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Magnetic breakdown in the semimetallic InAs/GaSb system
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In-plane magnetotransport measurements have been performed on semimetallic InAs/GaSb structures where
the magnetic field is rotated with respect to the sample growth axis. It has been observed that superlattices
behave in a distinctly different manner to structures with a single InAs layer. In particular, extra frequencies
appear in the Shubnikov–de Haas oscillations beyond a critical angle of rotation. It is argued that this can be
explained by considering the detailed band structure of the superlattice taking into account the miniband of the
electrons, the anisotropy of the holes and the energy minigap produced at the anticrossing point between the
electron and hole dispersion relations. Furthermore, it is found that the observation of any Shubnikov–de Haas
oscillations requires magnetic breakdown because of the presence of the minigap which splits the Fermi
surface into unconnected islands.@S0163-1829~98!09335-7#
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I. INTRODUCTION

The broken gap InAs/GaSb system has received m
attention recently concerning whether it truly shows semim
tallic behavior. In long period superlattices the confinem
energy of the electrons in the InAs lies below the confin
ment energy of the holes in the GaSb and charge will tran
between the layers. If we consider the in-plane carrier m
tion, the dispersion relations corresponding to the electr
and holes anticross and due to mixing of the bands a s
minigap is formed. Altarelli pointed out that for a structu
with equal electron and hole densities, the Fermi ene
must lie in this minigap and semiconducting behavior w
result.1 It has almost always been possible however to in
pret magnetotransport measurements within the semimet
picture, ignoring the presence of the minigap.2 Lakrimi et al.
have shown that the in-plane dispersion of the holes
strongly anisotropic, leading to some indirect overlap of
bands despite the existence of local energy gaps.3 Therefore,
primarily metallic conduction is observed at low tempe
tures, which is the overriding reason why the first expe
mental evidence of this minigap has only recently be
reported.3,4

When a structure containing a two-dimensional elect
gas ~2DEG! is placed in a tilted magnetic field, it is we
known that the splitting of the Landau levels is determin
only by the component of the field which is perpendicular
the plane of confinement, whereas the Zeeman splittin
dependent on the total magnetic field.5 Tilted field magne-
totransport measurements have proved to be a powerful
much used technique with which the relative magnitudes
the Zeeman and Landau splitting can be varied~see, for ex-
PRB 580163-1829/98/58~11!/7292~8!/$15.00
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ample, Ref. 6!. By contrast, in a superlattice~SL! where the
carriers are free to move in all three dimensions the splitt
of the Landau levels is no longer independent of the in-pla
magnetic field. In this paper, we present tilted field mag
totransport measurements of both two-dimensional~2D!
single well and three-dimensional~3D! SL structures per-
formed in a dilution fridge at 40 mK. The differences b
tween the two cases are explained by considering the dis
sion in the direction parallel to the SL axis.

II. EXPERIMENTAL DETAILS

A number of InAs/GaSb structures, both single wells
InAs surrounded by GaSb and superlattices, have been m
sured under rotation in a dilution fridge at 40 mK. Th
samples were grown using atmospheric pressure me
organic vapor phase epitaxy~MOVPE!.7 The electron to hole
density ratios for the samples are between 2 and 1.05,
electron and hole mobilities of order 5 and 0.5 m2/Vs, re-
spectively. A typical data set for a sample consists of
Hall and magnetoresistance traces measured at 40 mK
about 100 different angles. In this paper the angle of rotat
is defined to be the angle between the field and the gro
axis. It is possible to rotate the samplein situ through small
angular increments without causing significant heating ab
base temperature. This paper will concentrate on the res
obtained with a single quantum well of 300 Å of InAs su
rounded by GaSb~OX963 but called QW in this paper! and
also those from a 10 period superlattice with 190 Å of In
and 210 Å of GaSb~OX2672 but called SL in this paper!.
The electron and hole densities and mobilities for the t
samples, deduced from fitting the Hall resistivity curves to
7292 © 1998 The American Physical Society
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PRB 58 7293MAGNETIC BREAKDOWN IN THE SEMIMETALLIC . . .
classical two carrier expression are shown in Table I. B
these samples have sufficiently thin InAs layers that only
electron subband is populated and have been chosen be
they emphasize the observed differences between si
layer structures and SLs. Other samples with larger la
thicknesses have been measured and these essentially m
the same observations except for additional complicati
which can be attributed to the population of multiple electr
subbands.

III. RESULTS

A. QW sample

Doubly differentiated magnetoresistance traces of the Q
sample plotted against the perpendicular component of
magnetic field (B') are shown in Fig. 1. It is assumed that
low fields the oscillations in the resistance are solely due
magnetic quantization of the 2D electrons with little or
contribution from the holes in the structure. In addition, w
assume that we are in the low field limit where neither
carrier densities nor the Fermi energy change appreci
with magnetic field. ~For B',3 T, the filling factor, n
.10.) Evidence for this is provided by Fourier transforms
the oscillations which show a single peak with a const
carrier density which agrees with the electron density giv
in Table I, which was deduced from fitting the measured H

TABLE I. The layer thicknesses together with the fitted electr
and hole densities and mobilities of the two samples are given.
values quoted for the SL sample are the densities per layer.

Thickness~Å! Density (1011 cm22) Mobility (m2/Vs)
Sample GaSb InAs Electron Hole Electron Hol

QW 300 7.5 4.4 4.9 0.50
SL 210 190 8.4 5.8 4.4 1.2

FIG. 1. The doubly differentiated longitudinal magnetores
tance traces of the QW sample measured at 40 mK are plo
against the perpendicular component of the applied magnetic fi
The traces are labelled with the angle between the magnetic
and the growth axis and have been offset for clarity. The curves
the right have been expanded by the factors shown below the tr
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resistivity trace. The oscillations in the magnetoresista
remain at the same value of B' independent of the angle. Th
only change is that as the angle increases oscillations w
appear at lower values of B' and hence correspond to larg
filling factors become spin split. Ifu is the angle between th
applied magnetic field and the growth axis then the mag
tude of the total magnetic field, BT , for a given value of B'
increases with 1/cosu. Since the Zeeman energy depends
BT then as the angle increases the spin splitting sho
gradually become observable at lower values of perpend
lar magnetic field.

As the angle of rotation increases the spin split minim
gradually become deeper and for the trace measure
62.3°, shown in Fig. 1, it is difficult to distinguish whic
minima are due to spin splitting and which to Landau sp
ting. At an angle of around 64° there is a phase change in
oscillations as the spin split minima become the deepest
tures. This phase change occurs at roughly the same ang
rotation for several different oscillations. It is difficult to giv
an accurate value for the angle at which this occurs beca
the oscillations are quite weak at these high angles of r
tion. The angle for this phase change is defined by the F
and Stiles criterion5 as the angle at which the Zeeman spl
ting is half the size of the Landau splitting. This has oft
been used as a method to measure the effectiveg factor ~see,
for example, Ref. 8!. Below this angle the higher energy sp
state of theNth Landau level is closest in energy to th
opposite spin state of the same Landau level but beyond
angle it becomes closer to the lower energy spin state of
(N11)th Landau level. This easily leads to the express
below for the effectiveg factor

g* 5
m0 cosu

me*
, ~1!

where u is the critical angle,me* is the electron effective
mass at the Fermi energy, andm0 is the free electron mass
For this structureme* 50.031m0 giving a g* of approxi-
mately 14. This is slightly less than the bulk value of 159

because of nonparabolicity of the electron dispersion. Ch
et al. have measured values between 17 and 23 for sim
structures with much wider InAs layers10 where nonparabo-
licity is much less important and the measuredg* could be
enhanced by many-body effects. Smith and co-workers m
sured values between 7.8 and 8.7 in a much thinner In
well,11 where the confinement energy is a long way abo
the band edge and nonparabolicity greatly reduces theg fac-
tor. It is not our intention in this paper to measure an ac
rate value for the electrong factor. The purpose of the ap
proximate value deduced here is to rule out any effects
spin splitting in the discussion of the experimental data
tained from the SL sample which follows.

Fourier transforms~FTs! of the QW data have been pe
formed for all the measured angles of rotation. All of the
show a single peak indicating that only one electron subb
is occupied. This peak remains at almost the same pos
when expressed in terms of the perpendicular componen
the magnetic field, as shown in Fig. 2, indicating that t
electron gas is truly two dimensional. It is important to no
here that even at large angles when spin splitting of the
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7294 PRB 58D. M. SYMONS et al.
tures is very pronounced, there is still only one fundamen
frequency of oscillations in the FT. The appearance of s
splitting only changes the shape of the oscillations leadin
sharpening and splitting of the peaks. The periodicity of
oscillations is not changed and therefore the spin splitt
cannot introduce extra frequencies into the oscillations. T
only effect it can have on the FTs of the data is that
relative amplitudes of the harmonics are changed.

B. SL sample

It is clear from even a quick glance at the raw data of
SL sample shown in Fig. 3 that this sample behaves in q
a different manner to the QW sample described in the pr
ous section. As for the QW sample, it is assumed initia

FIG. 2. FTs of the magnetoresistance oscillations of the Q
sample have been performed and the positions of the peaks
plotted as a function of angle. The peak positions are given in te
of the perpendicular component of the magnetic field. For e
angle the FT has been performed over the same range of valu
the perpendicular component of the magnetic field, namely 0.
5.0 T.

FIG. 3. The doubly differentiated longitudinal magnetores
tance traces of the SL sample measured at 40 mK are plo
against the perpendicular component of the applied magnetic fi
The traces are labelled with the angle between the magnetic
and the growth axis and have been offset for clarity. The curves
the right have been expanded by a factor of 1.5.
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that the oscillations at low field are solely due to the ma
netic quantization of the electrons, with little effect from th
holes in the structure. The role that the holes play in
observed behavior will become clear later in the paper. It
be seen from Fig. 3 that at angles up to about 33°, the
field oscillations remain quite constant when plotted as
function of the perpendicular component of the magne
field. The only significant change is that the spin splitti
becomes resolved at lower fields as the angle increases
angles greater than 33° however, there is a significant cha
in the character of the oscillations. Many new features
pear, especially in the region of field above 1.5 T, and th
evolve rapidly as the sample is rotated further away from
This is in marked contrast to the behavior observed for
QW sample which is shown in Fig. 1. Theg factor of the
electrons in this structure must have a similar value to t
deduced for the QW sample, since the widths of the In
layers in the two samples and their electron densities are
similar. As explained in the previous section, the Fang a
Stiles criterion will not be fulfilled until the angle reache
approximately 64° so the observed change in the oscillati
at 33° cannot be due to spin splitting. In any case, the cha
in character of the oscillations looks very different from t
phase change observed for the QW sample at 64° in Fig

The change in character of the low field oscillations at
angle of about 33° is clearly demonstrated by the FTs of
oscillations which are shown in Figs. 4 and 5. At sm
angles there is only one peak in the FTs, plus a harmoni
twice the frequency which is also plotted in Fig. 5. The fu
damental peak remains at a constant value of the perpend
lar component of the magnetic field as the sample is rota
suggesting that the Fermi surface is cylindrical. At an an
of about 33° there is a dramatic change and extra frequen
appear in the FT, which persist until the largest ang
shown. The peak at about 18.5 T, a slightly larger freque
than that of the peak observed at small angles of rotatio
the strongest of the extra peaks but additional weaker pe
are also included in the figure. At about 70° the amplitude
the oscillations in the raw traces becomes too small and
FTs are no longer very clear. These extra frequencies ca
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FIG. 4. FTs of the magnetoresistance oscillations of the
sample are shown for two angles. At 0° there is a single pea
about 15 T, plus its harmonic at;30 T, but at 40° an additiona
peak appears at a slightly higher frequency than the first pea
well as a third weaker peak.
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PRB 58 7295MAGNETIC BREAKDOWN IN THE SEMIMETALLIC . . .
be produced by spin splitting, since they are not harmon
of the fundamental frequency. Both this SL sample and
QW sample described previously have only one elect
subband occupied. The only major difference between th
samples is that the SL sample has ten active layers whe
the QW sample has only one. The unusual behavior of
SL sample is therefore most likely to be due to wavefunct
overlap between the layers which will lead to an electr
miniband and nonzero dispersion along the SL axis. We
therefore consider this in the next section.

IV. DISCUSSION

A. Corrugation of the electron Fermi surface

Eight-bandk•p calculations of the SL sample suggest th
the electron miniband width,D, should be of order 15
meV.12 This means that at the edge of the Brillouin zon
where kz56p/d, the confinement energy is closer to th
Fermi energy than at the center of the Brillouin zone wh
kz50. The growth axis is aligned along thez direction andd
is the period of the SL. The Fermi wave vector measu
perpendicular to thekz axis is therefore smaller atkz
56p/d than atkz50 and the Fermi surface is a corrugat
cylinder as shown in Fig. 6. Yamaji has explained the an
lar dependent magnetoresistance oscillations observed i
ganic superconductors by considering a similar corruga
cylindrical Fermi surface.13

In the structures studied here the electron and hole de
ties are almost equal, but the dominant contribution to
conduction is provided by the electrons because they ha
larger mobility. For the moment, therefore, we will igno
any effects from the holes and just consider the motion
electrons on this corrugated Fermi surface when a sm
magnetic field is applied in an arbitrary direction. The ele
trons will perform orbits of constant energy which are co
strained to planes perpendicular to the magnetic field. I
well known that the only orbits which will give rise to osci
lations in the magnetoresistance are the extremal or
around the Fermi surface. The frequency of the oscillatio
which are periodic in 1/B, is proportional to thek space area

FIG. 5. FTs of the magnetoresistance oscillations of the
sample have been performed and the positions of the peaks
plotted as a function of angle. The peak positions are given in te
of the perpendicular component of the magnetic field. The stron
peaks are plotted as squares and the weaker peaks as crosse
each angle the FT has been performed over the same rang
values of the perpendicular component of the magnetic fi
namely 0.5 to 5.0 T.
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of the orbit. When the magnetic field is applied parallel
the SL axis it is clear that there are two extremal area orb
The orbit with maximum area lies in the planekz50 and the
orbit with minimum area lies in the planekz56p/d. Figure
7 shows how the calculated oscillation frequencies co
sponding to these extremal Fermi surface orbits vary as
angle between the magnetic field and the SL axis is var
At particular angles,f, all the orbits have the same are
These angles are described by the expression

tan f5

S n2
1

4Dp

dkF
, ~2!

wheren is a positive nonzero integer andkF is the Fermi
wave vector.13

We might therefore expect to see two peaks in the FTs
the SL sample when the magnetic field is applied perp
dicular to the layers and furthermore the positions of th
peaks would oscillate and cross each other as the samp
rotated. This is indeed very much like the behavior repor
previously by Changet al. in a 1000-Å period SL.10 These
early InAs/GaSb samples tended to have a large exces
electrons over holes and therefore we would expect sign
cantly different behavior to the structures studied in this
per which are close to the ‘‘intrinsic’’ limit. For the SL

L
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s

er
. For

of
,

FIG. 6. The dispersion relations of the electrons are shown
both the in-plane and out-of-plane directions. The Brillouin zo
nomenclature is shown at the top of the figure. The Fermi w
vector measured perpendicular to the SL axis is larger atkz50 (ka)
than atkz56p/d (kb), which leads to a corrugated cylindrica
Fermi surface as depicted in the lower part of the figure.
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sample we do see more than one frequency in the oscillat
but only for angles beyond the critical angle of 33°. Th
suggests that we need to look beyond this ‘‘Yamaji’’ pictu
of the corrugated Fermi surface to fully explain the data p
sented here. The SL sample we have used in this work
comparable electron and hole densities and therefore
Fermi surface is close to the point where the electron
hole in-plane dispersions anticross. Recently, it has b
found that the mixing between the electrons and holes ca
very important and sometimes it is imperative to take t
into account in order to understand the observed behav3

Hence, in the next section we will consider what role t
holes play in the band structure of the SL.

B. Mixing between the electrons and holes

In semimetallic InAs/GaSb structures the in-plane el
tron and heavy hole dispersion relations anticross and a m
gap of order 7 meV opens up between the lowerM -shaped
band and the upperW-shaped band which are shown in Fi
8. The dispersion relations shown in this figure were cal
lated using the two-band model which is introduced later
this section. The presence of this minigap was predic
theoretically1 a long time ago but has only recently be
observed experimentally.3,4 If the electron and hole densitie
are equal then the Fermi energy must lie in the minigap
we would expect the sample to show semiconducting beh
ior. In practice any structure exhibits primarily metallic co
duction if the electron and hole confined levels overlap ak
50, showing that there is still an overlap between theM -

FIG. 7. The calculated frequency of the Shubnikov–de H
oscillations, corresponding to the extremal areas of the Fermi
face are plotted as a function of the angle of the applied magn
field. In the upper plot the frequencies are given in terms of the t
applied field whereas in the lower plot they are given in terms of
perpendicular component of the field. The calculation is for a 40
period SL with an electron density of 731011 cm22 and two values
of the miniband width,D.
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andW-shaped bands. The in-plane hole mass is larger in
@110# direction than in the@100# direction and therefore the
minigap lies at a different energy for different directions
the in-planek vector. This is sufficient to produce a ban
overlap, shown in the inset to Fig. 8, which leads to sem
metallic behavior in all but the very thinnest structures.3 Fur-
thermore, the large negative magnetoresistance observe
these structures when the magnetic field is applied paralle
the layers is described well by a model incorporating
presence of the minigap and the hole anisotropy.14

Eight-bandk•p calculations show that for the SL samp
the width of the electron miniband should be of order
meV.12 There is strong mixing between the electrons co
fined in the InAs layers and the light holes confined in t
GaSb layers and this acts to enhance the overlap of the e
tron wave functions between neighboring wells. The wa
function of the heavy holes does not penetrate very far i
the InAs layers and hence there is almost no dispersion of
holes in the direction perpendicular to the layers. Con
quently, the hole miniband width is very close to zero.
addition, the calculations show that the minigap produced
the mixing of the electrons and holes is very dependent
the superlattice wave vector,kz . In particular, it is much
larger atkz50 than atkz56p/d.

The approximate shape of the SL Fermi surface has b
calculated and various cross sections are shown in Fig. 9
addition the Fermi surface is shown as a three-dimensio
solid object in Fig. 10. A two-band model is used whic
consists of an electron band with parabolic in-plane disp
sion and a heavy hole band with anisotropic in-plane disp
sion. This is the same as the model used previously3,14 but
extended to include the dispersion along the SL axis. T
energies of the carriers are given by

s
r-

tic
al
e

FIG. 8. The dispersion relations are shown for two differe
directions of the in-plane wavevector,@100# and@110#. Away from
k50, the dispersion relations of the electrons and holes mix an
minigap opens up close to the anticrossing point. Since the h
mass is anisotropic the minigap lies at a different energy for diff
ent directions of the in-planek vector. The highest energy points o
the lowerM -shaped band lie above the lowest energy points of
upperW-shaped band. The inset shows that both bands cross
Fermi energy and therefore there is a Fermi surface.
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E6~kx ,ky ,kz!

5 1
2 $Ee

0~kx ,ky ,kz!1Eh
0~kx ,ky!

6A@Ee
0~kx ,ky ,kz!2Eh

0~kx ,ky!#21@d~kz!#
2%,

~3!

whereEe
0(kx ,ky ,kz) andEh

0(kx ,ky) are the electron and hol
energies of the uncoupled system andd(kz) is the minigap or
coupling energy which is varied sinusoidally from a ma
mum value atkz50 to a minimum atkz56p/d. The iso-
tropic electron band is given by

Ee
0~kx ,ky ,kz!5Ee

z~kz!1
\2~kx

21ky
2!

2me*
, ~4!

where the electron effective mass,me* , is taken as 0.030m0

to account for nonparabolicity andEe
z(kz) is the dispersion of

the electrons along the SL axis which is chosen to be s
soidal. The warped hole band, which is independent ofkz , is
given by

E0
h~kx ,ky!5Eg2

\2

m0
$A~kx

21ky
2!2@B2~kx

21ky
2!2

1C2kx
2ky

2#1/2%, ~5!

whereEg is the energy difference between the electron a
hole confinement energies at zero wave vector and the

FIG. 9. The Fermi surface of the SL sample is calculated us
an electron miniband width of 15 meV and a minigap which var
with the SL wave vector. The top plot shows a cross section in
(kx ,ky) plane. The bottom plots show the cross sections of
Fermi surface islands labeledA andB in the (ki ,kz) plane withki

along@100# for island A and@110# for island B. The vertical axes o
the bottom plots have been expanded,p/d50.0042 Bohr21. The
Fermi surface is split up into unconnected islands with gaps
tween these islands both perpendicular and parallel to the SL
To demonstrate the effect of the mixing, dotted lines show
Fermi surface in the absence of any electron-hole mixing.
u-

d
n-

stantsA, B, and C are taken to be 14.3, 10.4, and 13.
respectively, and control the mass and anisotropy of the h
dispersion. The position of the Fermi energy,EF , is chosen
to give the correct values for the electron and hole densit
ne andnh , in the absence of electron-hole mixing and wi
zero dispersion of the electrons along the SL axis. This le
to the expression

EF5
\2pne

me*
5Eg2

\2pnh

mh*
, ~6!

where mh* is an average in-plane mass for the holes. T
shape of the Fermi surface can then be calculated by find
the points ink space for whichE6(kx ,ky ,kz)5EF .

It is perhaps wise at this point to consider which orbits
the Fermi surface give rise to the Shubnikov–de Haas os
lations which we observe. Figure 9 shows the cross-sec
of the Fermi surface of the SL in a (kx ,ky) plane. The Fermi
surface of the QW sample will be very similar. The Ferm
surface consists of several unconnected islands. Whe
magnetic field is applied, carriers will perform orbits of th
closed areas of the Fermi surface. As the strength of
magnetic field is increased the rate at which the carriers
form these orbits increases, simply because the cyclotron
quency is proportional to the magnetic field. As a rou
guide, Shubnikov–de Haas oscillations should begin to
observed when a carrier is able to perform a complete o
without scattering. For each of the closed orbits in the Fe
surface of Fig. 9, half of the states are very holelike a
hence are associated with a larger mass. The cyclotron
quency is inversely proportional to the effective mass a
therefore the carrier will take a relatively long time to com
plete the holelike part of the orbit. It is very likely that th
carrier will scatter and hence no oscillations are obser
with a frequency which corresponds to the area of th
closed orbits. If the magnetic field is large enough then th

FIG. 10. Two Brillouin zones of the Fermi surface of the S
sample are shown drawn as a three dimensional solid object. A
Fig. 9 thekz axis has been expanded. The light is shining from
front of the object so that surfaces parallel to the plane of the pa
are white and surfaces perpendicular to the page are dark.g
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will be a significant probability that a carrier is able to tunn
across the gaps ink space between the unconnected islan
of the Fermi surface. This is termed magnetic breakdow15

A carrier is then able to perform a complete orbit, wh
remaining in electronlike states. Thek-space area of this or
bit is very close to that of the electron Fermi surface in
absence of any mixing between the electrons and holes.
this area which corresponds to the frequency of the osc
tions that we observe in the resistance.

It is interesting to note that for many intrinsic InAs/GaS
structures which typically have mobilities,m, as high as
10 m2/Vs, the oscillations are very rarely observable below
T. For the SL sample studied here the electron mobility
4.4 m2/Vs quoted in Table I has been determined from
resistance at zero magnetic field. However, it has been
gested that the ‘‘true’’ electron mobility should be dete
mined from the resistance in the presence of a large par
magnetic field.14 At zero field the group velocities of th
carriers at the Fermi energy are reduced by the presenc
the minigap, but the application of a parallel magnetic fie
shifts the electron and hole dispersion relations apart ik
space and removes the effects of the minigap. For the
sample described in this paper the mobility determined fr
the resistance in a large parallel magnetic field is 12.7 m2/Vs,
which leads to a transport lifetime,tc , of 2.2 ps. A simple
estimate of the quantum lifetime,tq , provided by looking at
the field at which the oscillations start gives a value of 0
ps. It is well known that these two lifetimes are not, in ge
eral, equal, since small angle scattering events will effect
observation of Shubnikov–de Haas oscillations, but w
have little effect on the measured resistance. The ratiotc /tq
depends on the dominant scattering mechanism, howeve
these samples we would expect this ratio to be close to u
since it is thought that interface roughness scattering is
dominant mechanism.16 This contradiction can be resolve
by assuming that magnetic breakdown only occurs abov
perpendicular field of 1 T and this always prevents any o
cillations being observed at lower fields.

A naive estimate of the field at which magnetic brea
down occurs is provided by comparing the sizes of the
clotron energy (\vc) and the minigap (;7 meV3). At a
field of 1 T the magnetic energy is 4 meV, which is the sam
order of magnitude as the minigap. Hu and MacDonald h
calculated the breakdown fields for two parallel 2DE
placed in a tilted magnetic field17 which is quite similar to
the situation presented in this paper. They find that the p
pendicular component of the magnetic field at which bre
down occurs is such that the magnetic energy is compar
with the size of the minigap and also that it depends on
magnitude of the parallel component of the field. Theref
the breakdown field varies with the angle between
sample axis and the applied field. Harffet al. present experi-
mental results of GaAs/AlxGa12xAs double quantum wel
samples in tilted fields where they find that the perpendicu
component of the magnetic field required for breakdown
between 0.3 and 1.2 T.18 The energy gap in their study i
smaller ~2 meV! but their electron mass is larger so w
would expect the breakdown field in their structures to be
the same order of magnitude as the samples studied in
paper.
l
s

e
is

a-

1
f
e
g-

lel

of

L

8
-
e
l

in
ty
e

a

-
-

e
e

r-
-
le
e
e
e

r
s

f
is

In the previous section when we considered the cor
gated electron Fermi surface without any effects from
holes, it was the orbit centered around thekz50 plane which
gave rise to the oscillations with the larger frequency. Fig
9 shows that there is no Fermi surface in thekz50 plane for
the SL. The Fermi energy lies in the gap between theW- and
M -shaped bands for all directions of the in-planek vector.
When a magnetic field is applied along the SL axis there
no longer an allowed orbit whose area ink space is close to
the previous maximum. Of course, there is still an or
which has a maximum area. This will not give rise
Shubnikov–de Haas oscillations though, since there will
be a large peak in the number of orbits which have t
particular area. Therefore we would expect to see only
frequency in the FTs of the oscillations for small angles
rotation corresponding to the extremal orbits close to thekz
56p/d plane, where magnetic breakdown occurs at l
field values. For a constant value of B' the total magnetic
field increases as the angle increases. At a particular a
the total field will be large enough that magnetic breakdo
will occur in thekz50 plane of the Fermi surface and orbi
with a larger area giving rise to oscillations with a high
frequency will become possible. The field required for ma
netic breakdown in thekz50 plane will be larger than tha
for the kz56p/d plane because the minigap is large
Hence, the form of the calculated Fermi surface of the
suggests that for small angles there should be only one
quency in the oscillations, but a second higher freque
should appear when the sample is rotated beyond a partic
angle. This is in good qualitative agreement with the o
served behavior of the SL sample.

The two strong peaks in the FTs of the SL are due to
maximum and minimum area orbits. The frequencies
these orbits are proportional to their areas ink space. We can
use the difference in these areas to deduce an approxi
value of 11 meV for the miniband width of the electron
This is in good agreement with the value of;15 meV cal-
culated using an eight-bandk•p model.12 One possible ob-
jection to the explanation given above is that in the previo
section it was shown that for a corrugated electron Fe
surface the frequency of the oscillations expressed in te
of the perpendicular component of the magnetic field sho
vary as the sample is rotated, but in Fig. 5 the peak rem
at almost a constant value. It should be noticed from Fig
that the presence of the minigap acts to make the Fe
surface more cylindrical, reducing the corrugation produc
by the dispersion of the electrons along the SL axis. This
possible explanation why the peaks in the FTs of the
remain at almost a constant value when the sample is rota

When the angle of the magnetic field is greater th
tan21(p/dkF) then every possible Fermi surface orbit will e
tend over more than one Brillouin zone along thekz direc-
tion. This means that all orbits must include some state
the region close to thekz50 plane where there is no Ferm
surface. This happens at;22° for the SL sample studied
here. The lower frequency oscillations do not disappear
yond this angle so the carriers must be able to tunnel thro
the gaps in the Fermi surface close to thekz50 plane. Since
magnetic breakdown is occurring in this plane, we must c
sider the question of why the second frequency only appe
in the oscillations when the angle exceeds 33°. In fact, th



n
is
o

s
t o
in
r
w
a

at
s

e
tl
ec

plex
es
ag-

lla-
do
s.
nd it

re
or
e of
the

of

PRB 58 7299MAGNETIC BREAKDOWN IN THE SEMIMETALLIC . . .
are two reasons why no carriers perform orbits in this pla
when the magnetic field is applied parallel to the SL ax
There are no allowed orbits and in addition the density
states at the Fermi surface is zero. Carriers perform orbit
the Fermi surface until they are scattered to another poin
the Fermi surface, but they are never scattered to any po
close to thekz50 plane because the density of states is ze
Hence even when there is significant magnetic breakdo
and a carrier is able to perform an orbit with the maxim
k-space area, it is unlikely that it will be scattered into a st
in order to begin this orbit because the density of state
small.

V. CONCLUSIONS

We have presented tilted magnetotransport measurem
of both a QW sample and a SL sample which show distinc
different behavior. The QW sample shows classic 2D el
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tron gas behavior, whereas the SL sample shows a com
series of oscillating features with two strong periodiciti
once the sample is rotated beyond 33°. It is seen that m
netic breakdown is required in order to observe any osci
tions in the resistance, which explains why oscillations
not start before;1 T even for the highest mobility sample
The shape of the SL Fermi surface has been calculated a
is seen that there is no Fermi surface in thekz50 plane.
There is no allowed orbit with maximal area and therefo
only one frequency in the oscillations for small angles. F
larger angles, the total magnetic field is larger and becaus
magnetic breakdown the frequency corresponding to
maximum area orbit appears in the oscillations.
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