose. The samples, with a typical
electron mobility of -20000 cm /Vs at 4.2 K, were
grown from identical material following the same MBE
procedures. We have chosen two wells with similar elec-
tron concentrations: 1.0X10' cm - for the 75-A well
and 1 ~ 14X 10' cm for the 100-A well. Because of the
InAs conduction-band nonparabolicity effects, their
effective electron masses at the Fermi energy are slightly
different from each other with 0.055m0 for the narrower
well and 0.047m0 for the wider well. Here, m0 is the free
electron mass. If the bulk asymmetry term dominates,
then the zero-field spin splitting of the 100-A well would
be approximately (75/100) -0.6 times smaller than that
of the 75-A well. This could be tested by a simple
analysis of the beating pattern in the SdH oscillation
from the two samples.

Figure 1 shows the magnetoresistivity p„at 1.2 K as a
function of the magnetic field applied perpendicular to
the 2D layer. The low-field SdH oscillations shown in the
insets are quite different for the two samples, both in the
number of oscillations between the beat minima, usually
called nodes, and in the oscillation amplitude at the
nodes. The nonzero amplitude at the node of the 100-A
sample indicates that the electrons in the two spin sub-
bands oscillate at different strength, and a detailed discus-
sion of this will be given in a later section. Here we focus
on the spin splitting, which is inversely proportional to
the number of oscillations between two adjacent nodes
when the total number of electrons is held constant.
Clearly shown in the insets of Fig. 1 is that the 100-A
well has N" '=3 oscillations between the nodes [Fig.
1(a)], and the number is X' '=ll for the 75-A well
[Fig. 1(b)]. Thus, the ratio of the zero-field spin splitting
between the two samples is given by the following:

~s.o. +surf k (2)
g(]00 A)/g(75 A) ~(75 A)/~(100 A) 11/3 4spin spin (3)

is proportional to the Fermi wave vector and the strength
of the surface electric field. Because of variations during
the MBE growth of the InAs/GaSb quantum wells used
in our experiments, the degree of potential-well asym-
metry, and therefore the surface-field-induced spin split-
ting, varies from sample to sample independent of the

Therefore the zero-field spin splitting of the wide well
(100 A) is much larger than that of the thin well (75 A),
contrary to the expectation from the bulk structural
asymmetry term. On the other hand, this result can be
easily fitted into the well asymmetry picture by assuming
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Spin —Orbit Coupliag Constant
I

a, = 0.9x10 eV cm
0.5

~L

in the following discussion of the evolution of the spin
splitting in a tilted magnetic field.

IV. MAGNETIC FIELD DEPENDENCE
OF THE SPIN SPLITTING

Dash Dne = Rashba Model
Solid Line = Data

i, I. . . , I. . . , I. . . , I. . . , I. . . ,

0.6 0.8 1 1.2 1.4 1.6
B (T I)

FIG. 5. Numerical simulation (dashed lines) for the magne-
0

toresistance oscillation from the 75-A well (solid lines) with
Rashba's model. The parameters used in the calculation are the
spin-orbit constant n, =0.9 X 10 ' eV cm, and the level

broadening I =1.5 eV.

ied here. Bychkov and Rashba" have determined the
spin-orbit coupling constant a, for the experimental data
on GaAs heterojunctions by Stein et al. (electron-dipole
spin transitions) and Stormer et al. (cyclotron reso-
nances). Their values are a, -2.5 X 10 ' eV cm for the
2D electrons and a, -0.6X 10 eV cm for the 2D holes.
The spin-orbital coupling constant obtained here is larger
than that of GaAs heterojunctions, in part indicating
stronger spin-orbit interaction in InAs material andjor
reAects the many-body efFect enhancement of g factor in
SdH measurements.

Based on the numerical simulation results, we conclud-
ed that the 2D electrons in InAs/GaSb quantum wells
are best described by the type of energy dispersions
shown in Fig. 4. It should be noticed that in Rashba
model the spin-orbital coupling constant a, is the only
variable and the zero-Geld spin splitting does not enter
the calculation. The zero spin splitting at the Fermi level
in Rashba's model is given by 2a, kf, with kf the average
Fermi wave vector determined by the total number of
electrons in the system. From the known a, -0.9X 10
eV cm and the total electron concentration n, =1.0
X 10' cm, 2a, kf =4.0 meV is obtained. This value is
in reasonable agreement with 5, ,„=3.7 meV obtained by
counting the number of oscillations between beat nodes
(i.e., the constant spin-splitting model). Therefore, for
the energy analysis purpose, the constant spin-splitting
model is still acceptable. The origin of the phase shift in
the simulation based on the constant spin-splitting model
becomes rather clear by comparing the energy levels in
Fig. 2 with those in Fig. 4. The Landau-levels spectrum
from the constant spin-splitting model varies from the
Rashba model, most obvious in the low-field region, caus-
ing an error in predicting the positions of the Landau-
level position in the magnetic field at the Fermi energy.
Since the complete consideration of the Landau-level
spectrum in a tilted magnetic field becomes extremely
complicated, we will use the constant spin-splitting model

Since the SdH measurement is a finite magnetic field

probe, the zero-field spin splitting obtained from analyz-
ing the beat pattern is really the averaged spin splitting in
the beat field window, for example, about 0.5 —1.5 T for
the 75-A well. However, since the Zeeman splitting is
negligible in such small magnetic fields, the total spin
splitting is dominated by the contribution from the sur-
face electric field term, providing a good approximation
for the spin splitting at B~O. In this section we em-

ployed the tilting field technique of Fang and Stiles' to
study the spin splittings of the 2D EG over a larger mag-
netic field range.

The basic assumption for applying the tilting field tech-
nique is that the electron spin splitting is determined by
the total magnetic field, while the Landau-level separa-
tion is determined by the field component perpendicular
to the 2D layer. For a 2D EG with strong spin-orbit cou-
pling, one might expect the spin splitting to depend on
the magnetic field (both magnitude and orientation) in a
more complicated way. However, the spin splitting is
found to be fairly constant for all tilting angles in the
study by Radantsev et al. ' on the Hg„Cd, „Te hetero-
structures, another material with strong spin-orbit cou-
pling. This indicates that the tilted field technique can be
applied to the InAs system under consideration.

In the following measurements we rotate the sample in

a constant magnetic field B,. The Landau-level separa-
tion varies with the tilting angle 0 as it is determined by
the magnetic field perpendicular to the 2D plane, by
B~ =B,cos(9). The spin splitting, on the other hand, is

undisturbed by the rotation. The measured SdH oscilla-
tion (p,„versus Bj ) yields information about the electron
concentrations of the two spin states, and hence, the spin
splitting at that particular total field. In evaluating the
electron spin splitting, we use a constant cyclotron mass
of 0.055mo for all tilting angles. Because of the nonpara-
bolic InAs conduction band, the electron effective mass
would increase with the total magnetic field, which may
raise the electron Fermi level through the diamagnetic
energy shift of the subband. However, such nonparaboli-
city effect is extremely small since the Fermi energy tends
to be pinned at the interface. A detailed discussion of the
diamagnetic energy and the Fermi energy pinning will be
given in Sec. IVB.

A. Beating patterns in B, ( 8 T

The magnetoresistivity p„ is recorded at 1.2 K as a
function of the tilting angle for 15 different total magnet-
ic fie1ds ranging from 2 to 15 T. One set of these oscilla-
tions for the 75-A well is plotted against the inverse of
the normal magnetic field component 1/B~ in Fig. 6.
The beat node positions along with X, the number of os-
cillations between them, are also indicated. For easier
identification of the nodes position, the smooth back-
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FIG. 6. The evolution of the beating pattern from the 75-A
well in tilted magnetic fields up to 7.0 T. With increasing total
magnetic field, the number of oscillations between the beat
nodes decreases while the beat node opens up —oscillation am-

plitude at the node increases.

ground in each trace of p„„versus 1/Bi has been sub-

tracted. Presented here are the oscillatory parts multi-
Bo/B~

plied by an exponential factor e ' ', with BO=3.25 T
on the average, to roughly compensate the field decay of
the oscillation amplitude. The level broadening I can be
evaluated from the characteristic field Bo by setting the
collision damping of the SdH oscillation exp( —2@I /
%co, ) =exp( Bo/Bi ). Th—e value obtained, I = 1.5 me V,
is consistent with that assumed in the simulation of the
beating pattern in the previous section.

The data in Fig. 6 show that with increasing total mag-
netic field the amplitude at the beat node increases, or in
other words, the SdH amplitudes from the two spin states
grow increasingly apart from each other. Unequal
scattering times for the two spin states have to be pro-
voked to explain this behavior, and the details will be dis-
cussed in a later section. As for the spin splitting
b,~;„-1/N, the trend is very clear that it is essentially in-

dependent of the strength of the total magnetic field at
B, & 4.0 T and increases with B, beyond this field.

B. Beating patterns in B, & 8T

Another set of the tilted field SdH oscillations are rnea-
sured in total magnetic field higher than 8.0 T. As the
beat pattern in Fig. 6 continues to evolve with the in-
creasing total magnetic field, the scattering rates of the
two spin states become so different from each other that
only one spin contributes to the SdH oscillation at low
quantizing field; the other spin state starts to oscillate at a
much higher field. The oscillatory behavior of p„at
B,= 11.3 T is shown in Fig. 7 as an example of this group
of data. Instead of beating pattern, the data are best
characterized by a frequency switch in the otherwise

i I I I I I

01 02 03 04 05 06 07 08 09
INVERSE PERPENDICULAR MAGNETIC FIELD I/B (T )

FIG. 7. The beating pattern is not observed if the total mag-

netic field is higher than 8.0 T, because the electron scattering
times become so different that only one spin contributes to the
oscillations in small B, field. The figure shows the SdH oscilla-
tion at 8, = 11.3 T as an example. In this case, the electron con-
centrations of the two spin states can be determined from the
slopes of the index of the oscillation maximum vs 1/8& plot.

"normal" sinusoidal oscillations in 1/Bi field. The tran-
sition quantizing field is indicated by the intersection of
the two straight lines in the plot of the field positions of
oscillation maxima versus their indexes. The section-wise
linear index plot can be used to our advantage in deter-
mining the electron concentrations of the two spin bands,
because the slope of an index plot is directly proportional
to the number of electrons participating in the osci11ation.
The electron concentration of the spin with the long
scattering time, nI =4.5X10" cm, is given by the
slope of low B~ region, and the total electron concentra-
tion, n tot, &

=8. 1 X 10" cm, is given by the slope in the
high Bi region where both bands participate in the oscil-
lation. Finally, the electron concentration for the spin
with the short scattering time, n 2

=n „„~—n
&

=3.6 X 10"
cm, is easily obtained.

The following features emerge from a close examina-
tion of this high-field data shown in Fig. 7. First, the spin
splitting indeed has no field orientation dependence be-
cause otherwise the charge transfer would occur between
the two spin levels following the sample's rotation and
the index curve would not be linear. Secondly, since the
spin state with the long scattering time has more elec-
trons, i.e., n

&
& nz, it is lower in energy. Finally, the sys-

tem lost 5n~„, =no —n„„& electrons from the well during
the tilting, where no=1.0X10' cm is the electron
concentration obtained from low-field Hall xneasurexnent.
The missing electrons can be accounted for by consider-
ing the diamagnetic shift of the ground-state energy,
which is the rise of the 2D electron subband energy due
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to the shifting of cyclotron orbit centers in a parallel
magnetic field. Normally diamagnetic energy is undetect-
ed by transport measurements because the Fermi energy
also moves up by the same amount along with the 2D
electron subband so that the relative energy between the
two levels is not changed. In the InAs/GaSb quantum
wells there exist some positively charged states in the
GaSb sides, whose energies are above the initial electron
Fermi energy. As the diamagnetic shift raises Fermi level
across these charge states, they are occupied by electrons
from the well and become neutralized. The diamagnetic
energy is estimated to be Ed;, =e BI (z„„)/2m= 13
meV, assuming the standard derivation of electron wave
function z„„equal to the well width 75 A and parallel
field B~~

——B,=11.3 T for the experimental regime of the
tilting angle. Since the actual shift of the Fermi level
could be anywhere between zero and Fd;, , the value

p,„,t =5n,„„/Ed;, = 1.2 X 10' cm eV ' gives the
lower limit for the density of states of the positive
charges in the GaSb barrier. The quantum well is asym-
metric due to the uneven distribution of these charge
states among the two GaSb barriers.

The electron concentrations of the two spin bands and
the spin splitting at B,=8.0, 9.0, and 10.0 T are also
determined by measuring the two slopes of the index plot.
The data in field higher than 11.3 T are not used because
our tilting apparatus has an angle resolution of 1 and the
resulting error bar in our calibration of the perpendicular
field becomes excessive at large tilting angles. Although
a different approach —counting the number of oscilla-
tions between the adjacent beat nodes —has been applied
to the carrier concentration analysis of the tilted field
data for B, (8 T, where the beat is the main characteris-
tic of the SdH oscillations. The two groups of tilting field
data, despite their strikingly different line shapes, are in
fact the same type of SdH oscillations that consist of the
contributions from two electron bands.

C. Spin splitting versus 8,

The results of 5, ;„versus B, are summarized in Fig. 8,
where the low- and high-field sections join smoothly
around B,=8.0 T, although the methods of obtaining
le

p
in the two regimes are quite different as discussed

above. Thus, the spin splitting is a smooth function of
the magnetic field despite the apparently abrupt changes
in the SdH oscillation line shape. The uncertainties in
Lab

p
are due to the limited accuracy of 1 in the calibra-

tion of the rotating angle 0.
The results in Fig. 8 clearly demonstrate how the spin

splitting evolves as the external magnetic field increases:
the spin splitting remains at its zero-field value in the
magnetic field up to 5.0 T, then it starts to increase. The
characteristics of this result can be easily understood if
one views the built-in surface electric field as an
equivalent magnetic field in the electrons' rest frame of
reference. When the external magnetic field is small com-
pared with the strength of this internal field, the total
electron spin splitting is basically determined by the
spin-orbital coupling effects. Hence it has little depen-
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FIG. 8. The spin splitting as a function of the total magnetic
field. Note that the spin splitting has little field dependence for
8, & 5.0 T and then increases nonlinearly beyond that field. The
dashed lines show the spin Zeeman splitting for g = 8 and 19.

dence on the external magnetic field. The spin Zeeman
splitting becomes more important with increasing exter-
nal field strength and eventually causes the later increase
of spin splitting as observed at high fields. The dashed
lines in Fig. 8 show the field dependence of the Zeeman
splitting gp&B, for g =19 obtained by Chang et al. , and
for g =8 obtained by Smith and Fang. In both experi-
ments no zero-field spin splitting was reported presum-
ably because the quantum wells examined were consider-
ably more symmetrical than ours. Our results shown in

Fig. 8 are consistent with the rms value of the zero-field
splitting term and the Zeeman term of Smith and Fang
for data below 9 T. For higher magnetic field, the ob-
served spin splitting is likely enhanced by the many-body
exchange interaction. The g =19 result of Chang et al.
was observed in much wider quantum wells (15—100 nm)
where the nonparabolicity effect reported in Ref. 6 is not
important. Rather, the competing many-body effect
enhancement becomes the most prominent feature in
their experiment.

The monotonic increase of the spin splitting with mag-
netic field suggests that the zero-field spin splitting and
Zeeman splitting enhance each other in this sample.
How the zero-field spin splitting relates to the field-
induced Zeeman splitting provides another clue to distin-
guish whether it is originated from the bulk asymmetry
or the surface electric field. According to the calculation
by Lommer et al. ,

' the surface-field-induced zero-field
splitting has the same sign as the Zeeman splitting,
whereas the bulk-asymmetry-induced spin splitting has
the opposite sign. For GaAs quantum wells dominated
by bulk asymmetry, the spin splitting is predicted to de-
crease first as the magnetic field increases from zero, van-
ishing at a finite magnetic field, and only to increase with
magnetic field when the Zeeman term is larger than the
bulk term. The measured spin splitting shown in Fig. 8,
however, does not go to zero at any magnetic fields.
Lommer et al. also pointed out that the spin-orbit term is
expected to become more important for the inversion lay-
ers on the narrow-gap semiconductors, such as InSb and
Hg„Cd, Te. Our system InAs, very much like InSb in
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terms of band parameters, certainly falls into this group
of narrow-gap systems. Thus, the observed field depen-
dence of the spin splitting supports our previous con-
clusion that the surface electric field is the origin of the
zero-field splitting in the InAslGaSb quantum wells.

V. THE POSSIBILITY
OF SPIN-DEPENDENT SCATTERING

The final discussion concerns the scattering of the 2D
electrons in the quantum well. At a given temperature,
the SdH oscillation amplitude of p due to collision
damping is'

A -co,exp

where ~ is the single-particle relaxation time which in
general is closely related to the electron scattering time.
In the case of our experiment, there are two sets of SdH
oscillations contributing to the measured oscillatory
resistivity. The line shape of the beating pattern in the
data relates to the amplitudes (A, , A2) of the two SdH
components: the extrema of the beat amplitude are
given by A

&

—A2 and A &+ A2. Thus the electron
scattering of the two spin subbands can be compared
with each other through the amplitude analysis of the
beat patterns.

We first consider the 75-A well. In small magnetic
fields, for example Fig. 1(a), the vanishing oscillation am-
plitudes at the beat nodes suggest that the electrons from
the two spin subbands oscillate with equal strength, or
their scattering times are equal. In strong magnetic field,
the two scattering times become so different that only one
band contributes to the oscillations at low perpendicular
field. This is clearly illustrated by the B, =11.3 T data
shown in Fig. 7, from which we also determined that the
low-energy spin state has a much longer scattering time
than the high-energy state. The change in the relative
scattering time is a gradual one as shown by Fig. 6, where
the beat node amplitude increases as the total magnetic
field is increased. It should be noted that since the elec-
tron concentrations are not equal for the two spins, their
SdH oscillation amplitudes are different even if the two
scattering times are the same. However, this effect is
small, and the changes in the beat amplitudes are caused
mostly by the changes in the electron scattering times.

The observation of the different scattering times for the
two spin subbands is not limited to the presence of a
parallel magnetic field, which effectively increases the
spin splitting. Nonzero node amplitudes are also shown
in Fig. 1(b) by the 100-A sample whose zero-field spin
splitting is about four times larger than that of the 75-A
well due to a strong built-in electric field. Therefore,
there seems to be a close link between the energy separa-
tion of the two spin states and their scattering time
difference; how the spin splitting is introduced, i.e., by an
interface electric field or by an external magnetic field,
might be of less importance. A spin-dependent scattering
process which suppresses the SdH oscillation of one spin
more than the other is needed to explain our observa-
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FIG. 9. The magnetoresistance as a function of the parallel
magnetic field. Since p is inversely proportional to the aver-
aged electron scattering time ~, this result shows that ~ de-
creases with the parallel field due to increased electron scatter-
ing.

tions. We are not aware of any scatters in our system
which may give nonequivalent scatterings for the two
spin states. However, one might speculate that the
paramagnetism of the charged scatters at high magnetic
field might play a role. The magnetic field dependence of
the SdH amplitude is frequently used to deduce the elec-
tron scattering time. In our case this becomes rather
difficult because the two sets of SdH oscillations are su-
perimposed. Other qualitative measurements on the elec-
tron scattering times should be conducted before we can
understand the details of the scattering mechanisms.

In addition to growing apart from each other, the two
scattering times also show an overall decrease with the
increasing external magnetic field. The scattering time
can also be estimated from the value of the lowest quan-
tizing field at which the oscillation can be resolved. The
so-called on-set field requires that e,~= 1, or is inversely
proportional to the electron scattering time. We ob-
served that the on-set field of the oscillations, which is
determined by the longer one of the two scattering times
involved, moves up to higher quantizing field 8~ as the
total magnetic field is increased. Since the field window
in 8~ is roughly fixed for all tilted field data, an increase
of total magnetic field is equivalent to an increase of the
parallel magnetic field component. The overall decrease
of the electron scattering times is attributed to the
parallel-field-induced Lorentz force which pushes elec-
trons in the 2D layer towards the interfaces of the quan-
turn well. As a result, the scattering of the electrons by
the interface roughness and by charged centers located
near the interfaces is enhanced.

To quantitatively illustrate this point, we measured
longitudinal resistivity by applying the magnetic field
strictly parallel to the well plane. The results in Fig. 9
show a drastic increase of the longitudinal resistivity as
soon as the field is turned on. The fact that the beating
patterns in Fig. 6 at B, =2.0, 3.1, and 4.0 T have zero
node amplitude suggests the two spin bands have about
the same scattering times in small magnetic field (8, &4
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T). The positive magnetoresistance in this field region
can only come from the enhanced surface scattering as
the result of deformation of the electron wave function in

the presence of the parallel magnetic field. For the inter-
mediate field of about 4 to 7 T, we have an additional
contribution to the observed positive magnetoresistance
because the scattering times of the two spin bands be-
come different. For a two-carrier system, one always ob-
serves a positive magnetoresistance which is proportional
to the square of the difference of the two scattering
times. ' It is quite interesting to note that the measured
magnetoresistance in Fig. 9 saturates for fields above 7 T
as if the system behaves as a single carrier system again.
This is due to the fact that one of the spin bands has di-

minishing mobility at high magnetic fields.

VI. CONCLUSIONS

Between the two sources of inversion asymmetry exist-
ing in the InAs/GaSb quantum wells, i.e., that of the
InAs bulk structure and that of the confining potential,
we have shown that the latter dominates the 2D electron
energy band structures for the samples studied. The elec-

tron Landau-level spectrum in small perpendicular exter-
nal magnetic field is found to be best described by
Rashba's calculation that includes the spin-orbit term
H, , =a, (tr Xk) z into the electron Hamiltonian. We
found that the spin splitting of the ground electron sub-
band does not vanish at 8 =0, and increases nonlinearly
with the increase of the external magnetic field. This is
the combined result of the surface electric-field-induced
spin splitting and the external magnetic-field-induced
spin Zeeman splitting. %'e also observed that the
difference between the quantum scattering times of the
two spin states increases with their energy separation,
i.e., the spin splitting. The electrons in the low-energy
spin states are found to have a longer scattering time
than those of the high-energy spin states. The details of
the spin-dependent scattering mechanism are not clear at
present.
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