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Magnetoresistance and electronic structure of asymmetric GaAsÕAl0.3Ga0.7As double quantum
wells in an in-plane or tilted magnetic field
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Bilayer two-dimensional electron systems formed by a thin barrier in the GaAs buffer of a standard hetero-
structure were investigated by magnetotransport measurements. In magnetic fields oriented parallel to the
electron layers, the magnetoresistance exhibits an oscillation associated with the depopulation of the higher
occupied subband and the field-induced transition into a decoupled bilayer. Shubnikov–de Haas oscillations in
slightly tilted magnetic fields allow us to reconstruct the evolution of the electron concentration in the indi-
vidual subbands as a function of the in-plane magnetic field. The characteristics of the system derived experi-
mentally are inquantitative agreement with numerical self-consistent field calculations of the electronic
structure.
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I. INTRODUCTION

In an idealized, infinitely narrow two-dimensional~2D!
system the in-plane component of the magnetic field cou
only to the electronic spin degree of freedom. In re
samples, however, the finite size of a 2D system in
growth (ẑ) direction often leads to strong orbital effects
the in-plane field. For example, 2D-2D tunneling studies1 of
a system consisting of two nearby narrow quantum we
which is the simplest structure with nontrivial growth dire
tion degree of freedom, have revealed dramatic effects of
in-plane field on the Fermi surface topology. In this weak
coupled double quantum well sample the in-plane fieldBi in
effect displaces the origin of the two layer Fermi circles
ueuBid/\ and allows a sweep of one past the other at a c
cal fieldBc52\kF /ueud, whered is the layer separation an
kF is the individual layer Fermi wave vector.

The crossing of Fermi surfaces is replaced with m
complicated patterns in samples with strongly coupled qu
tum wells in which the tunneling rate dominates the el
tronic scattering rate within a well. In a simple tight-bindin
model2 a partial energy gap, equal to the bondin
antibonding gap at zero field, opens at the wave vector
responding to the crossing point of the displaced dispers
curves for the uncoupled layers. While the upper subb
above the energy gap maintains a nearly parabolic shap
saddle point develops in the lower energy subband. W
increasingBi the bottom of the upper subband moves abo
the Fermi energy at a critical fieldBc,1 , resulting in a sudden
drop in the density of states. At the second critical fieldBc,2
the saddle point of the lower subband approaches the F
energy and the density of states diverges. The magnetor
tance oscillation observed on coupled double3,4 and triple5

quantum wells represents a striking manifestation of the
distinct van Hove singularities in theBi-dependent density o
states. For these samples the tight-binding model has
vided an accurate quantitative estimate for the critical
plane fields. Bilayer systems realized in wide single quant
wells also display6 the magnetoresistance oscillation How
ever, the orbital effects of the in-plane magnetic field a
PRB 620163-1829/2000/62~16!/10908~6!/$15.00
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more complex here and cannot be captured by the sim
tight-binding approximation. Instead, the numerical se
consistent-field technique has proven successful6 for wide
quantum wells.

The importance of orbital effects of the in-plane magne
field has recently been emphasized7 also in the context of
metal-insulator transition studies in Si-metal-oxide semic
ductor field effect transistor8 and GaAs/Al0.3Ga0.7As single
heterojunctions.9,10 The observed dramatic response toBi in
both metallic and insulating phases has been attributed7,10 to
the spin coupling to in-plane field as well as to th
distortion11,12 of carrier Fermi surfaces. A detailed quantit
tive understanding of these phenomena requires us to in
porate the orbital effects ofBi using nonperturbative ap
proaches.

In this paper we present a study of magnetotransp
properties of GaAs/Al0.3Ga0.7As heterojunctions with an ad
ditional thin Al0.3Ga0.7As barrier introduced into the GaA
buffer.13 The structures were specially designed to comb
properties of single-junction and bilayer systems. A compa
son between theory and experiment in our samples con
tutes an excellent test for the reliability of the numeric
self-consistent-field technique applied to systems with co
plex growth direction geometries. In Sec. II we present m
sured resistance oscillation with in-plane field a
Shubnikov–de Haas~SdH! oscillations recorded at magnet
fields slightly tilted from the 2D layer plane. Theoretical ca
culations of theBi-dependent electronic structure are use
in Sec. III, for quantitative interpretation of the experimen
data. Our conclusions are summarized in Sec. IV.

II. EXPERIMENTAL RESULTS

We studied modulation-doped GaAs/Al0.3Ga0.7As hetero-
junctions grown by molecular-beam epitaxy on~100! ori-
ented semi-insulating GaAs substrates and patterned in
standard Hall-bar samples. A thin barrier formed by eig
monolayers of Al0.3Ga0.7As was grown inside the GaA
buffer producing two coupled quantum wells, one of a d
torted rectangular shape and the other one with a nearly
10 908 ©2000 The American Physical Society
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angular geometry, as shown in insets of Fig. 1. We chose
thickness and position of the barrier to achieve high popu
tion of the second~antibonding! subband. The particula
structure design was based on zero-field numerical s
consistent simulations that predict minimum bondin
antibonding gap for barriers positioned near the node of
first excited state wave function~peak of the lowest energ
state wave function! of the original single junction. Note tha
unlike the conventional bilayers realized in double quant
wells or wide single wells our system is intrinsicly, strong
anisotropic. At zero magnetic field the lower~bonding! sub-
band wave function has dominant weight in the rectangu
well while electrons from the higher~antibonding! subband
are more likely to occupy the triangular quantum well. P
rameters of the two studied samples are summarized in T
I. The partial occupations of the bonding and antibond
subbands atBi50 were obtained by Fourier analysis of th
low-field SdH oscillations. The Hall measurement at lo
perpendicular magnetic fields provided an independent ch
for the total carrier density and was used to determine sam
mobilities. The insets in Fig. 1 show the confining potent
profiles and wave functions of the occupied subbands for
samples.

Magnetotransport data were collected at the tempera

FIG. 1. Magnetoresistance traceDRxx /Rxx ~solid line! recorded
at in-plane magnetic fields. For both samples the magnetoresist
curve is multiplied by a constant to fit the calculated density
statesDg/g ~dashed line! at high Bi . The insets show the ban
profile and the wave functions of the bonding and antibonding s
bands atB50. The wave functions are shifted in the vertical dire
tion so that their asymptotic values match the corresponding q
tum levels on the energy axis. In both samples, the levels lie be
the Fermi energyEF indicating two occupied subbands at zero fie
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0.45 K and in magnetic fields ranging from 0 to 23 T, usi
both dc and low-frequency~13 Hz! ac techniques. First, we
measured the resistanceRxx for a magnetic field precisely
parallel with the 2D layer plane. The recorded magnetore
tance,DRxx /Rxx5@Rxx(Bi)2Rxx(0)#/Rxx(0), is plotted in
Fig. 1. Consistent with the bilayer nature of the studi
samples we observe an oscillation on the magnetoresist
trace with the lower critical fieldBc,1 and the upper critical
field Bc,2 . The values of critical fields areBc,155.8 T, Bc,2
511.8 T for sampleA and Bc,155.9 T, Bc,2510.7 T for
sampleB, respectively. The in-plane magnetic field depe
dence of subband occupations,Na(Bi) andNb(Bi), were ob-
tained from SdH oscillation data measured at different fie
tilt angles. Typical SdH traces are shown in Fig. 2.
general, the oscillations are not periodic in 1/B' (B' is the
ce

f

-
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w

TABLE I. Sample parameters:w is the thickness of the rectan
gular well, Nb and Na are the bonding and antibonding subba
densities obtained from SdH measurement,NHall is the total 2D

electron density derived from low-field Hall data, andN̄ is the
average between the SdH and Hall values for the total density u
in the numerical simulations.

Sample w m Nb Na NHall N̄
(Å) (105 cm2/Vs) (1011 cm22)

A 80 2.00 2.46 0.89 3.38 3.4
B 90 2.34 2.77 0.76 3.42 3.5

FIG. 2. Typical magnetoresistance traces measured for s
angles between the sample plane and the magnetic field direc
The curves for higher angles are shifted upward by 75V.
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10 910 PRB 62O. N. MAKAROVSKII et al.
perpendicular component of the magnetic field! since both
B' andBi vary when the field is swept at a fixed tilt angl
Therefore, the standard Fourier technique does not ap
Instead, we use the measured distance between valleys
rounding individual peaks to identify subband densities14

For Bi,Bc,1 one type of oscillation, corresponding to th
lower density ~antibonding! subband, can be detected
small tilt angles while two subbands are clearly visible
higher angles. With increasingBi the distribution of elec-
trons between the two subbands changes, as shown in F
Eventually, the antibonding subband is depopulated atBi
5Bc,1 . At higher in-plane fields two regimes can be disti
guished. ForBc,1,Bi,Bc,2 the SdH oscillations are periodi
indicating a single occupied subband. Consistently, the
responding density is equal to the total 2D density measu
at zero in-plane magnetic field. The character of the osc
tions changes abruptly atBi5Bc,2 ; the low in-plane field
nonperiodicity is recovered and the obtained carrier den
is significantly reduced~see Fig. 3!. These results sugges
that the Fermi sea splits into two disconnected parts of d
sities that vary withBi . Only one Fermi surface, howeve
can be detected from our SdH data.

FIG. 3. 2D electronic concentrations in occupied subban
Solid lines represent theoretical results, marked points denote
derived from magnetoresistance measurements. Due to stro
field-dependent cyclotron effective masses, measurements at d
ent groups of angles were appropriate for different subbands
different in-plane field regions.Na andNb denote experimental re
sults obtained from the Fourier transformation of Shubnikov
Hass oscillations measured at low perpendicular magnetic fi
(B,1 T).
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III. THEORETICAL ANALYSIS

The single-particle Hamiltonian for an electron confin
in a GaAs/Al0.3Ga0.7As heterostructure and subjected to i
plane magnetic field can be written as

H5
1

2m*
~p1ueuA!21Vcon f~z!, ~1!

wherem* is the effective mass in the GaAs conduction ba
and the vector potential forBi applied along theŷ direction
takes a formA5(Biz,0,0). The confining potentialVcon f(z)
is constructed using the nominal growth parameters and
cludes Hartree and exchange-correlation potentials gener
by the free carriers in the quantum wells. The Hartree pot
tial is derived from thez-dependent density of electronsr(z)
by numerical solution of the Poisson equation. T
exchange-correlation term is calculated within the loc
density approximation.15 In each loop of the self-consisten
procedure we solve numerically the Schro¨dinger equation
with the Hamiltonian~1! to getr(z). Then, a newVcon f(z)
is constructed, which enters the next loop of the proced
until the self-consistency condition has been achieved.
resulting energy spectra have the form

Ei~k!5Ei ,x~kx!1
\2

2m
ky

2 , ~2!

whereEi ,x(kx) depends on the sample geometry and on
magnitude of the in-plane magnetic field. An indexi 5a,b
distinguishes the antibonding and bonding subband state

2D subband concentrationsNi are proportional to the are
enclosed by corresponding Fermi contours. The partial d
sities of states~DOS! gi and the cyclotron effective masse
mc,i are related to the shape of the Fermi contours by
following expression:

gi5
mc,i

p\2
5

1

2p2 R dk

u¹kEi u
. ~3!

The total density of statesg5ga1gb . The distortion of
Fermi lines can be probed experimentally by adding a w
perpendicular component of the magnetic field. ForB'

!Bi , the quantization of the in-plane component of the el
tron motion can be described in terms of quasiclass
Landau levels with the cyclotron effective mass given by E
~3!. The degeneracy of the spin-unresolved levels
2ueuB' /h.

The evolution of Fermi surfaces inBi is illustrated in Fig.
4 for sampleB. Figure 4~a! presents theoretical Fermi con
tours calculated for several selected values ofBi , corre-
sponding cyclotron effective masses are shown in Fig. 4~b!.
The deviations from the zero-field circles reflect the fie
induced changes ofEi ,x(kx) described for the case of th
simple tight-binding model in Sec. I. The antibondin
Ea,x(kx) is an asymmetric function ofkx , narrower than the
free-electron parabola, with the minimum~bottom! moving
to the Fermi energy which crosses atBi5Bc,1 . The corre-
sponding Fermi contour acquires the shape of a ‘‘lens,’’ i
the oval with the longer axis oriented in thek̂y direction. Due
to this type of deformation the antibonding cyclotron effe
tive massmc,a is a decreasing function ofBi .
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The field-induced local maximum developing in thekx
dependence ofEb,x(kx) causes elongation of the bondin
Fermi contour in thek̂x direction. For higher fields, the
Fermi line evolves into an asymmetric ‘‘peanut’’ shape.
neck connecting left and right parts of the peanut break
the saddle point reaches the Fermi energy atBi5Bc,2 . For
Bi,Bc,2 the bonding effective massmc,b grows withBi and
diverges at the saddle point. AboveBc,2 , the Fermi contour
splits into two approximately elliptic lines. Very similar re
sults are obtained for sampleA.

According to a quasiclassical theory the weak perpend
lar field componentB' drives electrons along Fermi con
tours with the cyclotron frequencyvc,i5ueuB' /mc,i . In the
real space, electron trajectories have the shape of Fermi
rotated by an anglep/2 and multiplied by\/ueuB' . The
real-space orbits also have aẑ component which can be de
fined as a mean value of the electron coordinatez in the
eigenstate u i ,kx ,ky& corresponding to Ei(k): ^z& i ,x

5^ i ,kx ,kyuzu i ,kx ,ky&. It can be shown that theẑ component
is kx dependent and related to the electron position on
Fermi contour by expressions

^z& i ,x5
\kx2m* ^v& i ,x

ueuBi
, ~4!

^v& i ,x5
1

\

]Ei ,x~kx!

]kx
. ~5!

^v& i ,x5^ i ,kx ,kyuvxu i ,kx ,ky& is the x̂ component of the elec
tron group velocity. Thus, the real-space trajectory is sligh
tilted with respect to the plane of the 2D electron layer, i

FIG. 4. ~a! Theoretical evolution of Fermi contours in the in
plane magnetic field.~b! Self-consistently calculated cyclotron e
fective masses.
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the electron oscillates in theẑ direction when it travels
around a Fermi contour. For the lens orbits, its turning po
is close to the interface at maximum possiblekx ; in the case
of peanut orbits it reaches this point for minimumkx . The
electron tunnels through the barrier forkx corresponding to
^v&b,x50. At the samekx the neck of peanut Fermi lines i
developed ink space with increasingBi . The separation of a
peanut into two parts means that two independent real-sp
trajectories for electrons are formed, localized completely
opposite wells. In this case, the electron moving aroun
Fermi line is always reflected by the barrier and rema
confined in one of the wells. The larger, almost circu
Fermi contour describes the electrons in the left rectang
well while the smaller elongated oval corresponds to el
trons in the right triangular well. The cyclotron effectiv
masses in two wells are different: AboveBc,2 the mass for
the left well drops quickly close to the zero-field valuem* ,
the mass for the triangular well also drops, but to a subs
tially larger value.

Not just the electrons on the Fermi level are influenced
the in-plane magnetic field. Whole sheets of electrons fr
bonding and antibonding subbands are shifted in theẑ direc-
tion. We will characterize their position with respect to th
barrier by z̄i(Bi), the field-dependent centroids of parti
electron densities, defined by

z̄i~Bi!5
1

Ni
E zr i~z!dz. ~6!

Results calculated for sampleB are shown in Fig. 5. The
center of mass ofr(z) is in the middle of the structure a
Bi50 and moves closer to the interface as the field
creases. This behavior is typical for single-junctio
structures.16 Below Bc,1 , the centroidz̄a of antibonding elec-
trons is inside the triangular well for all fields. At zero fiel
z̄a is far from the barrier. The growingBi transfers antibond-
ing electrons from the triangular to rectangular well an
consequently,z̄a is shifted towards the barrier. The electro
from the bonding subband exhibit opposite behavior in t
range of fields:z̄b moves from the position close to the in

FIG. 5. Theoretical centroidsz̄i , i 5a,b, of densitiesra(z),
rb(z), and their sumr(z)5ra(z)1rb(z) as functions of in-plane
magnetic field. Note the different scales for the positive and ne
tive parts of the vertical axes.
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terface to the position near the barrier asBi increases. Above
Bc,1 , when only the bonding subband is occupied, the tra
fer of electrons from the triangular to rectangular well co
tinues. This is the case also aboveBc,2 when the bonding
Fermi contour is split into the left and right parts.

The characteristics of samplesA andB derived from the
magnetoresitance experiments are collected in Figs. 1 an
together with results of the self-consistent numerical simu
tion. In the case when theory cannot be directly compa
with experiments, only the theoretical results for sampleB
are presented.

We associate the sharp minima in the experimental m
netoresistance traces, presented in Fig. 1 with the sud
decrease of the density of states atBc,1 that contributes to
reduction of the scattering rate at the Fermi energy. The
ference between the field dependence of cyclotron effec
massesmc,a andmc,b , calculated for sampleB and shown in
Fig. 4~b!, explains why the SdH oscillations of electrons
the antibonding subband are seen at lower tilt angles than
oscillations of electrons from the bonding subband. Mo
detailed studies of the field dependence of the cyclotron
fective mass of bonding and antibonding subbands, in wh
the model calculations is compared with experimental d
obtained from the temperature damping of SdH oscillatio
can be found in Ref. 14.

The increase of theoreticalmc,b at in-plane fields below
Bc,2 is related to the strong distortion of the Fermi conto
as seen in Fig 4. Only the bonding subband is occupied
Bc,1,Bi,Bc,2 and, therefore, the SdH oscillations are pe
odic in 1/B' . The decrease of their amplitude forBi ap-
proachingBc,2 is an experimental confirmation of calculate
sharp increase ofmc,b . The theoretical value for the critica
in-plane field precisely matches withBc,2 obtained from ex-
periment. The peak in the measured in-plane field mag
toresistance atBc,2 can be understood as a consequence
the divergence of the DOS at Fermi energy or, in oth
words, of a zero group velocity of electrons at the sad
point.

The experimental magnetoresistance oscillation is cle
associated with van Hove singularities in theBi-dependent
DOS. However, apart from these strong featuresRxx does
not follow g for in-plane fields less thanBc,2 ~see Fig. 1!.
The differences betweenDRxx /Rxx and Dg/g curves stem
from the in-plane field suppression of the coupling betwe
wells, the transfer of electrons from the triangular to rect
gular well, and the changes in the nature of electronic s
tering. We did not attempt to apply the available theoreti
model of the electron transport in double wells17 to explain
these differences, as the theory is developed for a sim
ys
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tight-binding model of the double quantum well, not a
equate to our samples. Also, we can only speculate abou
nature of scattering centers and their distribution in the we
Fitting of a number of parameters would be necessary
achieve agreement between the theory and experimen
approach which would not be consistent with the rest of
paper.

At Bi.Bc,2 , the Fermi contour splits into two approx
mately elliptic lines. The larger, almost circular Fermi co
tour is for the rectangular well while the smaller elongat
oval corresponds to states in the triangular well. Since e
trons are localized in one or the other quantum well,
scattering rate becomes nearly independent ofBi , and
DRxx /Rxx}Dg/g applies, as seen from Fig. 1. Large cycl
tron effective mass and low concentration of electrons in
triangular well explain why these states are not detectable
the SdH measurement; at most two weak oscillations
occur in available magnetic fields. The calculated density
electrons in the rectangular well is again in excellent qu
titative agreement with SdH data.

IV. CONCLUSIONS

We have performed an experimental and theoretical st
of asymmetric GaAs/Al0.3Ga0.7As heterostructure consistin
of coupled rectangular and triangular quantum wells. T
positions of a strong minimum and maximum in the me
sured in-plane field dependent resistance of the 2D elec
system match precisely with calculated van Hove singul
ties in the DOS. Theoretical predictions forBi-dependent
occupations of electronic subbands and quantum wells ar
quantitative agreement with SdH data recorded at magn
fields slightly tilted from the 2D layer plane. We conclud
that the numerical self-consistent-field technique provide
realistic description of orbital effects of the in-plane field o
2D electron systems confined in semiconductor heterost
tures with general growth-direction geometry.

To achieve a similar level of accuracy for valence-ba
states with strong spin-orbit coupling represents a formida
challenge for future theoretical work. Particularly intriguin
is the derivation of local-spin-density approximation f
many-body states with unequal population of different s
subbands. Recent remarkable studies of the metal-insu
transition in high mobility GaAs hole systems certainly gi
a strong motivation for pursuing this kind of research.

ACKNOWLEDGMENTS

This work was supported by the Czech-French proj
Barrande 99011 and by the Grant Agency of the Czech
public under Contract No. 202/98/0085.
v.

u-
1J.P. Eisenstein, T.J. Gramila, L.N. Pfeiffer, and K.W. West, Ph
Rev. B44, 6511~1991!.

2J. Hu and A.H. MacDonald, Phys. Rev. B46, 12 554~1992!.
3J.A. Simmons, S.K. Lyo, N.E. Harff, and J.F. Klem, Phys. Re

Lett. 73, 2256~1994!; S.K. Lyo, Phys. Rev. B50, 4965~1994!.
4A. Kurobe, I.M. Castleton, E.H. Linfield, M.P. Grimshaw, K.M

Brown, D.A. Ritchie, M. Pepper, and G.A.C. Jones, Phys. R
B 50, 4889~1994!.
.

.

.

5T.S. Lay, X. Ying, and M. Shayegan, Phys. Rev. B52, R5511
~1995!.

6T. Jungwirth, T.S. Lay, L. Smrcˇka, and M. Shayegan, Phys. Re
B 56, 1029~1997!.

7S. Das Sarma and E.H. Hwang, cond-mat/9909452~unpublished!.
8D. Simonian, S.V. Kravchenko, M.P. Sarachik, and V.M. P

dalov, Phys. Rev. Lett.79, 2304 ~1997!; T. Okamoto, K.
Hosoya, S. Kawaji, and A. Yagi,ibid. 82, 3875~1999!.



y

ga

,

r,

nd

lid

PRB 62 10 913MAGNETORESISTANCE AND ELECTRONIC STRUCTURE . . .
9J. Yoon, C.C. Li, D. Shahar, D.C. Tsui, and M. Shayegan, Ph
Rev. Lett.~to be published!.

10S.J. Papadakis, E.P. De Poortere, and M. Shaye
cond-mat/9911239~unpublished!.

11J.M. Heisz and E. Zaremba, Semicond. Sci. Technol.8, 575
~1993!.

12T. Jungwirth and L. Smrcˇka, J. Phys.: Condens. Matter5, L217
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