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In-plane magnetic field studies of InAs/GaSb superlattices

A. R. Rundell, G. P. Srivastava, and J. C. Inkson
Department of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom

~Received 17 July 1996!

We present a theoretical study of electron and hole states in InAs/GaSb superlattices using a realistic
microscopic pseudopotential complex-band-structure approach. A rectangular potential is used to predict the
critical in-plane magnetic field that will result in a semiconducting state for a variety of InAs/GaSb superlat-
tices. It is found that the critical field is insensitive to increases in superlattice period beyond a particular value.
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I. INTRODUCTION

InAs/GaSb semiconductor heterostructures have the
usual property that the InAs conduction band lies;150 meV
below the valence-band edge of the GaSb material.1 Fermi-
energy equalization throughout the structure then leads to
spontaneous creation of spatially separate hole- and elec
accumulation layers at the interface. Within InAs/GaSb
perlattices, quantum confinement serves to raise~lower! the
energy of the electron~hole! states — the size of the con
finement energy increasing with decreasing layer wid
Thus, for a superlattice with a narrow period there is
effective band overlap resulting in a semiconducting state
a superlattice constructed from InAs~100 Å!/GaSb~30 Å!, the
sum of the confinement energies of the electron and h
subbands approximate to the band overlap. Larger per
will result in a semimetallic phase~i.e., both holes and elec
trons present!.

All semimetallic InAs/GaSb heterostructures can unde
the transition to a semiconducting state by the application
a magnetic field or by the application of pressure. The m
netic field induced transition may be understood by cons
ering a superlattice period such that there are two occu
electron levels (E0 andE1) in the InAs material and one hol
level (H0) in the GaSb material. As shown in Fig. 1~a!, the
Fermi level lies above the occupied electron subbands
below the occupied hole subband and hence the syste
semimetallic at zero field. The application of a magnetic fi
will increase the energy of the electron states and lower
energy of the hole states due to the increased confinem
At some critical value of magnetic field, the highest-ho
level will lie at a lower energy than the lowest-electron lev
@see Fig. 1~b!#, resulting in complete carrier transfer bac
across the interfaces. At higher magnetic fields there will
the formation of an energy gap — the system is then se
conducting. This process is independent of the direction
the applied magnetic field, though the strength of the fi
required to affect the transition will be quite different fo
different geometries. For the case of a perpendicular m
netic field, quasi-zero-dimensional~0D! states are formed a
magnetic confinement and superlattice confinement ac
different directions. Thus, relatively low magnetic fields a
required to affect the transition. In the parallel geomet
quasi-one-dimensional~1D! states are formed. In this cas
magnetic field localization reduces the effect of superlat
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confinement for states an orbit radius from an interface. T
leads in the limiting case of a heterojunction, and also a lo
period superlattice, to the transition occurring between bu
like Landau levels. Thus, higher magnetic fields are requi
to induce the semimetal-to-semiconductor transition. Clea
this transition to semiconducting behavior will have drama
effects on the transport properties of the system.

Considerable work2–9 has been carried out on th
semimetal-to-semiconductor transition in InAs/GaSb sup
lattices with the field applied perpendicular to the interfac
~i.e., parallel to the growth direction!. For a typical superlat-
tice ~103 Å InAs/158 Å GaSb!, Barneset al.4 have shown
that the semimetal-to-semiconductor transition occurs
tween 40 T and 50 T. In the perpendicular geometry, the s
of the field required to cause the transition is proportiona
the energy difference between the lowest occupied elec
state and highest occupied hole state at zero field. An
crease in the InAs~or GaSb! layer width will result in an
increase in the effective band overlap, and hence increas
the size of the critical magnetic field. Correspondingly a d
crease in the layer width will lead to a reduction in the ma
nitude of the critical magnetic field.4 This is because the
confinement energies of the subbands at zero field will
greater, thus reducing the energy difference between
highest hole states and lowest electron states.

Experimental work has also been performed
InAs/GaSb quantum wells,7 which clearly demonstrate th
semimetal-to-semiconductor transition upon the applicat
of magnetic field. Theoretical studies of these systems h
been conducted using thek•p method.2–4,8A 200 Å InAs/50
Å GaSb superlattice has been shown to have a critical fi
of 36 T.4 In this system the electron and hole states beco

FIG. 1. The magnetic field induced semimetal-to-semiconduc
transition for an InAs/GaSb superlattice~a! B,Bcritical ~b!
B.Bcritical .
5177 © 1997 The American Physical Society
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5178 55A. R. RUNDELL, G. P. SRIVASTAVA, AND J. C. INKSON
coincident in energy and mix strongly; thus it is critical th
a comprehensive treatment of the states is considered fo
accurate representation of the dispersion~and hence uncross
ing! of the Landau levels with magnetic field.

To our knowledge there is no published work that exa
ines the semimetal-to-semiconductor transition in InAs/Ga
superlattices subjected to an in-plane magnetic field. In
work we examine this problem using a realistic microsco
pseudopotential approach. This method is ideal for the st
of InAs/GaSb superlattices with a magnetic field applied p
allel to the interfaces. Hamiltonian periodicity is destroy
due to the magnetic field and hence a finite superlattice m
be studied for an accurate representation of the physical
tem. The predicted critical in-plane field required to indu
the semimetal-to-semiconductor transition is found to
pend upon the energy difference between the lowest-elec
and highest-hole subbands at zero field. Section II contai
description of the theoretical method used, and in Sec. III
shall present the results and give a discussion.

II. THEORY

In order to determine the single-particle states in InA
GaSb heterostructures, we use a complex-band-struc
method,10–14based on local empirical pseudopotentials15 and
a layer boundary condition.13,14

If z represents the growth direction, the Schro¨dinger equa-
tion for the system can be written as

F2
\2¹2

2m
1V~r !GC~r !5EC~r !, ~1!

where the crystal potentialV is given as

V5H VInAs , zPInAs region

D1VGaSb, zPGaSb region, ~2!

with D as the appropriate band offset between InAs a
GaSb, which gives the band overlap between the conduc
band edge of InAs and valence band edge of GaSb as
meV. We use a plane wave expansion for the wave funct

ck~r !5(
G

Ak~G!ei ~k1G!•r. ~3!

and a similar Fourier expansion for the microscopic crys
potential. Then Eq.~1! can be expressed as16

(
G

HG8G~k!Ak~G!50, ~4!

where

HG8G~k!5F H \2

2m
~k1G!22EJ dG8,G1Vps~G82G!G .

~5!
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-
b
is
c
y
r-

st
s-

-
on
a
e

/
re

d
on
50
n:

l

Here Vps(G2G8)5v(uG2G8u)S(G2G8) is the micro-
scopic crystal pseudopotential and is written as a produc
the structure factor and the pseudopotential form factors17

It is important to include the effects of spin-orbit couplin
in the present study. The spin-orbit interaction in real sp
is

Hso5
\2

4m2c2
~“V3p!•s. ~6!

In momentum space, the spin-orbit matrix element is giv
by18

HG8G
so

52 iL~G2G8!s•@~k1G!3~k1G8!#, ~7!

whereL(G2G8)5lS(G2G8) is the strength of the spin
orbit interaction. With the inclusion of the spin-orbit intera
tion, each element of HGG8 becomes a 23 2 matrix, and the
wave function is a spinor.

In a real semiconductor heterostructure, crystal symme
is retained in two directions, but in the third~the growth
direction! the symmetry is broken. For a given incident pa
allel momentum and energy one must solve Eq.~5! for al-
lowed values ofkz . This equation can be made linear b
forming a polynomial expansion inkz ,

12

HGG8~k!5H2kz
21H1kz1H0 , ~8!

with

H25
\2

2m
dGG8 ,

H15
\2

m
gzdGG8 , ~9!

H05F \2

2m
~k zz

21gzz
21gz

2!2EGdGG81V~G2G8!.

This process must also be performed on the spin-orbit pa
the equation, giving

Hso5~Hso1
↑↓1Hso1

↓↑ !kz1~Hso
↑↑1Hso

↑↓1Hso
↓↑1Hso

↓↓!, ~10!

with

Hso1
↑↓5L@Gx1 iGy#,

Hso1
↓↑5L@2Gx1 iGy#,

Hso
↑↑5 iL@Gx~ky1Gy!2Gy~kx1Gx!#,

Hso
↑↓5L$2Gz@kx1Gx1 i ~ky1Gy!#1GxGz1 iGyGz%,

~11!

Hso
↓↑52L$2Gz@kx1Gx2 i ~ky1Gy!#1GxGz2 iGyGz%,

Hso
↓↓52 iL@Gx~ky1Gy!2Gy~kx1Gx!#.

Hence the matrix in Eq.~5! may now be written as
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F 0 0 1 0

0 0 0 1

H2
21~H02Hso

↑↑! 2Hso
↑↓ H2

21H1 2Hso1
↑↓

~Hso
↑↓!* H2

21~H01Hso
↑↑! ~Hso1

↑↓ !* H2
21H1

GF A↑
A↓
kzA↑
kzA↓

G5kzF A↑
A↓
kzA↑
kzA↓

G . ~12!
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The eigenvalues of this matrix equation are the allowed v
ues of the perpendicular component of the electron w
vector. The eigenfunctions are the coefficients of the wa
function expansion and the derivatives of the wavefunct
with respect tokz . Hence, given an incident parallel comp
nent of wave vector and an energy range, the complex b
structure for a given material may be computed easily.

For a superlattice calculation we consider a finite num
of InAs/GaSb layers along the growth direction. Once
layer-wave-function coefficients are determined, the tra
mission coefficient and wave function in the heterostruct
are found using a scattering matrix approach as describe
earlier publications.13,14,19 Bound states within a structur
can be identified by searching for energies at which coe
cients in the scattering matrix become very large and t
calculating the wave function at these energies. The met
is highly flexible since it does not require that the hete
structure under consideration be periodic in the growth
rection.

Application of an in-plane magnetic field to the structu
is considered by digitizing the vector potential: the struct
is divided into a number of artificial layers and the vec
potential is taken as a constant in each layer as shown in
2.14 The effect of the digitization procedure is to change
parallel momentum such that in thei th layer;14

kuu i→kuu1
eA i

\
, ~13!

FIG. 2. The InAs/GaSb superlattice structure under consid
ation ~left scale! and the digitization of the magnetic vector pote
tial ~thick line! ~right scale!. The digitization length is taken as 1
monolayers, indicated by the small tickmarks on the diagram, t
each material contains five artificial layers. The cyclotron cente
at the edge of the structure.
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whereA i is the vector potential in the layer. The procedu
will not adversely affect the results produced by the meth
if the digitization ~artificial layer! width is smaller than the
magnetic length.18 Having fully specified the Hamiltonian
Eq. ~12! can now be solved.

The center of the electron Landau orbit~cyclotron center!
lies within the layer where the in-plane wave vectorkuu,i is
zero, e.g., the central layer in Fig. 2. Hence, the cyclotr
center-dependent dispersion of the states can be examine
changing the initial value of the parallel wave vector, as t
will result in a change of the layer where the in-plane wa
vector is zero.

The digitization of the vector potential is compatible wi
the inclusion of electrostatic potentials. For example, for
InAs/GaSb heterojunction, a Thomas-Fermi approximat
may be used to simulate the band bending at the interfac25

In that case a functional form for the electrostatic potentia
taken and digitized in the above fashion. The change in
value of the potential at an artificial interface is then includ
as an offset to the energy in Eq.~9!, i.e., it changes the
energy position of the band edge.

III. RESULTS AND DISCUSSION
FOR THE InAs/GaSb SUPERLATTICE

A. Superlattice in zero magnetic field

The interface potential was assumed to be of a rectang
form for all superlattices under consideration, with the ba
overlap set to 150 meV as indicated in Fig. 2. Under incre
ing magnetic field, charge recombines across the interfac
corresponding Landau levels pass through the Fermi ene
Hence, at the critical transition field~the field that results in
the recombination of the last free charge! no charge is
present to screen the band offset and thus a rectangula
tential is accurate at the transition field. If the InAs or Ga
layer width is less than;100 monolayers there is negligibl
band bending and so the rectangular potential also repres
a good approximation at zero field.20

A InAs~211 Å!/GaSb~30 Å! superlattice is first examined
for the case of no applied magnetic field. In order to mi
mize computational time, the smallest structure which
does compromise the results is required. Here we cons
the transmission through a four-, five-, and six-period sup
lattice.

Figure 3 shows the transmission spectra correspondin
the four-, five-, and six-period superlattices. There are th
wide plateaus which begin at; 20 meV, 75 meV, and 150
meV above the bulk InAs conduction band bottom, whi
correspond to the ground-, first-excited and second-exc
electron~InAs! minibands, respectively. The widths of th
minibands increase for the higher excited states, which
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5180 55A. R. RUNDELL, G. P. SRIVASTAVA, AND J. C. INKSON
consequence of increased wave-function overlap between
quantum well states. The increased overlap can be m
readily seen for the second-excited miniband, which conta
a finite number of peaks highlighting the nonperiodic~i.e.,
finite! nature of the structure. The number of peaks in
miniband corresponds to the number of wells in the struct
and the miniband widths do not increase significantly w
increasing periods.21 The narrow resonance-antiresonan
feature 100 meV above the bulk InAs conduction band b
tom corresponds to the highest-hole~GaSb! state. There is
little interaction between the states in successive GaSb la
due to the large InAs layer width. All the superlattices sho
are semimetallic since the highest-hole state lies;80 meV
above the low energy edge of the electron ground miniba

The difference between the spectra for the superlattice
not significant. Moreover, the position of the lowest electr
state at 10 T varies by less than 0.1 meV between the st
tures. This is much smaller than the cyclotron energy of e
trons in the InAs material~5 meV T21) and thus an increas
in the number of periods will not significantly improve th
accuracy of the predicted transition fields. The behavior o
four-period superlattice is thus a good approximation to t
of a superlattice with a much larger number of periods,
has been shown experimentally23 and theoretically.21

At zero field the subband density of states can be appr
mated to that of a two-dimensional electron gas. Since
miniband width is narrow this is a very good approximati
for the holes, as the GaSb layers are behaving as isol
quantum wells, and is also reasonable for the elect
states.22 Taking the experimental band-edge values of for
effective mass of the electrons~0.023me) in InAs, and heavy
holes~0.33me) in GaSb the Fermi energy lies 73 meV abo
the lowest-electron subband. From Fig. 3 this indicates
the first two electron subbands and the highest-hole subb
are occupied.

B. Superlattice in finite magnetic field

An in-plane magnetic field will split the electron and ho
subbands into quasi-one-dimensional~1D! Landau levels.

FIG. 3. The transmission coefficient for an electron incident
a four- ~solid line!, five- ~dotted line!, and six-~dashed line! period
InAs/GaSb superlattice. The energy reference is at the bottom o
bulk InAs conduction band.
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This increased confinement will force the electron levels t
higher energy and the hole levels to a lower energy. Us
the Landau gauge for the vector potential, the dispersion
the Landau levels withkx remains free particlelike, and
dispersion of the form\2kx

2/2me,h* is expected with a mini-
mum in the energy of the Landau level atkx50. The disper-
sion of the Landau levels in theky direction is critical be-
cause a change inky will alter the cyclotron center. Figure 4
shows the dispersion of several of the lowest-electron
the highest-hole states with a cyclotron center for an in-pl
magnetic field of 5 T. This dispersion is typical of electro
and hole states in superlattices under in-plane magn
fields.14

The form of the electron dispersion in Fig. 4 is due to t
interaction ~i.e., anticrossing! between the electron state
within the GaSb layers and the hole states within the In
layers, as well as interaction between neighboring elect
and hole states; these interactions lead to the appearan
definite bands. The interaction between the lowest-elec
states is depicted in Fig. 5. It is clear that there is consid
able interaction between the states of like spin. The t
spin-up electron states from each side of the GaSb layer
ticross leading to two distinct bandsAC ~reading left to
right! at the lower energy andCA at the higher energy. The
minimum gap between the different combinations is;3
meV at the center of the GaSb layer. The situation is
same for the spin-down states, but as is clear from Fig
opposite spin states do not interact. The upper~antisymmet-
ric! electron state has the minimum of its dispersion in
GaSb material, where it interacts with the symmetric elect
state. The strength of this interaction is weaker because
electron states are now separated by more than 10 mono
ers of GaSb — this reduces the anticrossing gap to;1.9
meV. This higher electron state does not interact sign
cantly with any of the other states shown due to the la
spatial separation between states in that band.

n

he

FIG. 4. The cyclotron dispersion of the major states in an 211
InAs, 30 Å GaSb superlattice at 5 T. The energy reference is at
bottom of the InAs conduction band.s represents a spin-up lowes
electron state,h a spin-down lowest-electron state,L a spin-up
first excited electron state,n a spin-down first excited electron
state, * the highest-hole state, and3 the antisymmetric combina
tions of the highlighted states.
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A similar description applies for the hole levels. Figure
shows the hole levels anticrossing in the center of an In
layer. The interaction between the hole states is cle
weaker and the size of the gap between the hole state
;1.3 meV. This is a consequence of the greater separa
between the hole levels, which serves to reduce the w
function overlap and thus the magnitude of the interactio

There is a more pronounced dispersion of the electron
hole states with a cyclotron center as the magnetic field
comes stronger. This is due to the fact that when the m
netic length is of the order of the superlattice period,
Landau energy reflects directly the superlattice poten
Figure 7 shows the cyclotron-center dispersion of
spin-up and spin-down components of the lowest-elect
state, and the highest-hole state under an in-plane mag
field of 55 T. The flat region exhibited by the electron sta
occurs when the Landau orbit is confined to the InAs a

FIG. 5. The anticrossing of electron levels around a GaSb la
The lowest spin-up electron states anticross forming theAC ~solid
line! andCA ~dashed line! bands. The lowest spin-down electro
states anticross to form theBD ~dotted line! andDB ~dot-dashed
line! bands. There is no interaction between states of different s

FIG. 6. The highest-hole states from neighboring GaSb quan
wells anticrossing in the center of an InAs layer forming theBA
band (h) and theAB band (s).
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hence the states lying in this region are effectively ‘‘bulk
Landau levels. The width of this region depends upon
relative sizes of the magnetic length and the superlat
layer width. Bulk Landau levels will exist in the center of th
layer, and persist until the cyclotron center is shifted
within a cyclotron orbit radius of a material interface. The
are no bulk GaSb Landau levels at this magnetic field si
the magnetic length is longer than the GaSb layer wid
Thus, to estimate the transition field, the dispersion of
electron and hole states withky must be examined, withkx
set to zero.

C. The semimetal-to-semiconductor transition

The heterostructure will be semiconducting when
GaSb valence-band states lie higher in energy than I
conduction-band states. When both layer widths in the su
lattice are very long, the transition will occur for bulklik
states when12\vc

elec1 1
2\vc

hole is equal to the band overla
~150 meV!. Taking the bulk values of the band-edge effe
tive masses~0.023me for electrons

24 and 0.33me for holes
24!

this gives a critical field strength of;56 T. The value of the
critical field required to turn the system semiconducting i
function of the InAs and GaSb width. For a fixed GaS
width, the transition field will increase with increasing InA
layer thickness up to a critical InAs layer width, after whic
the transition field will remain constant as a result of t
appearance of the bulk states in the InAs layers. For
in-plane magnetic field the critical InAs width is found to b
;120 Å. Figure 8 shows how the energy difference betwe
the lowest-electron state and the highest-hole state cha
as a function of magnetic field for a variety of superlattice

For the InAs~210 Å!/GaSb~30 Å! superlattice the magni
tude of the energy difference decreases with increasing m
netic field until, at;58 T, the system becomes semicondu
ing. There is no effective increase in confinement~i.e.,
energy! until the magnetic length is shorter than the mater

r.

n.

m

FIG. 7. The cyclotron dispersion of the lowest-electron lev
and the highest-hole level in the 211 Å InAs, 30 Å GaSb super
tice at 55 T. The energy zero is taken at the top of the bulk In
conduction band.s represents the spin-up lowest-electron sta
h the spin-down lowest-electron state, and1 the highest-hole
state.
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5182 55A. R. RUNDELL, G. P. SRIVASTAVA, AND J. C. INKSON
width in the superlattice. For the InAs layers considered h
this occurs at;20 T. Thereafter the electron states in t
center of the InAs layers do not experience the superlat
confinement, and the semimetal-to-semiconductor transi
occurs when the bulk like InAs Landau levels pass to
higher energy than the hole states in the GaSb materia
the high field regime the reduction in energy difference
approximately linear with field, and the effective mass wh
is calculated from this dependence is twice the band-e
effective mass in InAs. This enhancement is due to the n
parabolic effects in InAs and the interaction with the ho
levels in the superlattice. The hole states do not develop
bulk Landau levels for the fields shown due to the mu
narrower GaSb width in this superlattice, although the h
states begin to feel the influence of the magnetic confinem
at ;55 T — just as the system becomes semiconducting

The behavior of InAs~90 Å!/GaSb~30 Å! superlattice is
straightforward. The sum of superlattice confinement en
gies of the electron and hole subbands is greater than
band overlap, resulting in a semiconducting state at z
field. Subsequent increases in magnetic field force the e
tron and hole states further apart thus increasing the en
difference. This increase is not linear due to nonparab
effects, particularly in the InAs material.

The situation is more complex in superlattices with int
mediate InAs widths. For example, in th
InAs~150 Å!/GaSb~30 Å! superlattice the magnetic length
comparable to the width of the InAs layer as the lowe
electron state passes the highest-hole state. As a result,
is considerable interaction between the two states kee
the system semimetallic over a larger range of magn
field.

Figure 9 shows the effect of interaction between h
states~arising from GaSb corresponding to orbits centered
the InAs layer! and the highest available electron state. T
highest-hole state changes character from holelike at
magnetic fields to electronlike at high field, while the reve
is true for the lowest state. The middle state remains es
tially holelike but switches nodal character reflecting the

FIG. 8. Variation in the energy difference between the lowe
electron state and highest-hole state with increasing magnetic
for several different InAs layer widths. All the structures have
GaSb width of 30 Å and InAs widths ofs—90 Å; h—150 Å;
L—210 Å.
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ergy order at high magnetic fields. The minimum size of t
gap between the lowest electron and highest hole state
the order of 30 meV and is the result of a substantial wa
function overlap. There is an initial rise in the energy of t
lowest electron state before it gains considerable hole
character, and moves to a lower energy as the magnetic
is increased from; 7 T to ; 22 T. The energy difference
between the highest-hole state in this system and the low
electron state increases from 40 meV to nearly 50 meV o
this field range, i.e., the system becomes more metallic as
magnetic field increases. However, beyond 40 T the up
state becomes electronlike and exhibits a bulklike dispers
and the system becomes semiconducting at;58 T.

Similar behavior is seen in the InAs~120 Å!/GaSb~30 Å!
superlattice, although the magnetic length now becom
shorter than the InAs layer width at;30 T, which coincides
with the transition to a semiconducting state. The situation
similar as the InAs width increases, albeit to a lesser ext
The InAs~180 Å!/GaSb~30 Å! superlattice has an anticros
ing gap of 17 meV and no significant increase in the eff
tive energy difference. In InAs~210 Å!/GaSb~30 Å! superlat-
tice this anticrossing gap has reduced to 3 meV.

Increasing the GaSb width will serve to increase the cr
cal transition field, since a wider GaSb period will result in
reduction in the confinement energy for the hole states, t
generating a larger band overlap at zero field. As an exam
we calculate that a InAs~120 Å!/GaSb~120 Å! superlattice
undergoes the semimetal-to-semiconductor transition
;90 T. In this case there is little interaction between t
lowest-electron and highest-hole states close to the trans
field, because the magnetic length is shorter than 120 Å
sulting in a suppression of the wave function overlap. T
lowest energy electron state will be the bulk Landau leve
InAs, and similarly the highest energy hole state will be t
bulk Landau level in GaSb. Once these Landau levels
produced superlattice confinement plays no part in govern
the transition field, and hence a reduction in superlattice c
finement will not result in a further increase in transitio

-
ld

FIG. 9. Anticrossing features of the lowest-electron state a
highest-hole states within an InAs layer.s are states with electron
like character,h are states with holelike character, andL are
states with mixed character.
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field. A InAs~210 Å!/GaSb~120 Å! superlattice will undergo
the transition at;90 T, as will the InAs/GaSb heterojunc
tion.

IV. CONCLUSIONS

We have used a microscopic complex-band-structure
proach to study the magnetic field induced semimetal
semiconductor transition in InAs/GaSb superlattices. T
magnetic field is applied parallel to the interfaces rather t
in a more conventional perpendicular direction. This resu
in a much higher required magnetic field to cause the tra
tion than in the perpendicular geometry since the effec
magnetic confinement is reduced. The transition is a func
of superlattice period until the layer widths become wi
.
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enough for bulk states to appear in the center of the lay
after which there will be no increase in transition field wi
an increasing layer thickness. The maximum in-plane m
netic field required to cause the semimetal-to-semicondu
transition in InAs/GaSb heterostructures is found to
;90 T, and occurs when the InAs and GaSb layer widths
greater than;120 Å.
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