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Abstract
The in-plane dispersion of the XX; Y states in a GaAs=AlAs “double-barrier structure” is measured by varying the angle
of an in-plane magnetic eld. When XX; Y (1) states in the emitter AlAs layer tunnel into collector XX; Y (m ¿ 1) states, a
characteristic dumbbell shape is observed for the bias shift of the resonant tunneling peak versus magnetic eld angle, with
the major axis along [1 1 0] or [1 1 0]. This corresponds to an elliptical constant energy surface in the collector AlAs layer
◦
which is rotated by 45 with respect to the bulk Fermi surface. We explain the new symmetry by XX –XY interface band
mixing which is closely analogous to the widely studied –XZ mixing. Our results provide new insight into the microscopic
origin of both types of mixing. ? 2000 Elsevier Science B.V. All rights reserved.
PACS: 73.20.Dx; 73.40.Gk; 71.18.+y
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1. Introduction
About 10 years ago it was predicted that in
GaAs=AlAs heterostructures grown along [0 0 1]
(z-direction), it is possible for mixing to occur between the AlAs XX and XY conduction band edge
states, located near the four in plane h1 0 0i boundaries of the bulk Brillouin zone [1]. In this paper we
show that the e ect of the mixing on the in-plane
dispersion can be dramatic, particularly when an
electric eld is applied in the z-direction to break
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the four-fold symmetry in the plane. At the band
edge, the four ellipses oriented along [1 0 0] and
[0 1 0], which form the XX and XY constant energy
surfaces, are then replaced by a single elliptical surface oriented along either [1 1 0] or [1 10]. Using
resonant magneto-tunneling, we are able to measure
the in-plane dispersion which, to the best of our
knowledge, constitutes the rst observation of XX –
XY mixing. We estimate the values of the mixing
potentials associated with Bloch states of X1 and X3
symmetry, respectively. We show that interference
between these two contributions to the overall mixing
potential is directly responsible for the new symmetry
of the constant energy surface. Contrary to a recent
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theory, our results show that the X1 related potential
is nite.
2. Experimental
We have studied 2D → 2D tunnelling between conned states in a GaAs=AlAs structure comprising two
 wide AlAs wells separated by a 30 A
 wide GaAs
70 A
 spacers and doped GaAs
barrier, surrounded by 150 A
contacts. The Ga1−x Alx As region before each spacer

has been graded linearly over a distance of 1000 A
from x = 0 – 0:1 to enable ecient electron transfer
from
states in the graded region to ground XX; Y
states in the emitter well. Fig. 1 shows the band prole in a typical structure (without grading) when the
XX; Y (1) emitter state is in resonance with the XX; Y (3)
collector state. The conductance is plotted versus bias
in Fig. 2. XX; Y (1) → XX; Y (m) processes responsible
for the peaks, where m is the con nement quantum
number, are identi ed in Fig. 2 by comparison with
a similar ungraded sample, in which the emitter XX; Y
states were populated using a pressure of ∼9 kbar [2].
The dispersions of the XX; Y states were studied by
applying an in-plane magnetic eld which introduces
a change in wave vector during tunneling, ky =
−eBx z=˜, where z is the distance between emitter
and collector wave functions [3– 6]. For the present

Fig. 2. Conductance versus bias at 4.2 K. A magnetic
applied in the [1 0 0] direction.

eld is

Fig. 3. Bias shift of the reverse bias XX; Y (1) → XX; Y (3) peak in
Fig. 1 with angle of the in-plane magnetic eld. Triangles, circles
and squares are for 12, 13.5 and 15 T, respectively.

Fig. 1. Band pro le at the XX; Y (1) → XX; Y (3) resonance.

sample at 15 T, ky ∼ 0:02 × 2=a0 , where a0 is
the cubic lattice constant. The resulting shift in bias
allows the dispersion in the collector to be mapped out.
Fig. 2 shows the shift for the XX; Y (1) → XX; Y (3) peak
as the eld is increased in the [1 0 0] direction. When
the shift is plotted versus the angle of the in-plane
eld, a characteristic dumbbell shape is observed,
as shown in Fig. 3, corresponding to an elliptical
constant energy surface with its principal axes along
[1 1 0] and [1 1 0]. We have also observed similar be sample [7]. For the sample
haviour in a 60 – 40 – 60 A
of Fig. 3, the dumbbell axis is identical for both bias
directions, although in reverse bias the ratio of the
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shifts for the two h1 1 0i magnetic eld directions is
signi cantly larger (∼ 2:8 at 15 T) than in forward
bias (∼ 1:6 at 10.5 T). This ratio varied between different mesas from the same wafer, particularly in
reverse bias, where for three mesas the largest value
at 15 T was 2.8, and the smallest 1.9.
3. Discussion
The bulk XX and XY states have Camel’s back dispersions in the (kx ; ky ) plane:
"
#
ky2
˜2 kx2
+
− Ek:p (kx )
EX =
2 m0Z
mX; Y
and

"

#
ky2
kx2
+ 0 − Ek:p (ky );
mX; Y
mZ
p
where Ek:p (k ) = (=2)2 + R2 k2 :  is the splitting at the X-points between the bands with X1
and X3 symmetry, and R; m0Z are k:p parameters [8]. In the heterostructure it has been shown
that the interfaces can mix the XX and XY states
X−Y
with a potential: V (kx ; ky ) = b∗ (kx )b(ky )V 1
+
p
X−Y
∗

a (kx )a(ky )V 3
where b(k ) = 0:5 + =4Ek:p
p
and a(k ) = i sgn(k ) 0:5 − =4Ek:p [7–9]. Here,
X−Y
X−Y
= 1 zi X∗ (zi )Y (zi )exp(i2zi =a0 ) and V 3
=
V 1
∗
3 zi X (zi )Y (zi )P(zi )exp(i2zi =a0 ) are mixing potentials in which X; Y (z) are envelope functions of the
unmixed XX; Y states, 1 ¡ 3 are constants related to
the interface potential, a0 is the cubic lattice parameter, zi are the interface positions and P(zi ) = 1(−1)
for AlAs on GaAs (GaAs on AlAs) [7–10]. The energies of the mixed states are obtained by diagonalising
the Hamiltonian:


EX V
:
HXY =
V EY
˜2
EY =
2

In Fig. 4, we plot the dispersion and constant energy
contours in the (kx ; ky ) plane using the k:p parameters
  = 0:35 eV; m0Z =me ≈ 1:56 of Ref. [8],
R = 1 eV A;
X−Y
X−Y
= 30 meV, V 2
= 850 meV.
and potentials V 1
We take mX; Y =me = 0:24 [2,11]. It can be seen that
the contours are elliptical with their major axis along
[1 1 0]. The sub-band kinetic energy in Fig. 4 at constant k|| should be proportional to the bias shift plotted

Fig. 4. Dispersion and energy contours in the (kx ; ky ) plane of an
X−Y
X−Y
X1 quantum well, calculated using V 1
= 30 meV, V 3
= 850
meV. The zero of energy is midway between the bulk X1 and X3
edges.

in Fig. 3 when k|| is at right angles to the magnetic
eld. In Fig. 5, we show kinetic energy plots for
X−Y
k|| = 0:02 × 2=a0 with V 1
= 6 or 30 meV and
X−Y
X−Y

= 850 meV. The value of V 3
was chosen by
V3
noting that the ratio of kinetic energies for the two
X−Y
h1 1 0i directions is very sensitive to V 3 . Fig. 5
X−Y
shows that V 1
hardly a ects this ratio but it does
in uence the shape of the kinetic energy plot. We nd
good correspondence between Figs. 3 and 5(b) sugX−Y
gesting that for these k:p parameters, V 1
∼30 meV
is a good estimate for the collector well of the 70 –30
–70 sample in reverse bias.
The h1 1 0i orientation of the elliptical contours
X−Y
in Fig. 3 is due to interference between the V 1
X−Y
and V 3
terms in the expression for V (kx ; ky ),
since a∗ (kx )a(ky ) ¿ 0 for k|| along [1 1 0] but
a∗ (kx )a(ky ) ¡ 0 for k|| along [1 1 0]. The interference
shows that both mixing potentials are nite. A nite
X−Y
V 1
is consistent with Ref. [1] but not with Ref. [10]
X−Y
X−Y
which predicts 1 = 0. The result V 1
¡ V 3
is
consistent with theory [9,10,12], while the relatively
X−Y
X−Y
large size of both V 1
and V 3
is due in part
to the large amplitudes of X and Y at the last interface of the collector quantum well. Even so, we
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X−Y
X−Y
Fig. 5. Kinetic energy at k|| = 0:02 × 2=a0 for eld angles in the (kx ; ky ) plane, calculated with V 3
= 850 meV and (a) V 1
= 6 meV
X−Y
(b) V 1
= 30 meV. Zero angle corresponds to [1 0 0].

note that 3 is much greater than the expected range
 estimated in Ref. [10]. Therefore, we
of ∼ 0:5 eV A
have re-examined the k:p parameters and nd that
 and m0Z =me ∼ 0:3 are consistent with
R ∼ 2:5 eV A
recently measured con nement energies for XZ states
in narrow quantum wells [7,13], whereas those in
Ref. [8] are not. With these new parameters we obtain a t to the angular dependence of the kinetic
energy virtually identical to that in Fig. 5(b), but with
X−Y
X−Y
V 1
= 30 meV, V 3
= 120 meV. These potentials
 deduced
yield a 1 value comparable with ∼ 0:4 eV A
from tight binding calculations in Ref. [1], but 3 is
still several times greater than expected [7,10]. It suggests that further re nement might be needed for the
envelope function theory of interface band mixing.
In conclusion we have observed the rst clear
evidence for mixing between AlAs XX and XY
states predicted in Ref. [1]. We have shown that the
mixing leads to a rotation of the constant energy
surface from the two in-plane h1 0 0i directions to
one of the h1 1 0i directions. Which of the h1 1 0i
directions depends on the details of the interface
structure and the bias conditions. The rotation is a
consequence of interference between the X1 and X3
contributions to the mixing potential. This shows
that 1 cannot be zero, as recently suggested in
X−Y
X−Y
Ref. [10]. We nd V 3
¿ V 1
∼ 30 meV in the

collector well of our biased sample. By considering
the microscopic interface potential, a close analogy
exists between XX –XY and –XZ mixing [9]. It
follows that the X1 related –XZ mixing potential
must also be nite, contrary to the models in Refs.
[8,12].
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