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Magnetic breakdown in the semimetallic INnAs/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 islandi$0163-182@8)09335-1

[. INTRODUCTION ample, Ref. & By contrast, in a superlattig&SL) where the
carriers are free to move in all three dimensions the splitting
The broken gap InAs/GaSb system has received muchf the Landau levels is no longer independent of the in-plane
attention recently concerning whether it truly shows semimemagnetic field. In this paper, we present tilted field magne-
tallic behavior. In long period superlattices the confinementotransport measurements of both two-dimensio(@D)
energy of the electrons in the InAs lies below the confineSingle well and three-dimension&BD) SL structures per-
ment energy of the holes in the GaSb and charge will transféermed in a dilution fridge at 40 mK. The differences be-
between the layers. If we consider the in-plane carrier motWeen the two cases are explained by considering the disper-
tion, the dispersion relations corresponding to the electron§iOn in the direction parallel to the SL axis.
and holes anticross and due to mixing of the bands a small
m.inigap is formed. Altarelli pointed out that for a structure Il. EXPERIMENTAL DETAILS
with equal electron and hole densities, the Fermi energy
must lie in this minigap and semiconducting behavior will A number of InAs/GaSb structures, both single wells of
result! It has almost always been possible however to interinAs surrounded by GaSb and superlattices, have been mea-
pret magnetotransport measurements within the semimetalligured under rotation in a dilution fridge at 40 mK. The
picture, ignoring the presence of the minigfapakrimi et al.  samples were grown using atmospheric pressure metal-
have shown that the in-plane dispersion of the holes i®rganic vapor phase epitaxyOVPE).” The electron to hole
strongly anisotropic, leading to some indirect overlap of thedensity ratios for the samples are between 2 and 1.05, with
bands despite the existence of local energy Jafiserefore, electron and hole mobilities of order 5 and 0.5Yfs, re-
primarily metallic conduction is observed at low tempera-spectively. A typical data set for a sample consists of the
tures, which is the overriding reason why the first experi-Hall and magnetoresistance traces measured at 40 mK for
mental evidence of this minigap has only recently beembout 100 different angles. In this paper the angle of rotation
reportec is defined to be the angle between the field and the growth
When a structure containing a two-dimensional electroraxis. It is possible to rotate the samhesitu through small
gas (2DEGQG is placed in a tilted magnetic field, it is well angular increments without causing significant heating above
known that the splitting of the Landau levels is determinedbase temperature. This paper will concentrate on the results
only by the component of the field which is perpendicular toobtained with a single quantum well of 300 A of InAs sur-
the plane of confinement, whereas the Zeeman splitting isounded by GaSKOX963 but called QW in this papeand
dependent on the total magnetic fiéldilted field magne- also those from a 10 period superlattice with 190 A of InAs
totransport measurements have proved to be a powerful arahd 210 A of GaSKHOX2672 but called SL in this paper
much used technique with which the relative magnitudes offhe electron and hole densities and mobilities for the two
the Zeeman and Landau splitting can be vafisek, for ex- samples, deduced from fitting the Hall resistivity curves to a
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TABLE I. The layer thicknesses together with the fitted electronresistivity trace. The oscillations in the magnetoresistance
and hole densities and mobilities of the two samples are given. Theemain at the same value of Bndependent of the angle. The
values quoted for the SL sample are the densities per layer. only change is that as the angle increases oscillations which
- : = appear at lower values of Band hence correspond to larger

Thickness(A) Density (16" cm™?)  Mobility (m*Vs) fjjling factors become spin split. Wis the angle between the
Sample GaSb InAs  Electron  Hole  Electron Hole gpplied magnetic field and the growth axis then the magni-
tude of the total magnetic field,{B for a given value of B
increases with 1/co& Since the Zeeman energy depends on
Br then as the angle increases the spin splitting should
gradually become observable at lower values of perpendicu-

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

classical two carrier expression are shown in Table |. Botar magnetic field. o . o
these samples have sufficiently thin InAs layers that only one AS the angle of rotation increases the spin split minima
electron subband is populated and have been chosen beca@gdually become deeper and for the trace measured at
they emphasize the observed differences between singfé-3°» shown in Fig. 1, it is difficult to distinguish which
layer structures and SLs. Other samples with larger layeflinima are due to spin splitting and which to Landau split-

thicknesses have been measured and these essentially mirfd: At an angle of around 64° there is a phase change in the

the same observations except for additional complication8Scillations as the spin split minima become the deepest fea-
which can be attributed to the population of multiple electrontUres- This phase change occurs at roughly the same angle of
subbands. rotation for several different oscillations. It is difficult to give

an accurate value for the angle at which this occurs because
the oscillations are quite weak at these high angles of rota-
. RESULTS tion. The angle for this phase change is defined by the Fang
A. QW sample and Stiles criterionas the angle at which the Zeeman split-
ting is half the size of the Landau splitting. This has often
Doubly differentiated magnetoresistance traces of the QWeen used as a method to measure the effegtiaetor (see,
sample plotted against the perpendicular component of thiyr example, Ref. 8 Below this angle the higher energy spin
magnetic field (B) are shown in Fig. 1. It is assumed that at state of theNth Landau level is closest in energy to the
low fields the oscillations in the resistance are solely due t@pposite spin state of the same Landau level but beyond this
magnetic quantization of the 2D electrons with little or no angle it becomes closer to the lower energy spin state of the
contribution from the holes in the structure. In addition, we(N+1)th Landau level. This easily leads to the expression
assume that we are in the low field limit where neither thepelow for the effectivey factor
carrier densities nor the Fermi energy change appreciably
with magnetic field.(For B, <3 T, the filling factor, v
>10.) Evidence for this is provided by Fourier transforms of «_ Mo COS 4 1)
the oscillations which show a single peak with a constant mg
carrier density which agrees with the electron density given
in Table I, which was deduced from fltt|ng the measured Ha"\Nhere 0 is the critical ang'e,mé is the electron effective
mass at the Fermi energy, ang is the free electron mass.
LU T For this structurem’ =0.031m, giving a g* of approxi-

48.1° o
A MV\/\/V“\/\/\/ mately 14. This is slightly less than the bulk value of°15,

¢ because of nonparabolicity of the electron dispersion. Chang

z -“—“iww/\/\/\/\/\/"\/\/\ MWWV et al. have measured values between 17 and 23 for similar
= x6 structures with much wider InAs layéfswhere nonparabo-
= 39.6° ° . . .
& __.M/\/W\/\/V\/\/\ M\//\/\A/\/\ licity is much less important and the measuggd could be
5 %5 enhanced by many-body effects. Smith and co-workers mea-
W B 5050 sured values between 7.8 and 8.7 in a much thinner InAs
) ” well,** where the confinement energy is a long way above
‘“E 2400 o570 the ba_nd edge a_nd no_npa_rabo_licity greatly reduceg tfae-
T 3 tor. It is not our intention in this paper to measure an accu-
rate value for the electrog factor. The purpose of the ap-
o° 51.9° . .
; proximate value deduced here is to rule out any effects of
' | \ g | v oo spin splitting in the discussion of the experimental data ob-
1 5 3 1 5 3 tained from the SL sample which follows.

Fourier transformgFTs) of the QW data have been per-
formed for all the measured angles of rotation. All of these

FIG. 1. The doubly differentiated longitudinal magnetoresis-ShOW @ single peak indicating that only one electron subband
tance traces of the QW sample measured at 40 mK are plottet 0ccupied. This peak remains at almost the same position
against the perpendicular component of the applied magnetic fieldvhen expressed in terms of the perpendicular component of
The traces are labelled with the angle between the magnetic fielthe magnetic field, as shown in Fig. 2, indicating that the
and the growth axis and have been offset for clarity. The curves oglectron gas is truly two dimensional. It is important to note
the right have been expanded by the factors shown below the trace3ere that even at large angles when spin splitting of the fea-

Perpendicular Magnetic Field (Tesla)
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FIG. 2. FTs of the magnetoresistance oscillations of the QW
sample have begn performed and the po§|.t|ons of the pgaks " £1G. 4. FTs of the magnetoresistance oscillations of the SL
plotted as a function of angle. The peak positions are given in terms

Sample are shown for two angles. At 0° there is a single peak at

of the perpendicular component of the magnetic field. For eacké?out 15 T, plus its harmonic at30 T, but at 40° an additional

angle the FT has been performed over the same range of values Ol -« appears at a slightly higher frequency than the first peak as
the perpendicular component of the magnetic field, namely 0.5 & PP gntly g q y P

50T well as a third weaker peak.

) L that the oscillations at low field are solely due to the mag-
tures is very pronounced, there is still only one fundamentayqtic quantization of the electrons, with little effect from the
frequency of oscillations in the FT. The appearance of spifjes in the structure. The role that the holes play in the
splitting only changes the shape of the oscillations leading thserved behavior will become clear later in the paper. It can
sharpening and splitting of the peaks. The periodicity of the,o geen from Fig. 3 that at angles up to about 33°, the low
oscillations is not changed and therefore the spin splittingia|q oscillations remain quite constant when plotted as a
cannot intro_duce extra frequencies into the oscillgtions. The nction of the perpendicular component of the magnetic
only effect it can have on the FTs of the data is that theje|y The only significant change is that the spin splitting

relative amplitudes of the harmonics are changed. becomes resolved at lower fields as the angle increases. At
angles greater than 33° however, there is a significant change
B. SL sample in the character of the oscillations. Many new features ap-

Jear, especially in the region of field above 1.5 T, and these
SL sample shown in Fig. 3 that this sample behaves in quit volve rapidly as the sample is rotated further away from 0°.

; . . .This is in marked contrast to the behavior observed for the
a different manner to the QW sample described in the previ- SR T
ous section. As for the QW sample, it is assumed initiaIIyQW sample which is shown in Fig. 1. Thefactor of the

electrons in this structure must have a similar value to that
deduced for the QW sample, since the widths of the InAs
layers in the two samples and their electron densities are very
similar. As explained in the previous section, the Fang and
NecA Stiles criterion will not be fulfilled until the angle reaches
approximately 64° so the observed change in the oscillations
at 33° cannot be due to spin splitting. In any case, the change
in character of the oscillations looks very different from the
phase change observed for the QW sample at 64° in Fig. 1.
The change in character of the low field oscillations at an
angle of about 33° is clearly demonstrated by the FTs of the
oscillations which are shown in Figs. 4 and 5. At small
angles there is only one peak in the FTs, plus a harmonic at
twice the frequency which is also plotted in Fig. 5. The fun-
damental peak remains at a constant value of the perpendicu-
lar component of the magnetic field as the sample is rotated,
suggesting that the Fermi surface is cylindrical. At an angle
of about 33° there is a dramatic change and extra frequencies
appear in the FT, which persist until the largest angles
FIG. 3. The doubly differentiated longitudinal magnetoresis-Shown. The peak at about 18.5 T, a slightly larger frequency
tance traces of the SL sample measured at 40 mK are plottedlan that of the peak observed at small angles of rotation is
against the perpendicular component of the applied magnetic fieldhe strongest of the extra peaks but additional weaker peaks
The traces are labelled with the angle between the magnetic fieldre also included in the figure. At about 70° the amplitude of
and the growth axis and have been offset for clarity. The curves othe oscillations in the raw traces becomes too small and the
the right have been expanded by a factor of 1.5. FTs are no longer very clear. These extra frequencies cannot

It is clear from even a quick glance at the raw data of th
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FIG. 5. FTs of the magnetoresistance oscillations of the SL
sample have been performed and the positions of the peaks are
plotted as a function of angle. The peak positions are given in terms
of the perpendicular component of the magnetic field. The stronger
peaks are plotted as squares and the weaker peaks as crosses. For
each angle the FT has been performed over the same range of
values of the perpendicular component of the magnetic field,
namely 0.5t0 5.0 T.

be produced by spin splitting, since they are not harmonics
of the fundamental frequency. Both this SL sample and the
QW sample described previously have only one electron
subband occupied. The only major difference between these
samples is that the SL sample has ten active layers whereas
the QW sample has only one. The unusual behavior of the
SL sample is therefore most likely to be due to wavefunction

overlap between the layers which will lead to an electron G 6. The dispersion relations of the electrons are shown for
miniband and nonzero dispersion along the SL axis. We Willoth the in-plane and out-of-plane directions. The Brillouin zone

therefore consider this in the next section. nomenclature is shown at the top of the figure. The Fermi wave
vector measured perpendicular to the SL axis is largkg=aD (k,)
IV. DISCUSSION than atk,==*=m/d (kp,), which leads to a corrugated cylindrical

Fermi surface as depicted in the lower part of the figure.
A. Corrugation of the electron Fermi surface

Eight-bandk - p calculations of the SL sample suggest thatOf the orbit. When the magnetic field is applied parallel to
the electron miniband widthA, should be of order 15 the SL axis it is clear that there are two extremal area orbits.

meV12 This means that at the edge of the Brillouin zone, The orbit with maximum area lies in the plakg=0 and the
wherek,= =+ 7/d, the confinement energy is closer to the Orbit with minimum area lies in the plang= = m/d. Figure
Fermi energy than at the center of the Brillouin zone where/ Shows how the calculated oscillation frequencies corre-
k,=0. The growth axis is aligned along tkadirection andd sponding to these extrema! Fgrml surface orblts.va}ry as_the
is the period of the SL. The Fermi wave vector measuredngle b_etween the magnetic field _and the SL axis is varied.
perpendicular to thek, axis is therefore smaller ak, At particular angles, z_ill the orbits have the same area.
=+ 77/d than atk,=0 and the Fermi surface is a corrugated | "€S€ angles are described by the expression
cylinder as shown in Fig. 6. Yamaji has explained the angu-
lar dependent magnetoresistance oscillations observed in or- (n— E) -
ganic superconductors by considering a similar corrugated 4
cylindrical Fermi surfacé? T dke

In the structures studied here the electron and hole densi-
ties are almost equal, but the dominant contribution to thevheren is a positive nonzero integer ang is the Fermi
conduction is provided by the electrons because they havewsave vector?
larger mobility. For the moment, therefore, we will ignore  We might therefore expect to see two peaks in the FTs of
any effects from the holes and just consider the motion othe SL sample when the magnetic field is applied perpen-
electrons on this corrugated Fermi surface when a smallicular to the layers and furthermore the positions of these
magnetic field is applied in an arbitrary direction. The elec-peaks would oscillate and cross each other as the sample is
trons will perform orbits of constant energy which are con-rotated. This is indeed very much like the behavior reported
strained to planes perpendicular to the magnetic field. It ipreviously by Changet al. in a 1000-A period SI*° These
well known that the only orbits which will give rise to oscil- early InAs/GaSb samples tended to have a large excess of
lations in the magnetoresistance are the extremal orbitslectrons over holes and therefore we would expect signifi-
around the Fermi surface. The frequency of the oscillationsgantly different behavior to the structures studied in this pa-
which are periodic in B, is proportional to thé space area per which are close to the “intrinsic” limit. For the SL

tan ¢= (2
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0 10 20 30 40 directions of the in-plane wavevect$d,00] and[110]. Away from
Angle (degrees) k=0, the dispersion relations of the electrons and holes mix and a

) minigap opens up close to the anticrossing point. Since the hole

FIG. 7. The calculated frequency of the Shubnikov—de Haasnass is anisotropic the minigap lies at a different energy for differ-
oscillations, corresponding to the extremal areas of the Fermi sulsy; directions of the in-planie vector. The highest energy points of
face are plotted as a function of the angle of the applied magnetig,o lowerM-shaped band lie above the lowest energy points of the
field. In the upper plot the frequencies are given in terms of the tOtahpperW-shaped band. The inset shows that both bands cross the
applied field whereas in the lower plot they are given in terms of thezgm; energy and therefore there is a Fermi surface.
perpendicular component of the field. The calculation is for a 400 A
period SL with an electron density 0£10'! cm™2 and two values
of the miniband widthA. andW-shaped bands. The in-plane hole mass is larger in the

[110] direction than in thd100] direction and therefore the
minigap lies at a different energy for different directions of

sample we do see more than one frequency in the oscillatiorf§€ in-planek vector. This is sufficient to produce a band
but only for angles beyond the critical angle of 33°. Thisoverlap, shown in the inset to Fig. 8, which leads to semi-
Suggests that we need to |00k beyond th|s “Yamaji” picture meta”IC behaVIOI‘ N a.” butthe Very thlnneS.t Structlﬁﬂ]r- )
of the corrugated Fermi surface to fully explain the data prethermore, the large negative magnetoresistance observed in
sented here. The SL sample we have used in this work hg§ese structures when the magnetic field is applied parallel to
comparable electron and hole densities and therefore tH&€ layers is described well by a model incorporating the
Fermi surface is close to the point where the electron an@resence of the minigap and the hole anisotrpy.
hole in-plane dispersions anticross. Recently, it has been Eight-bandk-p calculations show that for the SL sample
found that the mixing between the electrons and holes can bée width of the electron miniband should be of order 15
very important and sometimes it is imperative to take thismeV.™ There is strong mixing between the electrons con-
into account in order to understand the observed behaviorfined in the InAs layers and the light holes confined in the
Hence, in the next section we will consider what role theGaSb layers and this acts to enhance the overlap of the elec-
holes play in the band structure of the SL. tron wave functions between neighboring wells. The wave
function of the heavy holes does not penetrate very far into
the InAs layers and hence there is almost no dispersion of the
holes in the direction perpendicular to the layers. Conse-

In semimetallic InAs/GaSb structures the in-plane elec-quently, the hole miniband width is very close to zero. In
tron and heavy hole dispersion relations anticross and a minaddition, the calculations show that the minigap produced by
gap of order 7 meV opens up between the lolweishaped the mixing of the electrons and holes is very dependent on
band and the uppéat/-shaped band which are shown in Fig. the superlattice wave vectok,. In particular, it is much
8. The dispersion relations shown in this figure were calcularger atk,=0 than atk,= = =/d.
lated using the two-band model which is introduced later in  The approximate shape of the SL Fermi surface has been
this section. The presence of this minigap was predictedalculated and various cross sections are shown in Fig. 9. In
theoretically a long time ago but has only recently been addition the Fermi surface is shown as a three-dimensional
observed experimentalf{/* If the electron and hole densities solid object in Fig. 10. A two-band model is used which
are equal then the Fermi energy must lie in the minigap andonsists of an electron band with parabolic in-plane disper-
we would expect the sample to show semiconducting behawion and a heavy hole band with anisotropic in-plane disper-
ior. In practice any structure exhibits primarily metallic con- sion. This is the same as the model used previddélgut
duction if the electron and hole confined levels overlak at extended to include the dispersion along the SL axis. The
=0, showing that there is still an overlap between Me  energies of the carriers are given by

B. Mixing between the electrons and holes
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0.01 00 0.01 FIG. 10. Two Brillouin zones of the Fermi surface of the SL
k| 1100] k| [110] sample are shown drawn as a three dimensional solid object. As for

Fig. 9 thek, axis has been expanded. The light is shining from in
front of the object so that surfaces parallel to the plane of the paper

FIG. 9. The Fermi surface of the SL sample is calculated usingi'® White and surfaces perpendicular to the page are dark.
an electron miniband width of 15 meV and a minigap which varies
with the SL wave vector. The top plot shows a cross section in thetantsA, B, and C are taken to be 14.3, 10.4, and 13.5,
(ks .ky) plane. The bottom plots show the cross sections of theespectively, and control the mass and anisotropy of the hole
Fermi surface islands labele&dandB in the (k,,k,) plane withk, dispersion. The position of the Fermi ener@g, is chosen
along[100] for island A and'110] for island B. The vertical axes of to give the correct values for the electron and hole densities,
the bottom plots have been expandedd=0.0042 Bohf™. The  n_ andn,,, in the absence of electron-hole mixing and with

Fermi surface is split up into unconnected islands with gaps bezero dispersion of the electrons along the SL axis. This leads
tween these islands both perpendicular and parallel to the SL axigg the expression

To demonstrate the effect of the mixing, dotted lines show the

Fermi surface in the absence of any electron-hole mixing.

(Bohr™) (Bohr™)

h2ang h2an;,
E:(erkyykz) EF:m—;‘:Eg_m—;’;’ (6)

= 3{EAky Ky ko) +ED(Ky  k
2 {Belkky ko) + Enllc ky) where m¢ is an average in-plane mass for the holes. The

+ J[Ea(Ky,ky k) — En(ky ky) 12+ 8(k,) 1%, shape of the Fermi surface can then be calculated by finding
the points ink space for whicte_. (ky,ky ,k,) =Eg.

3 It is perhaps wise at this point to consider which orbits on
whereEQ(k, k, ,k;) andEJ(k, k,) are the electron and hole the Fermi surface give rise to the Shubnikov—de Haas oscil-
energies of the uncoupled system aif#t,) is the minigap or lations which we observe. Figure 9 shows the cross-section
coupling energy which is varied sinusoidally from a maxi- of the Fermi surface of the SL in &(,k,) plane. The Fermi
mum value atk,=0 to a minimum atk,=+ 7/d. The iso- surface of the QW sample will be very similar. The Fermi
tropic electron band is given by surface consists of several unconnected islands. When a

02 o magnetic field is applied, carriers will perform orbits of the
he(kK+ k) closed areas of the Fermi surface. As the strength of the
2m¥ ’ ) magnetic field is increased the rate at which the carriers per-
] . form these orbits increases, simply because the cyclotron fre-
where the electron effective mass; , is taken as 0.03M, quency is proportional to the magnetic field. As a rough
to account for nonparabolicity arif(k,) is the dispersion of  guide, Shubnikov—de Haas oscillations should begin to be
the electrons along the SL axis which is chosen to be sinugbserved when a carrier is able to perform a complete orbit
soidal. The warped hole band, which is independemt,ofis  without scattering. For each of the closed orbits in the Fermi

E2(ky Ky ko) =EZ(Kp) +

given by surface of Fig. 9, half of the states are very holelike and
52 hence are associated with a larger mass. The cyclotron fre-
EN(Kky ky) =Eq— — {A(K2+k2)—[B2(k2+k?2)? quency is inversely proportional to the effective mass and
0\ Rx 1 Ry 9 m X y X y . . . .
o therefore the carrier will take a relatively long time to com-

+Czk2k2]1/2} 5) plet_e the_holelike part of the orbit. It ig very likely that the

Xy ' carrier will scatter and hence no oscillations are observed
whereE, is the energy difference between the electron andvith a frequency which corresponds to the area of these
hole confinement energies at zero wave vector and the comlosed orbits. If the magnetic field is large enough then there
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will be a significant probability that a carrier is able to tunnel In the previous section when we considered the corru-
across the gaps ik space between the unconnected islandgated electron Fermi surface without any effects from the
of the Fermi surface. This is termed magnetic breakd&n. holes, it was the orbit centered around ke 0 plane which
A carrier is then able to perform a complete orbit, while gave rise to the oscillations with the larger frequency. Figure
remaining in electronlike states. Thespace area of this or- 9 shows that there is no Fermi surface in k30 plane for
bit is very close to that of the electron Fermi surface in thethe SL. The Fermi energy lies in the gap betweenwheand
absence of any mixing between the electrons and holes. It i§l-shaped bands for all directions of the in-planeector.
this area which corresponds to the frequency of the oscillaWhen a magnetic field is applied along the SL axis there is
tions that we observe in the resistance. no longer an allowed orbit whose areakirspace is close to

It is interesting to note that for many intrinsic InAs/GaSh the previous maximum. Of course, there is still an orbit
structures which typically have mobiliteg;, as high as Which has a maximum area. This will not give rise to
10 n?/Vs, the oscillations are very rarely observable below 15hubnikov—de Haas oscillations though, since there will not
T. For the SL sample studied here the electron mobility of°€ @ 1arge peak in the number of orbits which have this

4.4 n?/Vs quoted in Table | has been determined from theparticular area. Therefore we would expect to see only one

resistance at zero magnetic field. However, it has been Suér_equency in the FTs of the oscillations for small angles of

gested that the “true” electron mobility should be deter- otation corresponding to the extremal orbits close tokthe

: ) ) =+ /d plane, where magnetic breakdown occurs at low
mined f.“’”"! tz& re5|stance_ in the presence of a _Iarge Ioarall(?ield values. For a constant value of Bhe total magnetic
magnetic field.” At Z€ro field the group velocities of the field increases as the angle increases. At a particular angle
carriers at the Fermi energy are reduced by the presence

. 2 o e total field will be large enough that magnetic breakdown
the minigap, but the application of a parallel magnetic field i occyr in thek,=0 plane of the Fermi surface and orbits

shifts the electron and hole dispersion relations apai in \ith a larger area giving rise to oscillations with a higher
space and removes the effects of the minigap. For the Skequency will become possible. The field required for mag-
sample described in this paper the mobility determined fronhetic breakdown in thé&,=0 plane will be larger than that
the resistance in a large parallel magnetic field is 12/¥8)  for the k,=*w/d plane because the minigap is larger.
which leads to a transport lifetime,, of 2.2 ps. A simple  Hence, the form of the calculated Fermi surface of the SL
estimate of the quantum lifetime,, provided by looking at  suggests that for small angles there should be only one fre-
the field at which the oscillations start gives a value of 0.18quency in the oscillations, but a second higher frequency
ps. It is well known that these two lifetimes are not, in gen-should appear when the sample is rotated beyond a particular
eral, equal, since small angle scattering events will effect thangle. This is in good qualitative agreement with the ob-
observation of Shubnikov—de Haas oscillations, but willserved behavior of the SL sample.
have little effect on the measured resistance. The ratia, The two strong peaks in the FTs of the SL are due to the
depends on the dominant scattering mechanism, however, aximum and minimum area orbits. The frequencies of
these samples we would expect this ratio to be close to unit{hese orbits are proportional to their areak ispace. We can
since it is thought that interface roughness scattering is these the difference in these areas to deduce an approximate
dominant mechanisitf. This contradiction can be resolved value of 11 meV for the miniband width of the electrons.
by assuming that magnetic breakdown only occurs above &his is in good agreement with the value ofL5 meV cal-
perpendicular field 1 T and this always prevents any os- culated using an eight-barid p model*? One possible ob-
cillations being observed at lower fields. jection to the explanation given above is that in the previous
A naive estimate of the field at which magnetic break-section it was shown that for a corrugated electron Fermi
down occurs is provided by comparing the sizes of the cysurface the frequency of the oscillations expressed in terms
clotron energy fw.) and the minigap £7 meVf). At a  of the perpendicular component of the magnetic field should
field of 1 T the magnetic energy is 4 meV, which is the samevary as the sample is rotated, but in Fig. 5 the peak remains
order of magnitude as the minigap. Hu and MacDonald havet almost a constant value. It should be noticed from Fig. 9
calculated the breakdown fields for two parallel 2DEGsthat the presence of the minigap acts to make the Fermi
placed in a tilted magnetic field which is quite similar to  surface more cylindrical, reducing the corrugation produced
the situation presented in this paper. They find that the pemy the dispersion of the electrons along the SL axis. This is a
pendicular component of the magnetic field at which breakjossible explanation why the peaks in the FTs of the SL
down occurs is such that the magnetic energy is comparabkemain at almost a constant value when the sample is rotated.
with the size of the minigap and also that it depends on the When the angle of the magnetic field is greater than
magnitude of the parallel component of the field. Thereforean (7/dk:) then every possible Fermi surface orbit will ex-
the breakdown field varies with the angle between theend over more than one Brillouin zone along thedirec-
sample axis and the applied field. Hagffal. present experi- tion. This means that all orbits must include some states in
mental results of GaAs/AGa,_,As double quantum well the region close to thie,=0 plane where there is no Fermi
samples in tilted fields where they find that the perpendiculasurface. This happens at22° for the SL sample studied
component of the magnetic field required for breakdown ishere. The lower frequency oscillations do not disappear be-
between 0.3 and 1.2 *.The energy gap in their study is yond this angle so the carriers must be able to tunnel through
smaller (2 meV) but their electron mass is larger so we the gaps in the Fermi surface close to Kye-0 plane. Since
would expect the breakdown field in their structures to be oimagnetic breakdown is occurring in this plane, we must con-
the same order of magnitude as the samples studied in th@der the question of why the second frequency only appears
paper. in the oscillations when the angle exceeds 33°. In fact, there
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are two reasons why no carriers perform orbits in this plangéron gas behavior, whereas the SL sample shows a complex
when the magnetic field is applied parallel to the SL axis.series of oscillating features with two strong periodicities
There are no allowed orbits and in addition the density ofonce the sample is rotated beyond 33°. It is seen that mag-
states at the Fermi surface is zero. Carriers perform orbits afetic breakdown is required in order to observe any oscilla-
the Fermi surface until they are scattered to another point otions in the resistance, which explains why oscillations do
the Fermi surface, but they are never scattered to any pointsot start before-1 T even for the highest mobility samples.
close to theék,= 0 plane because the density of states is zeroThe shape of the SL Fermi surface has been calculated and it
Hence even when there is significant magnetic breakdowis seen that there is no Fermi surface in #he=0 plane.
and a carrier is able to perform an orbit with the maximalThere is no allowed orbit with maximal area and therefore
k-space area, it is unlikely that it will be scattered into a stateonly one frequency in the oscillations for small angles. For
in order to begin this orbit because the density of states itarger angles, the total magnetic field is larger and because of
small. magnetic breakdown the frequency corresponding to the
maximum area orbit appears in the oscillations.
V. CONCLUSIONS
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