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Measurement of Fermi-surface distortion in double quantum wells from in-plane magnetic fields
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In double quantum wells with interwell tunneling, we find that a small in-plane magnetic field
substantially alters the beating observed in Shubnikov-de Haas oscillations. This phenomenon is
attributed to distortion of the Fermi surface due to mixing of the symmetric and antisymmetric
double-well states. The measured magnitude of the distortion is in good quantitative agreement
with a calculation of the symmetric and antisymmetric mixing from the in-plane magnetic field.

Fabrication of multiple two-dimensional (x,y) electron
layers in close proximity is one technique to control the in-
troduction of degrees of freedom associated with the third
dimension (z). The double quantum well (DQW) is a
simple multilayer structure which retains two attractive
features of the single heterojunction: (i) high electron
mobilities due to remotely positioned donors and (ii)
external gate-bias control of the electron density in each
two-dimensional layer. In a DQW, unlike a single hetero-
junction, the electrons have one more degree of freedom:
they can occupy the left or right well states or (in the
presence of interwell tunneling) the symmetric or an-
tisymmetric states. Control of this additional degree of
freedom comes primarily through the fixed height and
width of the interwell barrier, which determines not only
the energy gap between symmetric and antisymmetric
states but also the strength of interwell Coulomb interac-
tions.

As a result, several interesting Coulombic effects have
recently been observed in DQWSs. In particular, it has
been found that large magnetic fields perpendicular to the
wells are capable of destroying the energy gap between
the symmetric and antisymmetric states! This
phenomenon, observed in the regime of quantized Hall
states has been attributed to Coulomb-driven interwell
electron-density fluctuations,®? and thus relies critically
on the presence of the DQW degree of freedom. Also,
frictional drag between two isolated layers of a DQW has
been measured; a current constrained to flow in one well
induces a voltage in the opposite well. The induced volt-
age is found to be in qualitative agreement with calcula-
tions of interwell Coulomb scattering. 4

In this paper, we demonstrate that magnetotransport in

lb| w |

FIG. 1. Symmetric and antisymmetric states of the double
quantum wells.
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double quantum wells with interwell tunneling is dramati-
cally altered by application of an in-plane magnetic field,
B). The in-plane field mixes the symmetric and antisym-
metric electron states and thereby distorts the Fermi sur-
faces of the double quantum well. We are able to measure
this distortion through shifts in the beating of the
Shubnikov-de Haas oscillations in a small perpendicular
magnetic field, B ;. Quantitative agreement is found with
a calculation of the symmetric and antisymmetric mixing
resulting from the in-plane magnetic field.

The data are from two DQW samples consisting of
nominally identical quantum wells separated by barriers
of different widths. The samples are grown by mole-
cular-beam epitaxy and consist of two GaAs wells of
width w =140 A, separated by a Aly3GagAs barrier of
thickness b =28 or 40 A (see Fig. 1). The electrons are
provided by remote &-doped donor layers (Ng;=6x10"!
cm ~2) set back from each side of the DQW by 500-600-
A-thick Alg3Gag7As spacer layers. The data are taken at
T=0.3 K in a superconducting magnet using standard
lock-in techniques at f=10 Hz.

As demonstrated explicitly in Ref. 5, application of an
external gate bias can bring the electron densities in each
well into balance. In this balanced condition, there is sub-
stantial interwell tunneling for these samples. The two
eigenfunctions are the symmetric and antisymmetric
DQW states separated by an energy gap A (see Fig. 1).
Table I contains the gap A, the electron density per well n
(2n is the total electron density), and the electron mobility
u, at T=0.3 K for the two samples. For all data present-
ed in this paper, the electron density in the two wells is
balanced.®

The higher electron density in the symmetric state,
compared to the antisymmetric state, results in a beating
of the Shubnikov-de Haas oscillations in the longitudinal
resistance R,x vs B, as shown in the top panel of Fig. 2
for the b =40 A sample. The nodes (arrows in Fig. 2)
occur when phases of the oscillations from the two elec-

TABLE I. Sample parameters.

b (A) A (K) N (cm™?) u (cm?/Vs)
28 17.3 2.1%x10'" 0.74x10°
40 8.1 2.0x10" 1.00x10°
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tron states differ by an odd multiple of x:
nhni/eB, =nhny/eB, + jr , (1)

where j is an odd integer and n,; are the electron densi-
ties in the two states. It follows that the node positions for
a given density difference of the two electron states,
on=n|—n,, are

B, j=hédn/je. 2

The nodes in the top trace of Fig. 2 represent the j =3 and
J =5 nodes and yield a value 67 =0.21 x10'' cm ~2 for the
b=40 A sample. This measured value of &~ is in excel-
lent agreement with a value of én=(A/Er)n, calculated
using A=8.1 K, and Er=77.2 K which result from a
self-consistent solution of the one-dimensional Schro-
dinger equation including the Hartree potential for this
sample. Similarly, good agreement is found for the b =28
sample. !

To study the Fermi-surface distortion resulting from an
in-plane magnetic field, ideally one would apply a fixed
in-plane field, By, while sweeping the perpendicular field,
B, . Instead, we recorded a series of traces of Ry vs Biotal
with the plane of the quantum wells tilted at a fixed angle
6, relative to the total magnetic field. On each sample, 50
traces were recorded from 6=0° to 6~80° at angular in-
tervals ranging from 6° (at small angles) to ~0.5° (at
large angles). The resulting array of data on a given sam-
ple is sufficiently dense to extract a trace of R, vs B, for
fixed B). Examples of these traces from the b =40 A sam-
ple are given in Fig. 2 for various B.

Figure 3 contains the B, node positions (arrows in Fig.
2) versus B for both the (a) »=28 A and (b) b=40 A
samples. Note that the nodes shift to higher B, as the
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FIG. 2. Beating in the Shubnikov-de Haas oscillations for a
different fixed in-plane magnetic field, By. Arrows indicate the
node positions plotted in Fig. 3.
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FIG. 3. Node positions (arrows in Fig. 2) as function of B
for samples with barrier thickness of (a) 5 =28 A and (b) b =40
A. The lines are calculated node positions as described in the
test [j refers to Eq. (2)1.

in-plane magnetic field increases. From Eq. (2), we con-
clude that the in-plane magnetic field is increasing the
density difference between the two occupied electron
states.

To gain a quantitative understanding of the data of
Figs. 2 and 3, consider the DQW Hamiltonian with an
in-plane magnetic field, B=(B8,0,0) in the Landau
gauge, A =(0, —zB),0):

hk? p2 :
= T ome lky

_ ezB)
ch

h2582

m*

+v(z), (@)

where V(z) is the confining DQW potential which in-
cludes the Hartree potential self-consistently. In this cal-
culation, we ignore the small perpendicular magnetic field
and discuss the limitations of this approximation near the
end of the paper.

The contribution to the Hamiltonian from B is

H||=—hw||kyz+(m*/2)wuzzz, (4)
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where w;=eB/m™*c is the cyclotron frequency associated
with the in-plane magnetic field. We use the two-state
basis of the occupied symmetric and antisymmetric DQW
states, which are the eigenfunctions of the final two terms
of Eq. (3) with energies g + A/2, where g is the in-plane
kinetic energy. Note that the second term of Eq. (4) does
not mix the symmetric and antisymmetric states and con-
tributes only an overall energy shift with no observable
effect. Diagonalization of the secular equation associated
with the first term of Eq. (4) yields the following eigenval-
ues:

81‘2=€ki’[A2/4+(ha)||ky20)2]‘/2, ©)

where ex =h2(kZ+k}?)/2m* and zo={¥symm|z| Pantisymm’
Z (b+w)/2. The k, dispersion relations of Eq. (5) are
plotted in the bottom panels of Fig. 4 for By=0 and
By=1.5 T. Note from Eq. (5) that the k, dispersion rela-
tions remain parabolic, independent of B).

We summarize the effects of the in-plane magnetic
field: Eq. (3) and Fig. 4 show that the two parabolic k,
dispersions are shifted by *ezoB)/ch. In addition, the
interwell tunneling removes any degeneracy between the
two electron states by opening an energy gap of size A.
Thus, for B, =0, tunneling lifts the degeneracy at all k,.
In contrast, once B;#0, the only degeneracy to be re-
moved is at k, =0, where the eigenstates remain the un-
perturbed symmetric and antisymmetric states. As |k,|
increases, the eigenstates tend increasingly toward the left
and right single quantum-well states.

In this sense, the in-plane magnetic field acts as an
effective electric field applied in the z direction, with a
magnitude that is proportional to k,B;. Note that B
gives rise to an interesting trajectory for an electron in a
B, -induced cyclotron orbit. If B, =0, this electron would
occupy the symmetric state and follow a circular orbit in
the plane of the DQW. Once B =0, however, the orbiting
electron occupies the symmetric state only when k, =0.
As k, becomes positive, a field B;2 0.5 T is sufficiently
large to push the electron entirely into one well. The or-
biting electron returns to the symmetric state as k, be-
comes zero, only to be pushed entirely into the opposite
well when k, becomes negative.

The in-plane magnetic field also distorts the cylindrical
Fermi surfaces of the DQW. By numerically integrating
the density of states resulting from the dispersion relations
of Eq. (5), we determine the Fermi energy (dotted lines in
Fig. 4) and Fermi surfaces for the two DQW eigenstates
(plotted in the top panels of Fig. 4). The Fermi-surface
cross-sectional areas yield a calculated electron-density
difference, &n from which Eq. (2) yields the expected node
positions in the Shubnikov-de Haas oscillations. These
B, ; are plotted as the lines in Fig. 3 for the indicated
odd-integer values of j. The agreement is quite good with
no adjustable parameters for the data from the b =28 A
sample. However, it is less satisfying for the 5 =40 A
data, most likely because the calculation has ignored the
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FIG. 4. Calculated Fermi surfaces (top panels) and disper-
sion relations (bottom panels) for an in-plane magnetic field of
(a) By=0and (b) By=1.5T for the b =40 A sample. Er (dot-
ted lines) are the Fermi energies calculated from numerical in-
tegration of the density of states. The closed curves of the Fer-
mi surface give the electron cyclotron orbits in k space.

presence of a perpendicular magnetic field.

We expect our calculation to become inadequate once
the cyclotron energy associated with the perpendicular
magnetic field becomes comparable to A (which occurs at
B,~0.9Tfor b=28 A and B, ~0.4 T for 5=40 A). In
this regime, the symmetric and antisymmetric states have
broken into discrete Landau levels which are coupled by
the in-plane magnetic field. At a fixed B,, the inter-
Landau-level coupling (and, hence, the expected deviation
from our calculation) will increase as Bj increases.

Of course, even for B, =0, our calculation breaks down
once By is sufficiently large so that the corresponding
cyclotron-orbit diameter becomes comparable to the well
width, 2/ =2(hc/eBy)'*~w (B,~14 T for our samples).
A larger By would mix in higher quantum-well subbands’
and create edge states within the individual quantum
wells.

To summarize, we find that the additional electron de-
gree of freedom offered by the double quantum well yields
substantial changes in magnetotransport upon application
of a fixed in-plane magnetic field. Observations of beating
Shubnikov-de Haas oscillations probe the resulting dis-
tortion of the Fermi surface of the double quantum well.
A calculation with no adjustable parameters, which is
applicable in a well-defined regime of a small applied
magnetic field, is found to be in good agreement with the
observations made in this regime.
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