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Rotation of the Conduction Band Valleys in AlAs due to XX-XY Mixing
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We report resonant magnetotunneling measurements of the energy dispersion near the thirdX
symmetry subband edge in 60 and 70 Å thick AlAs quantum wells with GaAs barriers, grown along
z � �001�. An elliptical constant energy surface is observed, oriented parallel to either�110� or � 110�.
This rotation of 45± with respect to the bulk AlAs Fermi surface is explained by interface inducedXX-XY

mixing. Our results provide new insight into bothG-XZ andXX-XY mixing, showing conclusively that
states with bothX1 andX3 symmetry contribute. This contrasts with several recent theoretical studies
in which theX1 contribution is zero.

PACS numbers: 73.20.Dx, 71.18.+y, 73.40.Gk
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In semiconductor heterostructures (e.g., GaAs�AlAs)
grown alongz ��001��, mixing between states of different
symmetry, such asG and XZ , has been the subject of
many experimental and theoretical studies (e.g., [1] a
references therein [2–5]). While such mixing is know
to be interface related, until recently virtually no stud
provided insight into its microscopic origin. Theoretica
predictions relied either on a detailed band structu
calculation for the complete heterostructure [2,3,5] o
on a phenomenological approach in which the mixin
was represented by experimentally fitted constants
an effective mass model [4,6]. Some full calculation
showed that the mixing was sensitive toN and M,
the number of GaAs and AlAs monolayers, respective
[3]. This was explained on purely symmetry grounds b
Aleiner and Ivchenko [7], and incorporated successful
into an effective mass model [4]. However, contrary t
Ref. [2], it was assumed in Refs. [4] and [7] that onl
mixing with the upperX3 symmetry band was important,
based on the theoretical results of Ando and Akera [5
The X3 band lies D � 0.35 eV above the lowerX1
symmetry band that forms the conduction band edge
AlAs, andk ? p mixing betweenX1 andX3 was invoked
to explain the observed mixing betweenG andXZ states
in the band edge region [4].

Very recently, two theoretical studies have provide
the most direct insight into the origin of the mixing
relating it to the microscopic symmetry of the crysta
potential in the vicinity of the interface [8,9]. From
Ref. [8] it becomes clear that theX1 contribution toG-XZ

mixing is not necessarily zero, while both studies sho
that the same microscopic potential that mixesG and
XZ can also mixXX and XY . Mixing betweenXX and
XY was demonstrated theoretically as long ago as 19
[3] but to the best of our knowledge it has never bee
observed experimentally. In this Letter, we present th
first such observation based on the fact that in an AlA
quantum well,XX-XY mixing can lead to a reorientation
of the two dimensional constant energy surface along o
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of the �110� directions. We derive a formula for the
dispersion which shows that the reorientation is a dire
consequence of the constructive interference between
X1 and X3 contributions for one of the�110� directions
and destructive for the other. Thus our result also prov
that theX1 contribution, both toXX-XY and G-XZ mixing,
is important. From the shape of the constant ener
surface we are able to estimate the relative sizes of
X1 andX3 contributions.

We have performed measurements as a function of
angle of an in-plane magnetic field, of2D ! 2D tun-
neling between confinedX states in GaAs�AlAs struc-
tures with 60 or 70 Å wide AlAswells and a 30 or 40 Å
wide GaAsbarrier. Experimental details are describe
in Ref. [10]. The magnetic field introduces a change
wave vector during tunneling,Dky � 2eBxDz�h̄, which
allows the collector dispersion to be measured from t
shift in bias produced by the field [11,12]. Here,Dz is the
distance between the emitter and collector wave functio
For both of the present samples at 15 T,Dky � 0.02 in
units of 2p�a0, where a0 is the cubic lattice constant.
High pressure, a large bias, or a compositionally grad
Al xGa12xAs emitter, can be used to populate theXX,Y
ground state in the emitter AlAs well with electrons from
a doped GaAs contact separated by a spacer layer [10]

Figure 1 showsdI�dV vs V for a sample with 70 Å
AlAs wells and a 30 Å GaAs barrier, whose design
otherwise identical to the samples in Ref. [10], exce
that the GaAs region before each spacer has been line
graded with aluminum over a distance of 1000 Å t
Ga0.9Al 0.1As, which is also the spacer composition. Th
XX,Y �1� ! XX,Y �m� processes responsible for the peak
in Fig. 1 may be identified by comparison of their bia
values with those of a similar but ungraded samp
analyzed in detail in Ref. [10]. Transport of electron
from emitter to collector takes place by quantum bea
between double well states, as discussed in Ref. [1].

Figure 1 shows that theXX,Y �1� ! XX,Y �3� peak shifts
to higher bias with increasing magnetic field, applie
© 1999 The American Physical Society 3693
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FIG. 1. Conductance vs bias at 4.2 K for the 70-30-70 sam-
ple. Magnetic fields of 0 T (solid line), 9 T (dashed line),
and 13 T (dotted line) are applied in the �100� direction.
XX,Y �1� ! XX,Y �m� processes are indicated for reverse bias,
where m is the confinement quantum number in the collec-
tor well.

parallel to �100�. In Fig. 2, the bias shift is plotted for
all in-plane field angles. A dumbbell is observed whose
orientation, along a �110� direction, is identical for both
bias directions. In reverse bias the ratio of shifts for
the two �110� directions is significantly larger (2.8 at
15 T, 3.7 at 12 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.
Identical measurements were made on a 60-40-60 sample
with an ungraded emitter and collector [10]. In this case,
the major dumbbell axis was also oriented along a �110�
direction but it rotated by 90± with bias direction. The
ratio of shifts at 15 T for the two �110� directions was 1.4
and 1.2, respectively, in forward and reverse bias.

The dumbbells observed for the two samples and
bias directions correspond to elliptical constant energy
surfaces in the collector well, with axes oriented along
the �110� directions, as shown schematically in Fig. 3.
This follows from the direct relationship between bias
shift and dispersion in the collector well, which holds for
two reasons. First, the splittings between the energies of
the symmetric and the antisymmetric double well wave
functions for the m � 3 resonance in zero magnetic field
(�0.75 meV for 70-30-70 and �0.28 meV for 60-40-60)
are smaller than the typical collector kinetic energies at
kk � 0.02 (plotted in Fig. 4). Second, any diamagnetic
shifts of the single well confinement energies are very
small [11].

In the bulk, k ? p mixing between the X1s and X3s

states produces the familiar camel’ s back dispersion along
ks , where s � x, y, or z. The respective amplitudes of
X1s and X3s states, b�ks� and a�ks�, can be found in
Ref. [4], expressed in terms of the X1-X3 energy splitting,
D, and the k ? p interaction parameter, R. In a het-
erostructure, the interfaces may cause mixing between con-
fined XX and XY states, with wave functions,
3694
FIG. 2. Bias shift of the XX,Y �1� ! XX,Y �3� peak of the 70-
30-70 sample with magnetic field angle for (a) forward and
(b) reverse biases, 0± and 90± correspond to the �100� directions
(diamond: 9 T; down triangle: 10.5 T; up triangle: 12 T; circle:
13.5 T; square: 15 T).

CXs
� 	Js�z�b�ks�uX1s

1 Ĵs�z�a�ks�uX3s
1 . . .
eikk?r ,

(1)

where s � X or Y [4,8]. Here uX1s
and uX3s

are the
kk � 0 lattice periodic functions associated with the X1, X3
manifold of the average bulk crystal, and the dots in
Eq. (1) represent the small contribution of the remote
bands outside this manifold [8]. Js�z�, Ĵs�z� are the
dominant envelope functions for the X1, X3 potential wells,
respectively. In the following we assume Js�z� � Ĵs�z�
since the X1 and X3 well depths and confinement masses
are thought to be fairly similar [4]. For interfaces at zi the
mixing matrix element is [4,8]

V �kx , ky� � b��kx�b�ky�VX-Y
1 1 a��kx�a�ky�VX-Y

3 , (2)

where VX-Y
s �

P
zi

J
�
X�zi�JY �zi�VX-Y

s �zi�, in which
VX-Y

1 �zi� � b1 ? h�zi� and VX-Y
3 �zi� � b3 ? h�zi� ? P�zi�,

with constants b1 , b3. The phase factor, h�zi� �
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FIG. 3. Schematic 2D Brillouin zone and constant energy
surface superimposed on the �qX , qY , 0� cross section of the
bulk AlAs Brillouin zone (dashed line) and Fermi surface
(dotted line). The bulk G and X points are indicated.

exp�i2pzi�a0� alternates between 61 with each displace-
ment of a monolayer along z. Attention is drawn to the
factor P�zi� � 1 for a normal interface (AlAs on GaAs),
21 for an inverted interface (GaAs on AlAs) (which is
missing from Ref. [4]) [13].

The mixed state energies are found by diagonalizing the
2 3 2 Hamiltonian, H, in which

H11 �
h̄2

2

"
k2

x

m0
Z

1
k2

y

mX,Y

#
2 Ek?p�kx� ,

H22 �
h̄2

2

"
k2

x

mX,Y
1

k2
y

m0
Z

#
2 Ek?p�ky� ,

H12 � H�
21 � V , and Ek?p�ks� �

q
�D�2�2 1 R2k2

s .

Here H11 and H22 are the bulk dispersions with mX,Y �
me � 0.24 [10,14]. Figure 4 shows the �110�, �010�,
and � 110� dispersions calculated with R � 1 eV Å and
m0

Z�me � 1.56 [4]. Note that along �010� the dispersion
is independent of VX-Y

3 because a��kx�a�ky� � 0. A value

FIG. 4. Dispersions in the �110�, �010�, and � 110� in-plane di-
rections for V

X-Y
1 � 6 meV, V

X-Y
3 � 850 meV (solid line), and

V
X-Y
1 � V

X-Y
3 � 0 meV (dashed line). Zero energy is midway

between the bulk X1 and X3 edges.
of V
X-Y
3 � 850 meV was chosen in Fig. 4, to give a ratio

of �110� effective masses for kk # 0.02 equal to 2.8, the
ratio of the major to minor axes at 15 T in Fig. 2(b) [15].
This mass ratio is quite insensitive to V

X-Y
1 . In Fig. 4, we

have used VX-Y
1 � 6 meV [16], but an optimum value of

VX-Y
1 � 30 meV is found to reproduce the shape of the

dumbbell in Fig. 2(b) quite well [17].
For consistency with Ref. [4], we have used the values

of R and m0
Z given there but we suspect that they are

not correct because they cannot explain the confinement
energies observed for the XZ�1� state in quantum wells
with widths between 20 and 40 Å. The confinement wave
vectors corresponding to these widths are approximately
0.14 and 0.07, respectively (infinite well depth approxima-
tion) while the confinement energy of the 20 Å well is
�65 meV greater than that of the 40 Å [18]. This is not
consistent with the form of the bulk camel’ s back, shown
as a dashed line in Fig. 4, which has a minimum at k010 �
0.10, and so we suggest that a reevaluation is needed. We
find that R � 2.5 eV Å and m0

Z�me � 0.3 gives a camel’ s
back with a minimum at k010 � 0.06 and a depth of
10 meV that is more consistent with Ref. [18]. Using
these parameters, a good fit to the angular dependence of
the kinetic energy in Fig. 2(b) is obtained for VX-Y

1 �
30 meV and VX-Y

3 � 120 meV. As before, VX-Y
3 deter-

mines the ratio of kinetic energies in the two �110� direc-
tions, while V

X-Y
1 determines the kinetic energy variation

at all other angles. Notably, V
X-Y
1 appears much less sen-

sitive than VX-Y
3 to the choice of the bulk k ? p parameters.

We have calculated the amplitudes of the envelope func-
tions for the m � 3 resonance at the four GaAs�AlAs in-
terfaces (i � 1, 2, 3, and 4) as in Ref. [10] assuming that
the charge stored in the emitter well is twice that in the
collector. This is a reasonable assumption for the present
qualitative analysis. For the 70-30-70 and the 60-40-60
samples, the squared amplitudes at the two collector inter-
faces are in the ratio S:1 with S � 0.63 and 0.76, re-
spectively. Writing V

X-Y
1 � b1A and V

X-Y
3 � b3B, we

have B�A � �Sh�z3�P�z3� 1 1 3 h�z4�P�z4����Sh�z3� 1

1 3 h�z4�� in one bias direction and B�A � �1 3

h�z1�P�z1� 1 Sh�z2�P�z2����1 3 h�z1� 1 Sh�z2�� in the
other. With M odd (even) this gives B�A �A�B� � 27.3
and 7.3, respectively, for the two bias directions in a
sample with perfect interfaces and dimensions close to
60-40-60. The change of sign is consistent with the ro-
tation of the dumbbell by 90± observed in the 60-40-60
sample when the bias is reversed. For imperfect interfaces,
however, we consider the case when the normal inter-
faces (i � 2, 4) contribute much more than the inverted
(i � 1, 3), or vice versa, for example, due to different
degrees of roughness [19]. Then jB�Aj � 1, and there is
no rotation. This could explain the absence of a rotation
for the 70-30-70 sample in Fig. 2. For the two bias
directions, the ratio of jBj values is then 1:S, consistent
with the different ratios of major to minor axes in Fig. 2.
3695



VOLUME 83, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 1 NOVEMBER 1999
Assuming jB�Aj � 1 for the 70-30-70 sample, V
X-Y
1 �

30 meV, VX-Y
3 � 120 meV, correspond to b1 � 1.2 eV Å,

b3 � 4.8 eV Å. In comparison, Lu and Sham’s model
for XX,Y �1� in �30 Å AlAs wells gives VX-Y

1 � 8 meV,
or b1 � 0.4 eV Å [3]. They did not include the X3 band
in their calculation. This magnitude for b1 is consistent
with ours considering the simplicity of the model for
the interface potential in Ref. [3] and the uncertainty in
the ratio of jB�Aj and the bulk k ? p parameters in our
case. However, a finite b1 is not consistent with the
zero prediction in Ref. [9]. This apparent discrepancy
can be explained by considering the detailed form of
the interface potential [8]. For b3, Ref. [9] predicts a
value of �0.5 eV Å. This value is much smaller than our
experimental estimate, even allowing for the uncertainties
discussed above. Present envelope function models may
thus require further refinement.

In conclusion, we have observed the first clear evidence
for mixing between AlAs XX and XY states predicted
in Ref. [3]. We have shown that the mixing leads to a
rotation of the constant energy surface from the two in-
plane �100� directions to one of the �110� directions. The
rotation is a consequence of interference between the X1
and X3 related mixing potentials, so that both must be
finite. We find that their values are significantly larger
than predicted by present envelope function theories.
Since the XX-XY mixing potentials are closely analogous
to corresponding potentials for G-XZ mixing [8], our
results also imply that the X1 related potential for G-XZ

mixing, which is usually taken to be zero [4,5,9], may in
fact be finite.
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