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InAs-AlSb quantum wells in tilted magnetic fields

S. Brosig and K. Ensslin
Solid State Physics Laboratory, ETH Zu¨rich, 8093 Zürich, Switzerland
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InAs-AlSb quantum wells are investigated by transport experiments in magnetic fields tilted with respect to
the sample normal. Using the coincidence method, we find, for magnetic fields up to 28 T, that the spin
splitting can be as large as five times the Landau splitting. We find a value of theg factor of ugu'13. For small
even-integer filling factors the corresponding minima in the Shubnikov–de Haas oscillations cannot be tuned
into maxima for arbitrary tilt angles. This indicates the anticrossing of neighboring Landau and spin levels.
Furthermore, for particular tilt angles we find a crossover from even-integer-dominated Shubnikov–de Haas
minima to odd-integer minima as a function of magnetic field.
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I. INTRODUCTION

The energy spectrum of two-dimensional electron ga
~2DEG’s! in magnetic fields of arbitrary orientation is fairl
well understood.1,2 Most considerations follow a single
particle approach which is powerful to explain several of
experimentally observed features. For magnetic fields ti
with respect to the sample normal, one finds that the Lan
splitting, which is proportional to the component of the fie
perpendicular to the 2DEG’s can be tuned with respect to
Zeeman splitting which is proportional to the total magne
field. This is used in the so-called coincidence metho3

where the appearance and disappearance of minim
Shubnikov–de Haas oscillations~SdH! as a function of tilt
angle is observed in magnetotransport experiments.
analysis in terms of a picture of noninteracting electrons
proven very powerful for the analysis of energy spec
in Si metal-oxide-semicondector field-effect transistor3

InAs-GaSb superlattices,4 InAs-GaSb quantum wells,5

GaAs-AlxGa12xAs heterostructures,6 GayIn12yAs/InP
heterostructures,7 and Si/SiGe heterostructures.8 In this paper
we focus on InAs-AlSb quantum wells, and extend prelim
nary studies on this material system.9 We present severa
features that are perfectly well explained in the exist
single-particle picture, namely~1! the appearance and disa
pearance of even- and odd-integer SdH minima as a func
of tilt angle; ~2! a Zeeman splitting as large as five times t
Landau splitting for tilt angles around 87°; and~3! a g factor
for InAs of about 13, in agreement with considerations ba
on conduction-band nonparabolicity.10 In contrast to straight-
forward expectations, we find~4! nonvanishing SdH minima
for even-integer filling factorsn54, 6, and 8 in the range o
tilt angles and magnetic fields where these filling factors
be observed; and~5! a regime at low magnetic fields wher
even-integer filling-factor SdH minima persist for all ti
angles, while the usual coincidence features occur at hig
magnetic fields. These observations are discussed in vie
PRB 610163-1829/2000/61~19!/13045~5!/$15.00
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other experiments7,8 and theoretical ideas based on exchan
enhancement.12,13

II. LEVEL CROSSING IN THE SINGLE-PARTICLE
REGIME

All samples contained 15-nm-wide InAs quantum wel
confined by AlSb or AlxGa12xSb (x<0.8) barriers. The
sample details were summarized in Refs. 14 and 15.
samples are of very high quality, and have mobilities up
84 m2/V s. In this paper we focus on a sample with a Ga
cap and a carrier density ofNs56.231011 cm22 ~UCSB No.
9503-18!. The samples were patterned into geometries s
able for transport experiments, and equipped with Ohm
contacts to the 2DEG.

The samples were mounted on a revolving stage in s
eral cryostat environments. The anglea is measured betwee
the magnetic-field orientation and the sample normal. For
data taken atT51.7 K and magnetic fields up to 8 T the
revolving stage was computer controlled. Consequently v
dense data sets were obtained. We also measured the sa
in a dilution refrigerator at sample temperatures down to 1
mK and magnetic fields up to 15 T, as well as in a3He
system with a base temperature of about 400 mK and m
netic fields up to 28 T. Because of the Landau-level bro
ening the temperature dependence of the SdH oscillat
basically levels off below 1.7 K. The difference in the e
perimental resolution of the three setups is mostly de
mined by the respective measurement electronics.

The results obtained on different samples depend on
carrier concentration. The filling factor is definded byn
5Nsh/eB, whereNs is the electron density of the 2DEG
For perpendicular fields, i.e.,a50, all observed features a
magnetic fieldsB<1.5 T, where the Zeeman splitting is no
yet resolved, can be analyzed with one single SdH per
with very high accuracy.15 Effects of inversion asymmetry
induced zero-field spin splitting16 are therefore not consid
13 045 ©2000 The American Physical Society
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13 046 PRB 61S. BROSIGet al.
ered. From the largest filling factors that we can observe,
estimate the Landau-level width to about 0.4 meV.

We can follow the disappearance and reappearanc
minima at even- and odd-integer filling factors as a funct
of increasing tilt angle. This interplay between pronounc
even- and odd-integer filling factor minima occurs for a s
ries of angles. It also shows up in the respective quan
Hall plateaus.9

Figure 1 shows magnetoresistance traces at specific
angles where either SdH minima occur only at even-inte
filling factors, at even and odd, or only at odd-integer fillin
factors. The amplitude of the SdH oscillations at large
angles is magnified with respect to the other traces.
angles are determined by measuringrxy with high accuracy.
The absolute error in the angle becomes larger with incre
ing tilt angle because of the cos(a) dependence.

We find that the carrier density decreases by up to 5%
parallel magnetic fields larger than 20 T are applied. T
also shows up in a nonlinear Hall effect for large para
fields. We attribute this behavior to magnetic freeze-out
carriers due to a redistribution of the electrons from the w
into some localized states. The reason for this could b
strong diamagnetic shift of the quantum-well state. This
fect has no consequences for the results presented in
paper, but explains why the SdH minima in Fig. 2 for lar
tilt anglesa do not exactly fall onto the dashed lines.

The inset in Fig. 2 describes the various coincidence s
ations which are characterized by the parameterr, the ratio
of Zeeman and cyclotron energies:

r 5
gmBBtot

\vc
.

Herevc5eB' /m* , m* is the effective electron mass,mB is
the Bohr magneton andB'5cos(a)Btot . We thus arrive at

r cos~a!5
gm*

2me
,

whereme is the free-electron mass. The data in Fig. 1 sh
the resistance traces atr values always close to the indicate
numbers of 1/2, 1, 3/2, . . . . The larger the tilt angle, the

FIG. 1. rxx traces for various tilt angles where different coinc
dence situations are met. The topmost three curves are scaled
35, and a parabolic background has been subtracted for clarit
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more difficult it is to realize a given coincidence situatio
accurately, since the span of angles at which it takes p
decreases with cosa. Nevertheless we demonstrate that Sd
oscillations can be measured in a situation where the Zee
splitting is five times larger than the Landau splitting.

Figure 2 shows the coincidence situations plotted
1/cos(a) versusr. The slope of this curve is proportional t
the productgm* . We determined the effective mass for th
sample by temperature-dependent SdH measurements
found a value for the effective mass ofm* 5(0.032
60.002)me , which is in agreement with values reported
the literature.17 Using this value form* we computedugu
'13.

Such experiments have been performed on a serie
samples. In a first approximation the obtained data can
described by using Landau levels and spin levels behav
and crossing as expected in a single-particle model. Beca
the g factor is so large, effects of electron-electron intera
tions, the so-called exchange enhancement,18 are expected to
be relatively small. Furthermore these effects should incre
for decreasing filling factors. In our case the experimen
data can best be described with a productgm* which is
constant over the investigated range of magnetic fields
angles.

The effects of nonparabolicity can be estimated usin
k•p formalism,19 which in its simplest case reduces to th
two-band model

m* ~E!5m* ~E50!S 112
E

Eg
D

HereEg5400 meV is the band gap of InAs, andE is the
electron energy relative to the conduction-band edge.
cause of the huge conduction-band offset between InAs
AlSb ~1.35 eV!, we use the model of a quantum well wit
infintely high walls. The total energyE can, to a good ap-
proximation, be written as the sum of an approximate Fe
energyEF5Nsp\2/m* and an approximate confinement e
ergyEc5\2/2m* p2/a2, wherea is the quantum-well width.

to
FIG. 2. Coincidence plot gathered from the angles in Fig. 1. T

straight line has a slope of 4.8, yieldingg52/(slope30.032)513,
where the effective massm* /me50.032 has been unsed.
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With this we obtain for the density dependence of the eff
tive mass in the two-band model:

m* ~Ns!5
m0*

2
1

m0*

2 A11
8

Eg
S \2

2m0*

p2

a2
1

p\2

m0*
NsD

Here m0* 5m* (E50), i.e., the effective mass at th
conduction-band edge, which for InAs ism0* /me50.023. We
find m* (Ns54.431011 cm22)/me50.032, in agreemen
with our experimentally determined value. The values for
energies areEF552 meV andEc551.6 meV.

At the same time theg factor is reduced,10 in agreement
with our experimental findings. For theg factor the two-band
model results in

g~E!5g~E50!~12aE!.

The parametera is estimated in Ref. 20 to bea
50.002531/meV for a quantum well system very similar
ours. This results in ag factor of ugu512 very close to our
experimental result. Using the expressions for theg factor
and the effective mass, one finds that the total effect of n
parabolicity on the productgm* almost cancels out.

Several additional aspects should be considered in
discussion. For large tilt angles the in-plane magnetic fi
component can be as large as 10 T. In this case it is w
known that the Fermi surface is no longer a circle but
ellipse. The effective mass thus depends onB2. We mea-
sured the temperature dependence of the SdH oscillation
tilted magnetic fields in order to extract the effective mass
a function of field and tilt angle. Within the experiment
accuracy we found that the effective mass is constant to
in the investigated parameter regime. On the same foot
one also expects that theg factor becomes a magnetic-field
dependent quantity. With these complications in mind o
has to take the analysis of the productgm* from the plot in
Fig. 2 with a grain of salt.

III. LEVEL ANTICROSSINGS AT SMALL
FILLING FACTORS

Figure 3 shows magnetoresistance traces down to e
integer filling factors ofn56. We only present the range o
angles where the situation corresponding tor 51 occurs. The
tilt angle is changed in rather small increments, which
monitored by the change in the Hall resistancerxy . Similar
but less pronounced features also occur in a sample tha
a lower carrier density ofNs54.431011 cm22. The highest
perpendicular magnetic fields correspond to total magn
fields of 28 T. Fora573.5°, minima occur for even- an
odd-integer filling factors. As the tilt angle increases, ev
integer minima weaken until about 78.8°, and then incre
again in strength. They never completely disappear even
to filling factors ofn516. This means that there always r
mains a minimum of the density of states at the Fermi ene
when the single-particle model predicts a crossing of s
and Landau levels.

An anticrossing of single-particle levels has been p
dicted for filling factorn52 ~Refs. 12 and 13! based on the
transition from a spin-unpolarized state at small tilt angles
a spin-polarized state at large tilt angles. Experimental d
-

e

n-

is
d
ll

n

in
s

%
g,

e

n-

e

as

ic

-
e

up

y
n

-

o
ta

obtained on GayIn12yAs/InP heterostructures7 showed the
expected single-particle behavior for low-mobility sampl
while a non-suppression of the SdH minimum atn52 for
high-mobility samples was observed. This was interpreted
the framework of the formation of a spin-polarized grou
state12 induced by the strong parallel magnetic field. In t
case of Ref. 7 the SdH minimum corresponding to fillin
factor n54 and higher even-integer filling factors were pe
fectly well suppressed at the same tilt angle, as expected
single-particle model. The authors7 argued that for low-
mobility samples and higher-integer filling factors neighbo
ing levels overlap due to their broadening, and the excha
interaction cannot help to further open the gap.

The experimental situation in our case is different in t
following aspects. The SdH minima at even-integer fillin
factors weaken but do not disappear. Furthermore th
weakening goes hand in hand with their overall appearan
i.e., the sudden importance of an exchange driven openin
a gap cannot be observed. Unfortunately the carrier den
in our samples is too high to observe the behavior of S
minima corresponding to filling factorsn52 and 4 at large
tilt angles and experimentally accessible magnetic fields.

In order to obtain an understanding of the energy struct
in tilted magnetic fields, we calculated the magnetoresista
following Gerhardts.21 We included a constant backgroun
density of states in order to model the broad minima in
magnetoresistance. Based on the single-particle energie

Es,n5\vcS n1
1

2D1sgmBB, n50,1,2, . . . ,s56
1

2
,

an anticrossing between neighboring levels ofDE
50.29\vc was inserted into the model. AtB'54.2 T (n
56) andm* 50.032me , this corresponds toDE54.4 meV.
We assumed a Gaussian Landau-level broadeningG5\/tq
51.5 meV, with tq50.45 ps. The magnetic field depen
dence of the anti-crossing was approximated with a smo
parabolic curvature.

FIG. 3. Magnetoresistancerxx vs the perpendicular componen
of magnetic fields for various tilt angles in the regime of coin
dence r 51, and gmBB5\vc . Nonvanishing minima at even
integer filling factors are observed.
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13 048 PRB 61S. BROSIGet al.
Figure 4 shows calculated resistance traces. There
least qualitative agreement between the calculated~Fig. 4!
and experimental~Fig. 3! data sets. From the simulation it
obvious that the situation where even-integer minima in
SdH oscillations are weakened or even suppressed ext
over a significantly larger range of angles compared to
experiment. This could arise from our rough modeling b
also hints at the importance of interaction effects for
details of SdH oscillations.

What could be the reason for the persistent appearanc
even-integer SdH minima in the regime where the unde
ing single-particle energy levels are expected to cross?
small filling factors the effects of exchange enhanceme18

have been demonstrated in various experiments~for a recent
example, see Ref. 11 and references therein!. From our ex-
perimental data at small filling factors we do not see an
dication that eletron-electron interactions in terms of e
change enhancement play a significant role. For the cas
perpendicular magnetic fields,a50, the energy levels are
described by three quantum numbers, namely, subband,
dau, and spin quantum numbers. This is based on the
that the Hamiltonian can be separated into a part descri
the electron motion in the plane of the 2DEG and anot
part responsible for the quantization in growth direction. F
tilted magnetic fields mixed levels arise whose degenerac
still completely controlled by the perpendicular magnet
field component.2 For the InAs-AlSb system this approac
has to be extended in order to incorporate the str
conduction-band nonparabolicity of InAs, as well as the p
sible strain in the well due to the different lattice constants
barrier, well, and GaAs substrate. One can envision that s
effects already lead to possible level couplings and anticr
ings, as observed in the experiment.

IV. EVEN-INTEGER SDH MINIMA AT LOW
MAGNETIC FIELDS

Figure 5 presents a gray-scale plot composed of mag
toresistance traces taken at very closly spaced tilt an
around the regime ofr 51 andr 52. Here we focus on the

FIG. 4. Model calculation of the magnetoresistance for vario
tilt angles. The parameters have been chosen to match the ex
mental data presented in Fig. 4. The bold curve is at the a
where the coincidence\vc5gmBB is met
at
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regime of small magnetic fields. Fora565° SdH minima
occur at even-integer filling factors. As the tilt angle is i
creased, odd-integer minima take over at magnetic fie
B'>0.8 T, and gradually disappear again in favor of eve
integer minima. At magnetic fields below 0.8 T minima o
cur only at even-integer filling factors over the whole ran
of tilt angles. The inset of Fig. 5 shows a representat
resistance trace at an intermediate tilt angle where the S
oscillations are dominated by even-integer minima at l
magnetic fields, a crossover regime, and odd integer fill
factors at higher magnetic fields. A beating pattern would
display such a phase shift in the pattern of the oscillation

Starting from the Landau and spin levels in tilted ma
netic fields, such a behavior can occur in two ways: either
Landau energy is not exactly proportional to the perpendi
lar component of the magnetic field, or the Zeeman splitt
is angle dependent. Both effects have been discussed to s
extent before. Nonparabolicity effects are most likely a m
nor contribution for such small magnetic-fields. The lar
in-plane magnetic-field component, which can lead to an
isotropic effective-mass dispersion, should become more
portant for larger magnetic fields. However, the unusual
havior as presented in Fig. 5 occurs in the low-magnetic-fi
regime.

Leadleyet al. showed that there is a critical collapse
the exchange-enhanced spin splitting in two-dimensio
systems.11 The authors found that the total spin splitting is
sum of the bare Zeeman splitting proportional to the to
magnetic field and a contribution due to exchange enhan
ment which is proportional to the perpendicular compon
of the magnetic field:

Dspin5g0mBBtot1b\eB' /m*

For the case of GaAs heterostructures, Leadleyet al.

s
eri-
le

FIG. 5. Gray-scale plot ofrxx data. A slowly varying back-
ground has been removed, and the oscillation amplitude has
raised at low magnetic fields to make the effect visible. The vert
axis is linear in 1/cos(a). Black ~white! areas indicate small~large!
values of the resistance. The inset shows one~unprocessed! rxx

curve ata578.2° ~Horizantal line in the gray-scale plot!. The tri-
angles mark the positions of even-integer filling factors.
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PRB 61 13 049InAs-AlSb QUANTUM WELLS IN TILTED MAGNETIC FIELDS
foundb50.2, independent of magnetic field. In their caseg0
is the bareg factor because nonparabolicity effects are n
ligible in GaAs. In our caseg0 has to be identified with
g(E), where the nonparabolicity contribution stems from t
position of the Fermi energy above the conduction-ba
edge and does not depend on magnetic field in the inve
gated range of parameters.

In the regime of large magnetic fields discussed abo
where spin splitting is well resolved, we found that the e
change enhancement is a minor contribution. However,
small magnetic fields and large tilt angles the exchange c
tribution could play an important role. If the bare spin spl
ting is smaller than the Landau-level broadening, the
change enhancement is not expected to play a role. In
case even-integer SdH minima will dominate the magneto
sistance for all tilt angles. Once the bare Zeeman splitt
approaches and exceeds the Landau-level broadening, th
change enhancement will further increase the spin gap
the usual coincidences between Landau and spin levels
take over.

For any functional dependence ofg on B, which is
smooth, one would not expect a sudden crossover from e
integer to odd-integer minima as depicted in the inset of F
5. The sudden change in periodicity over a small magne
field range requires a mechanism which leads to an ab
opening of the spin gap similar, as observed in Ref. 11
the cititcal collapse of the exchange enhanced spin splitt
n
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V. SUMMARY

We have presented a series of SdH measurements
InAs-AlSb quantum wells in tilted magnetic fields. In a re
sonable range of parameters the experimental results ca
understood in a straightforward single-particle model. T
coincidence method is based on independent Landau
spin levels. This way we obtain reasonable numbers for
effective mass andg factor that agree with results of a two
band model and experimental results of others. For la
magnetic fields we find an anticrossing of neighboring La
dau and spin levels. Most likely this is not a consequence
electron-electron interactions. We speculate that this ef
arises from the pronounced nonparabolicity of the InAs c
duction band as well as from the built-in strain in su
samples. For very small magnetic fields SdH minima ex
only at even-integer filling factors, independent of tilt ang
This is attributed to a critical filling factor necessary for th
observation of spin-splitting
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