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By measuring longitudinal resistance, we map the Landau-level spectra of double quantum wells as a
function of both parallel (Bi) and perpendicular (B') magnetic fields. In this continuously tunable highly
nonparabolic system, both the cyclotron mass and Fermi energy of the two Fermi surface orbits change in
opposite directions withBi . The two corresponding ladders of Landau levels formed at finiteB' thus exhibit
multiple crossings. A third set of Landau levels, independent ofBi , arises from magnetic breakdown of the
Fermi surface. Semiclassical calculations show good agreement with the data.@S0163-1829~97!51520-7#

Interest in double quantum wells~DQW’s! has been
growing for several years, owing to the additional degree of
electronic freedom available in this system. Phenomena in-
vestigated include interlayer tunneling as a function of in-
plane (Bi) and perpendicular (B') magnetic fields,

1,2 resis-
tance resonances,3 Coulomb drag,4 and a Coulomb-driven
correlated bilayer state.5–7More recently it was shown that at
high Bi , closely coupled DQW’s exhibit an anticrossing in
the dispersion curve, leading to additional singularities in the
density of states.8–11 In these experiments,Bi shifts the two
QW Fermi circles relative to one another ink space, thereby
providing a controlled distortion of the two noncircular or-
bits of the coupled DQW Fermi surface~FS!. B' then super-
imposes Landau-level~LL ! structure on this distorted FS.
Because the two separate FS orbits have greatly distorted
cyclotron masses which depend strongly onBi ,

12,13 the LL
spectrum is expected to be unusually complex. The situation
is further complicated by magnetic breakdown,14,15 in which
an electron tunnels ink space from one FS orbit to the other.
However, while Boebingeret al.16 have observed Fermi
circle distortions in DQW’s, and Hu and MacDonald17 have
performed a quantum-mechanical calculation for this system
which takes into account magnetic breakdown of the FS, to
date no one has addressed the issue of LL formation at val-
ues ofBi large enough to produce the density of states sin-
gularities associated with the energy level anticrossing.

In this work, we experimentally map the LL spectrum of
two closely coupled GaAs/AlxGa12xAs DQW structures in
tilted fields, by measuring the longitudinal resistanceRXX as
a function of bothBi andB' . We observe three separate sets
of LLs, corresponding to three different types of FS orbits.
~See Fig. 1! The first set arises from the inner, lens-shaped
orbit, which has low mass and becomesless populatedwith
increasingBi . By contrast, the second set arises from the
outer, peanut-shaped orbit, which has high mass and be-
comesmore populatedwith Bi . As a result, sweepingBi

induces multiple crossings of the LLs at the chemical poten-
tial m. A third set of LLs, insensitive toBi , arises from
magnetic breakdown of the FS, whereby electrons tunnel in
k space between the peanut and lens orbits so as to form
circular orbits corresponding to separate, uncoupled QW’s.
A semiclassical calculation of the LL spectrum, taking into

account theBi dependence of both the mass and Fermi en-
ergy of each orbit, shows good agreement with the data.

We investigated two modulation-doped
GaAs/Al0.3Ga0.7As DQW’s, each consisting of two QW’s of
equal widthw separated by a barrier of thicknesst. Along
with w and t, Table I lists theBi50 values for the electron
densities in the two lowest subbands (n1 andn2), the total
mobility, and the symmetric-antisymmetric energy gap
DSAS.

5 @DSASwas determined atBi50 from Shubnikov–de
Haas~SdH! oscillations as a function of top gate bias.# The
QW’s are somewhat imbalanced, since (n12n2)p\2/m* is
somewhat larger thanDSAS.

8 Standard four-terminal lock-in
measurements were performed. To achieve variation of both
B' andBi , roughly 900 sweeps of total magnetic fieldBT
are done with the sample oriented at different anglesu
~whereBi50 atu50°! set by anin situ rotating stage. Dur-
ing a sweep,T50.3 K and u are held constant; between
sweepsu is changedin situ at a rate sufficiently slow that
T remains below 1 K.Bi andB' are determined using two
identically calibrated Hall probes: one measuresBT , while
the other is mounted on the rotating stage so as to measure
B' only.

The main effect ofBi is a linear shift ink spaceDk

FIG. 1. Sketch of the dispersion~left! and Fermi surface form5;6.8
meV ~right! for sampleA at Bi5~a! 5.0 T, ~b! 7.0 T, and~c! 9.0 T.
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5edBi /\ of one QW dispersion curve with respect to that of
the other, whered is the distance between the two electron
layers. When the QW’s are strongly coupled, the two QW
dispersion curves anticross and a partial energy gapEG
'DSASappears.

8,9 Figure 1 shows a sketch of the dispersion
curve and FS for sample A in each of three distinctBi re-
gimes. At lowBi @Fig. 1~a!# the energy gap is belowm and
the FS has two components, an inner lens-shaped orbit, and
an outer peanut-shaped orbit.Dky increases withBi , causing
the gap to move upwards in energy and simultaneously the
Fermi energy of the lens orbitEl to decrease. By contrast,
the peanut Fermi energyEp remains unchanged. At interme-
diateBi @Fig. 1~b!# m resides in the gap, and the FS contains
only the peanut orbit. Finally, at highBi @Fig. 1~c!# the bot-
tom of the energy gap moves abovem and the FS now con-
sists of two uncoupled circular orbits.

In Fig. 2~a! we plot RXX versus B' at a constant
Bi54.5 T for sampleA. At low B' , slow SdH oscillations
from the lens orbit are apparent, with maxima occurring
whenever a LL from the lens crossesm. As B' is increased,
additional rapid SdH oscillations from the peanut orbit also
appear. At even higherB' , the structure becomes more
complex, making the origin of individual peaks inRXX dif-
ficult to ascertain. In Fig. 2~b! we plot RXX versusBi at a
constantB'50.35 T, also for sampleA. The large oscilla-
tions are due to the successive depopulation of lens LLs by
an increasingBi . Also evident are smaller, short period os-
cillations, which by contrast, are due to the successivepopu-
lation of LLs in the peanut orbit byBi .

A more complete understanding can be gained from Fig.
3, which shows contour plots ofRXX(Bi ,B') for both
samples.@Also shown, as thin black lines in 3~a! and 3~b!,
are the results of a semiclassical calculation to be discussed
below.# For sampleA @Fig. 3~a!#, the data span all threeBi

regimes: highBi ~.7.5 T!, intermediateBi ~6.0 T,Bi,7.5
T!, and lowBi ~,6.0 T!. For sampleB @Fig. 3~b!#, only the
low Bi ~,9.0 T! and part of the intermediateBi ~.9.0 T!
regimes are present, because the electron densitiesn1 and
n2 are higher. We first discuss the highBi regime. Here
oscillations versusB' are nearly independent ofBi , result-
ing in a set of vertical high resistance ridges. This is as

TABLE I. Sample parameters.

Sample
w/t
~Å!

n(1011 cm22)
m total

(103 cm2/Vs)
DSAS

~meV!n1 n2

A 150/15 1.0 1.9 310 2.3
B 139/28 1.9 2.4 740 1.5

FIG. 2. For sampleA, measured~a! RXX(B' ) for fixed Bi54.5 T, and
~b! RXX(Bi) for fixedB' 50.35 T. Inset shows the experimental geometry.

FIG. 3. ~Color! MeasuredRXX(Bi ,B') for ~a! sampleA, and~b! sample
B. Overlaid thin black lines are semiclassically calculatedBi ,B' values at
which the lens and peanut LLs~solid!, and larger~dashed! and smaller
~dash-dotted! QW Fermi circle LLs cross the chemical potentialm. In ~b! the
N50 and 1 lens andN54,5, and 6 peanut LLs are labeled. TheBi regimes
are indicated.~c! Expanded view of the data for sampleA, with theRXX

range of the color scale halved to enhance the contrast. The black line
indicates a single peanut LL.
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expected since the energy gap is abovem; the FS consists of
two well-separated circle orbits@see Fig. 1~c!# whose sizes
do not change withBi .

The low Bi regime exhibits a more complexRXX which
depends strongly onBi . High resistance ridges can clearly
be seen running from the upper left towards the lower right,
and are due to LLs from the lens orbit coinciding withm.
This clear depopulation of lens LLs withBi is due to two
effects. First, asBi is increased,El decreases, roughly as the
square ofBi .

8 Second, there is a concurrent increase in the
lens LL energy spacing\v l 5eB' /ml

* , due to the decrease
in ml

* arising from the distorted dispersion.12,13 Also appar-
ent in Fig. 3, most clearly for sampleA, is a second weaker
set of high resistance ridges running from the lower left to-
wards the upper right. To aid identification of these ridges,
Fig. 3~c! shows an expanded view of a region of
RXX(Bi ,B') for sampleA. These ridges are due to the pea-
nut orbit, which is so large that relatively few electrons can
complete it without scattering, accounting for the weakness.
~As discussed below, the sharp peaks inRXX occur when the
peanut LLs intersect the lens LLs.! In contrast to the lens, the
filling factor of the peanut LLsincreaseswith Bi . While
Ep remains nearly constant withBi , the peanut cyclotron
massmp* increases,13 leading to a decrease in the peanut LL
energy separation\vp5eB' /mp* . Finally, a third set of
RXX ridges, running vertically, is also apparent. While these
vertical ridges are relatively weak at lowB' , their strength
increases rapidly withB' so that they dominateRXX at high
B' . This third set is due to magnetic breakdown, in which
electrons tunnel between the lens and peanut orbits so as to
form circular orbits corresponding to the individual QW’s.
The magnetic breakdown is weak at lowB' , but becomes
stronger asB' is increased, as expected: largerB' causes the
electrons to circulate more rapidly around the FS orbits, de-
creasing the range of each electron’s orbit in real space. This
reduced uncertainty in the electron position increases the un-
certainty in its momentum, thereby enabling tunneling once
the k space uncertainty becomes comparable to thek-space
gap separating the FS orbits.14,17

At intermediateBi , very weak oscillations appear, prima-
rily as nearly vertical ridges. Herem lies in the energy gap
and only the peanut orbit is present. We also attribute these
strong vertical ridges to magnetic breakdown, except in this
case electrons form circular orbits by tunneling across the
neck of the peanut orbit. The peanut orbit produces only
slight wiggles in the verticalRXX ridges, occurring whenever
a peanut LL crosses a LL due to magnetic breakdown.

Our overall explanation ofRXX(Bi ,B') is further sup-
ported by Fig. 4, which shows Fourier power spectra of the
data in 1/B' of Figs. 3~a! and 3~b! over the range 0.1,B'

,1.2 T, for sampleA @Fig. 4~a!# and sampleB @Fig. 4~b!#.
For both samples, a low-frequency peak due to the lens orbit
and a high-frequency peak due to the peanut orbit are clearly
seen. AsBi is increased, the lens~peanut! peak moves to
smaller~larger! frequencies, indicating a decreasing~increas-
ing! area ink space. Two intermediate frequency peaks are
also seen due to magnetic breakdown. These peaks remain
relatively unchanged withBi .

18 At low Bi , sampleB exhib-
its a significant contribution from the QW Fermi circles, due
to magnetic breakdown between the lens and peanut orbits.

SampleA, on the other hand, shows a strong peanut peak but
does not as clearly resolve the two QW frequencies until the
high Bi regime (Bi.7.5 T!, because its largerDSAS inhibits
magnetic breakdown.14,17 The presence of magnetic break-
down is further illustrated by Fig. 4~c!, which shows another
contour plot of Fourier power spectra for sampleB. How-
ever, in this case, the data transformed was only in the range
0.1,B',0.5 T. The relative strength of the intermediate
frequency QW peaks is greatly reduced, consistent with
magnetic breakdown occurring only at higherB' .

At this point it is evident that the data clearly exhibit
magnetic breakdown. The individual QW peaks appear not
only in the highBi regime where the two Fermi circles are
separated, but also in the intermediate and lowBi regimes,

FIG. 4. ~Color! Fourier power in 1/B' of the data of Fig. 3, for~a!
sampleA, and ~b! sampleB, for 0.1,B',1.2 T. Overlaid white lines
indicate the orbit peaks~solid! and their sum and difference~dotted!. The
Bi regimes are indicated.~c! same as~b!, but only for 0.1,B',0.5 T.
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where they can occur only if magnetic breakdown is present.
In this system, identification of magnetic breakdown is
uniquely facilitated by the fact thatBi continuously and con-
trollably changes the Fermi surface, moving it from a regime
in which breakdown is not possible~high Bi and/or
Bi>0!, to a regime in which breakdown occurs via different
cusps in thesamek-space orbit~intermediateBi), and finally
to one in which breakdown occurs via tunneling between
different k-space orbits~low Bi!. By Fourier transforming
the data, the identification of each orbit is unambiguously
made, and their evolution withBi is readily observed.

To provide a more quantitative test of our model, we per-
form a simple semiclassical calculation of theBi ,B' values
at which the lens and peanut LLs crossm. The DQW poten-
tial is obtained from the flat-band potential of the growth
structures by adjusting the depth of each QW so as to obtain
the measured values of the uncoupled densities. An equal but
opposite amount of linear band bending is then artificially
added to each QW so as to yield the measuredDSASvalue.
~A Hartree calculation gives only minor differences in the
calculation results.! The DQW potential thus obtained is then
used to find the uncoupled QW wave functions and eigen-
values, which are then used in a tight-binding calculation of
the DQW dispersionE(kx ,ky ,Bi) following Lyo.8,13 From
E(kx ,ky ,Bi) we obtainEl (Bi), making the approximation
that Ep(Bi) andm are constant.~While this approximation
seems poor when only the peanut is occupied at intermediate
Bi , the presence of strong magnetic breakdown makes it
more reasonable, since the QW LLs provide a reservoir of
electrons.! The tight-binding calculation also yields the cy-
clotron massesml ,p* (Bi)5(\2/2p)]Al ,p /]E, whereAl ,p is
the area ink space of the~lens or peanut! orbit evaluated at
m. The LL energies are then given byEl ,p5(Nl ,p
11/2)\eB' / ml ,p* (Bi), where the LL indexNl ,p50, 1,
2, . . . , andspin splitting is ignored. This approach makes the
simplifying approximation that each energy branch is well
described by a constantml ,p* for eachBi . TheBi ,B' values
at which the LLs crossm are then obtained by fixingNl ,p
and Bi , and finding theB' which makes this relation an
equality. We make the further simplifying approximation
thatEl ,p is constant withB' .

The results of this calculation are shown as thin black
lines in Figs. 3~a! and 3~b!. All the essential features of the
experimental data, in particular the approximate positions of
the lens and peanut LLs, are reproduced. The sharpRXX
peaks in the data correspond closely with the calculated in-
tersection points of the lens and peanut LLs.19 The calcula-
tion also recreates the wiggles in the verticalRXX ridges in
the intermediateBi regime, due to peanut LLs crossing mag-
netic breakdown LLs. The calculation’s unusual behavior
nearBi57.5 T for sampleA is due to the saddle point in the
peanut dispersion branch, wheremp* diverges
logarithmically.13 This leads to a distinctly higherRXX ~Ref.
9!.

We also performed a full quantum-mechanical calculation
of the density of states atm, diagonalizing the tight-binding
Hamiltonian of Hu and MacDonald.17 This Hamiltonian con-
sists of diagonal elements which represent the Landau lad-
ders of the two QW’s displaced by the difference in their
subband energies, and inter-ladder~i.e., inter-QW! off-
diagonal elements which couple any two rungs of the lad-
ders. Although not shown here, the salient features of the
data for both samples are reproduced, with large peaks in the
DOS occurring whenever LLs from each FS branch overlap
at m. More details will be presented elsewhere.20

In summary, we have mapped the LL spectra in tilted
magnetic fields of two closely coupled DQW’s by measuring
RXX(Bi ,B'). We observe three separate sets of LLs in this
tunable, highly nonparabolic system, corresponding to three
different types of FS orbits. LLs from the low-mass upper
dispersion branch~the lens orbit! become depopulated with
increasingBi , while those from the high-mass lower disper-
sion branch~the peanut orbit! become more populated, caus-
ing multiple crossings of the LLs. A third set of LLs, insen-
sitive to Bi , arises from magnetic breakdown of the Fermi
surface. A semiclassical calculation taking into account the
Bi dependence of the masses and Fermi energies qualita-
tively reproduces the data, as does a full quantum mechani-
cal calculation.

Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed-Martin company, for the U.S. De-
partment of Energy under Contract No. DE-AC04-
94AL85000.
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