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Magnetotunneling spectroscopy with the field perpendicular to the tunneling direction
of the transverseX electrons in GaAs/AlAs double-barrier structures

under hydrostatic pressure
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We have measured the effect of in-plane magnetic field on tunneling resonances between transverseX states
in GaAs/AlAs double-barrier structures under high hydrostatic pressure. Current-voltage and conductance-
voltage measurements performed at pressures just beyond the type-II transition, and at fields up to 15 T, reveal
clear field dependences of resonances originating from theXt(1)→Xt(1) andXt(1)→Xt(2) tunneling pro-
cesses. Their behavior is consistent with a Lorenz force analysis, and therefore probes the in-plane electron
dispersion around theX minima. Differences between measurements with the magnetic field oriented parallel
to the @100# and @110# crystal axes reflect the anisotropy of theX minima, a first analysis indicating that the
field dependence is dominated by the twoXt minima with large wave vectors perpendicular to the magnetic-
field direction. In support of this, Schro¨dinger-Poisson modeling of the shift in bias position of theXt(1)
→Xt(2) resonance provides a value for the effective mass parallel to the Lorenz in-plane momentum vector
which is consistent with the heavy principal effective mass of theX minima. @S0163-1829~98!01731-7#
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I. INTRODUCTION

The conduction-bandX minima of the AlAs electronic
dispersion are of great interest, since the performance
GaAs/AlAs heterostructure devices such as reson
tunneling diodes and superlattices is known to be affec
significantly by their presence.1–4 Increased access to theX
minima is achieved by the application of hydrostatic pr
sure, which reduces their energy relative to theG minimum
at a rate of about 13 meV kbar21. A type-I to type-II transi-
tion, in which the conduction-band ground state change
nature fromGGaAs to XAlAs , occurs at a pressurePt ~;9 kbar
in wide layered structures!, radically altering the optical and
electrical properties of the system.

In double barrier structures~DBS’s!, strong current reso
nances between quasiconfinedX states in the two AlAs lay-
ers may be observed at elevated pressures.5–8 These are re-
lated to tunneling of electrons between transverseX (Xt)
states,7,8 since these states possess a lighter mass in the
neling direction than do their longitudinal counterparts (Xl),
and thus suffer much lower wave-function attenuation in
central GaAs layer. This is in contrast to single-barrier str
tures, in which transport via longitudinal states can domin
due to their increased coupling with theGGaAs states in the
contact region.9 For AlAs thicknesses less than about 50
the lowest confined state in the AlAs isXl , while for greater
AlAs thicknesses it isXt .10 Therefore, AlAs layer thick-
nesses in excess of 50 Å are required in DBS’s which exh
strong high-pressureX-related resonances at 4.2 K.8,10

Magnetotunneling spectroscopy is a powerful tool
probing in-plane electronic dispersions of two-dimensio
electron and hole gases, and has been performed on m
systems in the past.11–14 Here we report its application to
PRB 580163-1829/98/58~8!/4708~5!/$15.00
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tunneling between transverseX states in GaAs/AlAs hetero
structures. In such DBS’s with layer thicknesses greater t
50 Å, and with a suitable combination of hydrostatic pre
sure and applied electrical bias, the Fermi energy at
temperature is pinned very strongly to the emitterXt(1)
state, creating a highly monoenergetic source of electrons
tunneling.8 The semiclassical picture of the subsequent m
netotunneling of normally incident electrons, or a straightf
ward quantum-mechanical analysis, shows that for a m
netic field (Bx,0,0),

\Dky52eBxDz. ~1!

Here Dky is the change of in-plane wave vector undergo
by the tunneling electrons, andDz is the distance traveled
normal to the interfaces during the tunneling process.
thogonal axesx andy are in the plane of the layers. To a fir
approximation,Dz is simply equal to the spatial separatio
of the well centers,d.

The requirement to conserve in-plane momentum in
tunneling process therefore translates into a change in r
nant energetic alignment under the influence ofBx , given by

Du5
~eBxd!2

2my*
, ~2!

where u is defined as the energy difference between
Xt(1) states in the two wells. By using a self-consiste
Schrödinger-Poisson model described in Ref. 8, the shifts
bias position of observed current and conductance re
nances can be converted into values ofDu, providing a
means of calculatingmy* .
4708 © 1998 The American Physical Society
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II. EXPERIMENT

Four samples were studied in detail8 which were nomi-
nally symmetric n- i -n GaAs/AlAs DBS’s grown by
molecular-beam epitaxy on@100#-oriented substrates. The
were nominally identical with the exception of the AlA
layer thickness, which was varied in 10-Å increments b
tween 40 and 70 Å. Labeling the AlAs layer width asl w , the
constituent epitaxial layers in the samples were as follo
0.25-mm n5131018-cm23 GaAs:Si buffer, 0.5-mm n52
31017-cm23 GaAs:Si, 100-Å undoped~ud! GaAs spacer,
l w-Å ud AlAs, 40-Å ud GaAs,l w-Å ud AlAs, 100-Å ud
GaAs spacer, 0.5-mm n5231017-cm23 GaAs:Si and
0.25-mm n5131018-cm23 GaAs:Si cap. Mesa diameter
were 20mm.

Of the four samples, the ones with 70- and 60-Å AlA
layers possessXt(1) ground states, and therefore display t
most purely transverse characteristics at low temperat
that are most accurately analyzed by the Schro¨dinger-
Poisson model of Ref. 8. The magnetotunneling characte
tics of these two samples were similar in all respects.

The measurements presented here are forl w570 Å, and
were taken at a temperature of 4.2 K and at pressures clo
9 kbar ~each pressure measurement is accurate to wi
60.3 kbar!, which is approximately 0.7 kbar beyond th
type-II transition pressurePt for this sample. The two termi
nal current-voltage measurements (I -V) were carried out us-
ing a combined voltage source and virtual ground curr
amplifier system, and conductance-voltage measurem
(I 8-V) were made by additionally modulating the dc appli
voltage with a sinusoid of 1 mV rms, and;1 kHz, and
subsequently detecting the ac component of the signal w
lock-in amplifier.

Orientation of the crystal to align its@100# and@110# axes
parallel to the magnetic field was carried out manually a
by eye, due to the constraints imposed by the pressure
The estimated tolerance on the stated orientations is th
fore 65°. Additionally, measurements were performed w
the longitudinal~@001#! orientation of the sample relative t
the field, results of which will be used here to aid recogniti
of genuine in-plane field effects. A detailed report of th
field orientation is presented elsewhere.15

III. RESULTS AND ANALYSIS

Magnetotunneling is most evident in theXt(1)→Xt(1)
resonance, since in the absence ofB these states are ene
getically aligned at zero bias, and it is only due to the fin
width of the allowed tunneling process that a current re
nance is exhibited at a small bias either side of the orig
This width is predominantly a consequence of interfa
roughness and AlAs layer nonuniformity.8

The I 8-V characteristics of theXt(1)→Xt(1) resonance
for all three field orientations are displayed in Fig. 1,
which strong peaks at zero bias clearly indicate the sin
resonant alignment in the absence of field. Slight differen
between the zero-field curves are merely due to imper
reproduction of applied pressure after sample reorientati

For Bi@100# and Bi@110#, the conductance peak spli
clearly into two peaks at high field, with separations at 15
of 50 and 65 mV, respectively, whereas withBi@001# its
-
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field dependence is minimal. The origin of the splitting, fo
lowing from Eq.~2!, is depicted in Fig. 2. It should be note
that, other than at zero bias, resonant alignment of st
does not correspond exactly to the conductance peak, b
remains a good approximation for the low biases conside
here. Figure 3 shows, correspondingly, an approximate d
bling in the peak current density of the resonance under
influence ofBi@110#.

An illustration of the physics behind the two in-plane o
entations is given in Fig. 4. It can be seen that while a sin
Du results from a given field in the@110# orientation, two
very different values are expected for fields in the@100# ori-
entation, corresponding to the different values ofmy* for the
pairs ofX minima with their long wave vectors parallel with
and perpendicular to,Bx . These shall henceforth be labele
Xx andXy , respectively. The data, however, display mon
tonic shifts in the conductance peak bias positions, and th
fore indicate a single value ofDu, regardless of orientation
It therefore seems, at least forBi@100#, that one of these
pairs of minima is dominant over the other. The fact that
bias splitting of theXt(1)→Xt(1) resonance conductio
peak is less forBi@100# than for Bi@110# indicates that its
Du is correspondingly smaller, and so, from Eq.~2! and Fig.
4, also indicates that it is theXy minima that dominate the
tunneling current. It is, however, not possible to perfo
reliable quantitative analysis at this stage, since the pre
Schrödinger-Poisson model is likely to fail at such low b
ases because any uncertainty in the alignment of the em

FIG. 1. Conductance curves for the sample withl w570 Å in
three differentB field orientations. WithBi@100# and Bi@110#, a
clear splitting of theXt(1)→Xt(1) peak is observed, as a result
the in-plane wave vector supplied to the tunneling electrons@Eq.
~1!#. Bi@001# ~longitudinal orientation! is included for comparison.
The pressures are approximately 9 kbar and the temperatu
4.2 K.
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and collector quasi-Fermi levels with their respectiveXt(1)
states is comparable to the applied bias.

The interaction between an in-plane magnetic field a
electrons in a square quantum well causes them to exp
ence a potential additional to that formed by the band offs

FIG. 2. Depiction of the splitting of theXt(1)→Xt(1) conduc-
tance peak. The intersection of the in-plane dispersions of the e
ter and collectorX subbands represents the satisfaction of ene
and momentum conservation conditions. Due to the in-plane
mentum changeDky @Eq. ~1!#, and the highly monoenergetic popu
lation of the emitter state, two conductance peaks are reso
which correspond approximately to the forward and reverse
occurrences of the interwell potential differenceuresonance.

FIG. 3. I -V characteristics of theXt(1)→Xt(1) resonance in a
magnetic fieldBi@110#, under 9 kbar of hydrostatic pressure and
a temperature of 4.2 K. The weak features visible in the nega
differential resistance region may not be genuine indications
resonant effects within the sample, since the measurement ci
may oscillate in this bias region.
d
ri-
s,

which for small in-plane wave vectors is given approx
mately by16,17

DV~Bx ,By ,z!5
1

2

e2

mx* my*
~By

2my* 1Bx
2mx* !~z2z0!2,

~3!

wheremx* andmy* are the principal effective masses in th
yz plane, andz0 is at the well center.

Keeping to our previous assignment ofB5Bx , and con-
sidering Bi@100#, then my* is much smaller for theXx

minima than it is for theXy minima, and so the former ex
perience a larger additional potential than do the latter.
this way the degeneracy of theXx andXy states is lifted, and
Xy becomes the more heavily populated of the two. Ho
ever, calculations of the expectation value ofDV for the
Xt(1) emitter ground states show that at 15 T theXx2Xy
splitting is only around 0.23 meV. This splitting is small
than both the thermal energy at 4.2 K and the Fermi ene
of the emitterXt(1) subband at zero bias, so it does not se
to explain adequately the complete lack of anXx contribution
that is apparent in our data. The only other plausible exp
nation is that theXx contribution is lost within the negative
differential resistance~NDR! of the Xy contribution ~when
the circuit oscillates, and the conductance data are not
able! or within the phonon-assisted tunneling features at
ases just beyond the NDR. This aspect will be the subjec
further investigation.
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FIG. 4. A theoretical comparison between in-plane magnetot
neling in the@100# and@110# field orientations. In the former case
a stronger field dependence is expected from the resonant bia
sitions for the twoXx minima, than from those for the twoXy

minima. The latter case is expected to show no such structure, s
all four minima exhibit the same mass parallel to the induced wa
vector change. In the diagrams the two-dimensional layers ar
the plane of the paper, and the electron flow is into the page.
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TheXt(1)→Xt(2) resonance shows a systematic incre
in bias position with in-plane magnetic field. Comparis
between typicalI -V characteristics in each orientation a
shown in Fig. 5. Despite the somewhat similar increase
peak bias position for the@001# orientation, it is thought tha
the in-planefield dependences of this resonance also de
from the increase inu given by Eq.~2!. We note further that,
again, the shift is larger forBi@110# than forBi@100#, and
that again there is no visible separation intoXx andXy com-
ponents forBi@100#. For the@001# orientation the peak cur
rent decreases significantly with bias, while the valley b
position and current are almost stationary, behavior tha
qualitatively different to that for the two in-plane orient
tions, in which the peak current remains constant with fie
while the valley bias and current both increase. The shift
bias and current for the@001# field orientation are probably
related to the nonparabolicity of theX band where the
Landau-level separations associated withXt(2) are slightly
different from those associated withXt(1).

In all cases, we assume that the quasi-Fermi level in
GaAs emitter layer remains pinned to the lowest emi
Xt(1) state. Since the cyclotron energy in this layer increa
much more rapidly with field than the energy of the lowe
emitter Xt(1) state, the effect for all field orientations o
increasing the field from zero to 15 T is similar to a press
increase of about 1 kbar. Such a pressure change on its
would correspond to a small bias increase,8 but this should

FIG. 5. TypicalI -V plots showing the magnetic-field orientatio
dependence of theXt(1)→Xt(2) resonance. With an in-plane field
a systematic increase in bias position is measured, consistent
the predictions of the Lorenz force theory. Furthermore, this
crease is seen to be slightly greater forBi@110# than forBi@100#, in
support of theXt(1)→Xt(1) data shown earlier. It is suspected th
the @001# dependence is of a different origin than for the in-pla
orientations, and may be related to the nonparabolicity of theX-
band dispersion.
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be compensated for almost exactly by a corresponding
crease in cyclotron energy in the GaAs collector conta
which raises the energy of the collector quasi-Fermi lev
Shifts in the phonon-assisted resonancesXt(1)→Xt(1)
1TOGaAs andXt(1)→Xt(1)1TOAlAs with parallel magnetic
field ~the two features in the 100–200-mV bias regions
Fig. 1, discussed in detail in Ref. 8! show that cyclotron
energy changes in the contacts change the bias by less th
meV. While this change is small, it may be enough to aff
slightly the accuracy of the Schro¨dinger-Poisson model use
below to fit the observed bias shifts forXt(1)→Xt(2), as-
suming that they are all due to the field induced wave-vec
change betweenXt(1) and Xt(2). The results of such fits
should therefore only be taken as indicative and not defi
tive. The effect on fitting the Landau-level features repor
in Ref. 15, however, is negligible, due to the much larg
field-induced shifts of these features.

The Schro¨dinger-Poisson model has been shown to
reliable at the bias of theXt(1)→Xt(2) resonance, and in
deed the same field dependences are measured at pres
less thanPt , for which it has been most stringently tested8

With Eq. 2, the model gives a value for the effective ma
associated with theBi@100# field dependence,my* 5(0.93
60.11)m0 . This is based on results at four field values
both bias directions for one sample withl w570 Å, and one
sample withl w560 Å, and takes into account the65° ori-
entation error. It is consistent with the heavy effective ma
of the X minima, for which the current evaluation ismX,L*
5(1.160.2)m0 ,18 and therefore supports the postulation th
the effect is dominated by theXy minima. However, it
should be noted that forBi@110#, a mass ofmy* 5(0.81
60.14)m0 is deduced from a similar analysis for tw
samples withl w570 Å and one withl w560 Å. This is sig-
nificantly larger than the theoretical value, which is deriv
on the basis of a perfectly ellipsoidal Fermi surface as

m@110#* 5
2mX,L* mX,T*

mX,L* 1mX,T*
'~0.460.1!m0 ~4!

@also using the value of the light principal effectiv
mass,8,9,18 mX,T* 5(0.2460.05)m0#. The reason for the dis
crepancy forBi@110# is not clear, but may perhaps be relat
to the camel’s back nature of theX-band edge which has no
been taken into account in the preceding analysis.

IV. SUMMARY

We have carried out magnetotunneling experiments
probe the in-plane dispersions of the transverseX minima in
AlAs. The results demonstrate the influence of the Lore
force on the tunneling electrons, with a strong splitting of t
zero-biasXt(1)→Xt(1) conductance peak, and an upwa
shift in the bias position of theXt(1)→Xt(2) resonance.
Anisotropy observed between theBi@100# and Bi@110#
crystal orientations indicates that electrons occupying theXy
minima dominate the tunneling current whenBi@100#, and
quantitative analysis of the bias shifts using a Schro¨dinger-
Poisson model provides limited support for this conclusio

Note added in proof. Our most recent detailed
measurements19 of the voltage bias as a function of the ang
of the in-plane magnetic field have shown that the disp
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sions in the@110# and@1̄10# directions are changed from th
bulk dispersion and are no longer equivalent, and that th
is only a single dispersion in thê100& directions. These
results are interpreted in terms ofXx-Xy mixing. In the
present work, this explains the absence of a second fea
for Bi@100# and the anomalous value obtained for the eff
tive mass in the@110# direction.
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