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Wave functions and Fermi surfaces of strongly coupled two-dimensional electron gases
investigated by in-plane magnetoresistance
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We have studied the in-plane magnetoresistance of coupled double-quantum-well structures, in which

each well has a different mobility and where the values of carrier concentration can be varied indepen-

dently. Resistance resonances, observed at zero magnetic field, were suppressed with an in-plane mag-
netic field of 1 T, provided the field was perpendicular to the current. The magnetoresistance showed

structure which changed systematically with front-gate and back-gate voltages, and was due to the defor-
mation of both wave functions and Fermi surfaces in the in-plane magnetic field.

In recent years there has been much interest in closely
separated double two-dimensional electron-gas (2DEG)
systems with several effects being observed, such as reso-
nant tunneling between parallel 2DEG's, ' which has
be measured in devices where each 2DEG was indepen-
dently contacted. The Coulomb barrier to tunneling in a
high transverse magnetic field has also been reported. If
the coupling between the two electron gases becomes
large enough, the system at resonance can be described
by symmetric and antisymmetric states, which are re-
sponsible for lateral transport. When the two 2DEG's
possess different values of mobility, an increase in resis-
tance at resonance is then observed. ' This is because a
higher mobility 2DEG, which is localized in one of the
two wells, extends into both 2DEG's by hybridization at
resonance, and thus suffers increased scattering. The
symmetric-antisymmetric gap, however, can be destroyed
in a strong transverse magnetic field by electron correla-
tion 7 10

The requirements of conservation of energy and trans-
verse momentum mean that tunneling between parallel
2DEG's is possible only when the dispersion curves for
the two 2DEG's overlap, i.e., only at resonance in the ab-
sence of a magnetic field. However, application of an in-
plane magnetic field B;„shifts the transverse momentum

by an amount proportional to B;„,and tunneling is only
allowed at points where two Fermi circles intersect each
other. " ' The distortion of the Fermi surfaces in cou-
pled 2DEG's due to in-plane magnetic fields has been
measured from Shubnikov —de Haas oscillations, ' but
the in-plane magnetoresistance was not discussed. In this
Brief Report we present electron transport results in
strongly coupled 2DEG structures in an in-plane magnet-
ic field. The measured lateral transport is due to sym-

metric and antisymmetric states, which is in sharp con-
trast to the tunnel resistance measurements reported in
Ref. 11. We show that the resonance resistance is
suppressed by an in-plane magnetic field of about 1 T,
and the degree of the suppression depends on the direc-
tion of the in-plane field relative to the current. We also
found structure at a high magnetic field, which moved
with front- and back-gate voltages. These effects are dis-
cussed as being associated with the deformation of wave
functions and the Fermi surfaces in the in-plane magnetic
field.

The sample employed here is a modulation-doped
double-quantum-well (DQW) structure grown on a semi-
insulating GaAs substrate by molecular-beam epitaxy
(MBE). The DQW consists of two 150-A-wide quantum
wells separated by a 25-A AlQ 336$067As barrier. Elec-
trons in the 2DEG's were supplied by Si-doped
A1033Gaos7As layers (200 A wide, 1X10' cm ) placed
above and below the DQW structure; for the lower layer
a 400-A Ala 33Gao 67As spacer separated the doped
Alo 3&Ga067As from the DQW, while for the top layer a
200-A spacer was used. The whole of the DQW structure
was isolated by a 0.31-pm Ala 33Ga0 67As barrier from an
n + GaAs back-gate layer grown underneath. The
growth temperature T~ was 630' except at the back n+
A1033Ga067As layer, where T~ was lowered to 520'C.
Ohmic contacts to the double 2DEG's were, however, re-
quired without contacting to the n+ GaAs back-gate lay-
er, and this was achieved using MBE regrowth on an in
situ focused ion beam patterned epilayer. ' After growth,
devices were processed with a Hall bar geometry with a
front Schottky gate as well as a back gate. The mobility
of the front 2DEG at T= 1.5 K was 2.0X 10 cm /V s at
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the carrier concentration of 1.2X10" cm, while that
of the back 2DEG was 1.1X10 cm /Vs at the same
carrier concentration; this was obtained by fully deplet-
ing one of the 2DEG's. The somewhat lower mobility in
the back 2DEG was due to diffusion of dopant from the
doped Al~ »GaQ 67As layer into the back A1Q 33GaQ67As
spacer during growth.

The resistance as a function of front-gate voltage ( Vfs)
at various back-gate voltages (Vb ) is shown by solid
curves in Fig. 1. Arrows indicate the position of the reso-
nance, which was determined from the beating of the
Shubnikov-de Haas (SdH) oscillations at T= 1.5 K.'
The symmetric-antisymmetric energy gap of
b,sAS=1.220. 1 meV, which is in agreement with a
theoretical value of 1.3 meV, was also obtained from SdH
oscillations. A resonant increase in resistance, i.e., resis-
tance resonance, can be seen in Fig. 1(a) at the right-hand
side of the actual resonance voltage, because the resis-
tance peak is distorted due to the change of the front
2DEG mobility with the front-gate voltage. A mobility
ratio estimated from the size of the resistance resonance
was 2, which is comparable to 1.8, the value derived from
the mobility measurements.

We applied a magnetic field parallel (to within 0.2') to
the 2DEG's. When the in-plane magnetic field B;„was
applied perpendicular to the source-drain current j, the
resistance resonance was suppressed at a magnetic field as
low as 1 T [broken curves in Fig. 1(a)]. We also observed
anisotropy in the efi'ect of an in-plane field [Fig. 1(b)], as
an in-plane magnetic field parallel to the current also di-

minished the peak, not by the suppression of the resis-
tance resonance but by enhancement of the resistance
away from the resonance.

The suppression of the resistance resonance by an in-
plane magnetic field was observed more clearly in a
different sample, in which the mobility ratio was in-
creased to =14, the mobility of the back 2DEG being
=2X10 cm /Vs. For this device the back n+
A1Q 33GaQ 67As layer was grown at a higher temperature
of 580'C to enhance diffusion of the dopant. The resis-
tance as a function of the back-gate voltage, in this case,
is plotted in Fig. 2 for Vf = —0. 1S V at various in-plane
magnetic fields. When the in-plane magnetic field was
applied perpendicular to the current, the resistance reso-
nance was fully suppressed at the field of 1 T. On the
other hand, the suppression was not complete if the field
was parallel to the current.

These experimental results can be understood from the
shape of the wave function in an in-plane magnetic field.
Let us consider a DQW Hamiltonian in a magnetic field
B=(O,B;„0) in the xy plane. ' ' ' Taking a Landau
gauge, A=(zB;„,0,0},the Hamiltonian reads

g2 eB z t)t2k g2 g2H= k„+ + " — + V(z),
2m " A' 2m 2m t}z2

where V(z) is the DQW confining potential, and k„and
k are wave vectors in the x and y directions, respective-
ly. At B;„=0an interwell coupling lifts degeneracy at
resonance, and symmetric

~ ys ) and antisymmetric states
~q&AS) are formed. Those low mobility delocalized states
show parabolic k„dispersions (each minimum at k„=0},
and the shape of the wave functions in the z direction is
independent of k„. Once B;„ is finite, however, the first
term in Eq. (1) shifts the parabolic k„dispersions for
states localized in each well by an amount

+ezsAsBin /~ where zsAs ( +As lz I ms & ' Th»t» -1
lustrated in the right inset of Fig. 2 for k =0. The in-

terwell coupling, in this case, hybridizes localized QW or-
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FICx. 1. Resistance resonance as a function of front-gate volt-
age with and without an in-plane magnetic field at T=4.2 K.
Arrows indicate resonance front-gate voltage. (a) B;„ij. Back-
gate voltage Vb~ was changed from —0.2 to + 0.7 V with a step
of 0.1 U. Curves are shifted for clarity. The systematic change
in the front-gate voltage required for resonance as a function of
back-gate voltage confirms that the carrier concentration in
each well is well controlled by the gates. (b) Anisotropy of the
in-plane magnetoresistance. Vbg

= +0.4 V.
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FIG. 2. Suppression of resistance resonance by in-plane mag-
netic fields for a device with a mobility ratio =14. T=4.2 K.
Data for B;„(j~are shifted for clarity. B;„=0T (solid curves),
0.2 T (dotted curves), 0.4 T (broken dotted curves), and 1 T (bro-
ken curves). Insets show dispersion curves (right) and Fermi
surfaces (left) for a coupled DQW structure in an in-plane mag-
netic field.
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bits only near k„=0, where the two shifted parabolic
dispersions cross each other. Therefore, if B;„ is large
enough, the wave functions at the Fermi level are decou-
pled and localized by the in-plane magnetic field. This
can lead to the suppression of the resistance resonance.

The anisotropy of the in-plane magnetoresistance is ex-
plained by the hybridization of wave functions on the
Fermi surfaces. As is shown in the left inset of Fig. 2, the
Fermi surfaces arise from two shifted Fermi circles origi-
nating from quantum wells. But they are distorted where
the two circles overlap each other, and the interwell cou-
pling hybridizes wave functions to form delocalized
states. When the current is driven perpendicularly to the
magnetic field, i.e., in the x direction, contributions to the
conductivity come mainly from the Fermi surfaces near
the k„axis. ' Since these states are easily decoupled and
localized by the in-plane magnetic field, the resistance
resonance is suppressed. On the other hand, if the
current is applied along the y axis, i.e., parallel to the
magnetic field, the contribution from those near the k
axis will be larger. This leads to less suppression of the
resistance resonance, since states in those regions of the
Fermi surfaces are hybridized even in the presence of an
in-plane magnetic field.

Further experimental investigations were made for the
device with a lower mobility ratio, because both of the
2DEG's showed large mobility, and the carrier concen-
tration in each well was determined from the SdH oscilla-
tion. Figure 3 shows the negative magnetoresistance
(B;„lj)due to the suppression of the resistance resonance
at Vbs =0 V when the front-gate voltage was adjusted to
resonance (solid curve) and was away from the resonance
(broken curve). We defined a decay magnetic field B&,„,
at which the in-plane magnetoresistance at resonance
condition falls oir by half, and measured Bd, „at various
back-gate voltages, i.e., diferent carrier concentrations.
Bd„,„was found to decrease almost linearly with the Fer-
mi wave vector k~ (inset of Fig. 3). Here kz( =+2mn, )

was calculated using the carrier concentration n, in each
well at resonance. As a lower Fermi level implies a small-

er wave vector (see the right inset of Fig .2), the hybridi-
zation is stronger and the suppression of the resistance
resonance occurs at a larger magnetic field. It is further
noted that the hybridization away from the resonance is
not maximized at B;„=0T, resulting in an increase in hy-
bridization by an in-plane magnetic field at one side of
the Fermi surfaces (see top left inset of Fig. 4). This ex-
plains why the decay magnetic field is minimized at the
resonance.

The in-plane magnetoresistance measurements were ex-
tended to higher fields to probe the distortion of the Fer-
mi surfaces. Figure 4 shows the results atVb =+0.4 V
for a range of front-gate voltages. The carrier concentra-
tion in the back well was 3.02 X 10" cm, the resonance
front-gate voltage was —0.06 V, and the in-plane mag-
netic field was parallel to the current. A steplike increase
in the resistance was observed below 2 T, the field at
which this occurred increased as the front-gate voltage
moved away from the resonance. Increasing the field re-
sulted in a dip followed by an increase. The location of
the dip decreased in magnetic field as the front-gate volt-
age was made more negative. Similar behavior was also
observed when B;„was perpendicular to the current.

An in-plane magnetic field Bo, at which one of the Fer-
mi circles is inscribed by the other, was calculated from
the carrier densities in the front and back wells, and is
shown in Fig. 4 for each front-gate voltage. The position
of Bo coincides with that of the steplike increase of the
resistance at a lower magnetic field, and suggests that it is
due to increased hybridization at one side of the Fermi
surfaces ("in-plane magnetic-field-induced resistance res-
onance").

In order to understand the dip in Fig. 4, we calculated
the shape of the Fermi surfaces as a function of B;„. We
first solved Schrodinger and Poisson equations self-
consistently to reproduce observed carrier concentra-
tions, and obtained wave functions numerically at B;„=0
T. Using these as basis functions, the Hamiltonian (1)
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FIG. 3. Negative in-plane magnetoresistance (B; Lj) at and
away from the resonance front-gate voltage. Vbg =0 V, T=4.2
K. Solid curve: Vfg= —0. 12 V. Broken curve: Vfg 0 04 V.
Definition of Bd „ is also shown. Inset shows Bd, „as a func-
tion of the Fermi wave vector.
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FIG. 4. In plane magne-toresistanee (8;„((j}at various front
gate voltages. Vbg +0 4 V T 4 2 K Vfg was changed from—0.225 V (top curve) to +0.1 V (bottom curve) with a step of
25 mV. Curves are shifted for clarity. Broken lines connect cal-
culated in-plane fields Bo, Bl, and B2 at each front-gate voltage,
corresponding Fermi surfaces being illustrated in insets.
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was diagonalized, and magnetic fields B, and B2 in Fig. 4
were obtained at each front-gate voltage. If the in-plane
field is large enough, the two Fermi circles separate from
each other at B2. Before this, however, at a magnetic
field B&, the upper dispersion branch in Fig. 2 is depopu-
lated, i.e., the inner Fermi surface in Fig. 2 disappears.
As is shown in Fig. 4, the resistance dip always resides
between B, and B2, i.e., the resistance decreases when
the Fermi level lies between the gap created by the in-
terwell coupling. This strongly suggests that the origin of
the dip is the suppression of the intersubband scattering
between the lower and upper dispersion branches. Unlike
the case of multisubbands in a single channel, ' ' the

resistance increases again, because two enclosed Fermi
surfaces are restored due to the double-well shape of the
lower dispersion branch.

In conclusion, we have demonstrated that the in-plane
magnetoresistance characterizes wave-function coupling
and Fermi-surface distortion in strongly coupled 2DEG
systems.
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