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Determination of the transverseX-point effective mass in AlAs and its pressure dependence
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We have investigated 2D→2D magnetotunneling in a GaAs/AlAs ‘‘double barrier structure’’ with 20 Å
AlAs layers separated by a 40 Å GaAs layer, as a function of hydrostatic pressure and in the presence of a
magnetic field perpendicular to the interfaces (BiJ). At B50 and at high pressures~>10 kbar!, resonant
tunneling and its phonon satellites are observed between aG symmetry state in the GaAs emitter and a
longitudinalXZ symmetry state in the AlAs collector. As the pressure is increased, the band offset between the
G and theXZ states is decreased, resulting in a shift of these resonances to lower bias. AtBÞ0, clear periodic
structures are observed in the current vs voltage characteristic, which are interpreted as resonant tunneling from
the lowest emitterG Landau level toXZ collector levels of increasing Landau index. Quantitative analysis
yields the energies of the phonons participating in the inelastic tunneling, and the transverse mass,mXY , at the
band edge of AlAs. Our method provides the most accurate determination to date of the transverse mass, and
reports on its pressure dependence. We findmXY /m05@(0.28460.008)2(0.003960.0003)3P# whereP is
the pressure in kbar.
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I. INTRODUCTION

There has been a considerable amount of work over m
than a decade, studying the properties of GaAs/AlxGa12xAs
resonant tunneling structures in a magnetic field app
along the@001# growth direction~z direction!. Almost all of
this work has concerned tunneling between Landau le
~LL’s ! with G symmetry.1,2 SuchG states are associated wi
the center of the Brillouin zone. Within the past 5 yea
however, the development of high pressure techniques
enabled considerable progress to be made in the unders
ing of states withX symmetry.3–5 The XX , XY , and XZ
minima are located, respectively, near the@100#, @010#, and
@001# boundaries of the Brillouin zone. TheXX,Y states ex-
hibit clear 2D→2D tunneling, and a recent study of sampl
with 70 Å AlAs wells and a 40 Å GaAs barrier has shown
clear signature of Landau levels withXX,Y symmetry.6

It is very difficult to observe analogous resonant behav
betweenXZ states, since the effective mass of theXZ states is
heavier and the tunneling is suppressed. Therefore it is
essary to use a very thin GaAs layer of around 20 Å. It
also necessary to employ samples consisting of AlAs lay
thinner than;50 Å, because the lowest confined states
AlAs layers thicker than;50 Å are theXX,Y states, due to
the competing effects of spatial confinement and comp
sive strain.7 Recently we have reported results for a sam
with 40 Å AlAs layers and a 20 Å GaAs layer, where w
were able to observe LL’s withXZ symmetry at high
pressure.8 From these measurements an approximate va
for the transverse effective mass was obtained:mXY5(0.25
60.03)m0 . Values of 0.25m0 and 0.28m0 , respectively,
have also been obtained recentlywith a similar precision,
from zero magnetic field measurements on structures ex
iting XX,Y tunneling4 and from magnetotunneling in a sing
barrier structure.9

In this study, we report a third type of pressure-induc
resonant magnetotunneling process in a GaAs/AlAs dou
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barrier structure. It occurs betweenG states in the emitter
accumulation layer andXZ states in the collector AlAs layer
Thin AlAs layers, each of 20 Å, are used to allow sufficie
overlap of theG emitter states with theXZ collector states.
The central GaAs layer is 40 Å. In low magnetic fields, w
are able to observe clear peaks due to phonon assisted
neling and to identify unambiguously in each case wh
phonons are involved. At high fields, we observe a fan
peaks associated with tunneling between the low
G-symmetry LL in the emitter accumulation layer and up
six XZ-symmetry LL’s in the AlAs collector. By comparing
the two sets of peaks and from a very precise knowledge
the zone center GaAs LO phonon, we are able to calib
the cyclotron energy quite accurately. From this energy
make a new determination of the transverse effective m
mXY at the X point of AlAs, which is more precise than
previous determinations. We have also determined its p
sure dependence. By taking this pressure dependence
account, the fairly wide range of values for the transve
effective mass discussed earlier can be explained.

An accurate knowledge of the transverse mass at p
sures up to;10 kbar is very important for the following
reason. A recent observation ofXX-XY mixing in AlAs quan-
tum wellsdemonstrated that the presently acceptedk"p pa-
rameters for theX-point ‘‘camel’s back’’ dispersion in AlAs
must be changed substantially, in order to explain the mix
results.10 Subsequently, a direct mapping of the camel’s ba
minimum has been made, using magnetotunneling at;10
kbar in a parallel magnetic field, from which thek"p param-
eters have been determined more accurately.11,13These mea-
surements must be calibrated using a value for the transv
mass. The accuracy of this new determination thus depe
directly on the precision of the present work. The new p
rameters lead to a camel’s back, which is closer to theX
point in wave vector and deeper in energy than the prese
accepted one.12 The Fermi surface at eachX point is also
11 076 ©2000 The American Physical Society
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PRB 62 11 077DETERMINATION OF THE TRANSVERSEX-POINT . . .
considerably more spherical than has previously b
thought.

II. EXPERIMENT

The structure studied here was a symmetricn-i-n
GaAs/AlAs ‘‘double barrier structure’’ grown by molecula
beam epitaxy on@001#-oriented substrates and was proces
into 20-mm-diam mesa devices, which were mounted in no
magnetic packages. The structure consisted of the follow
layers: 0.25mm n52.531018cm23 GaAs buffer, 0.5mm n
53.231017cm23 GaAs, 100 Å undoped GaAs spacer, 20
undoped AlAs, 40 Å undoped GaAs, 20 Å undoped AlA
100 Å undoped GaAs spacer, 0.5mm n53.531017cm23

GaAs, and 0.25mm n52.731018cm23 GaAs top contact.
The doping levels were checked by electrochemical pro
ing. The layer thicknesses are expected to be correc
within a few angstroms, on the basis of a detailed calibrat
of similar samples from the same source.4

The measurements presented here were taken at a
perature of 4.2 K. The two terminal current-voltage measu
ments (I -V) were carried out using a combined volta
source and virtual ground current amplifier system. The c
ductance (dI/dV) and its first derivative (d2I /dV2) were
measured by adding a 1 kHz sinusoid of 1 mV amplitude t
the applied bias, and detecting the ac signal with a lock
amplifier. Where indicated,d2I /dV2 was also measured b
numerical differentiation of the first derivative data. Bo
methods gave second derivative results that were virtu
indistinguishable from each other. Forward bias correspo
to a positive substrate potential.

Hydrostatic pressure was applied using a clamp c
equipped with anin situ manganin wire manometer. Th
accuracy of pressure measurement was within60.2 kbar.14

III. RESULTS AND ANALYSIS

The bias dependence of the conductance (dI/dV) and the
second derivative of the current (d2I /dV2) at 4.2 K and zero
magnetic field are plotted as a function of pressure in Fig
Two kinds of resonance are observed near zero bias,
more clearly in the second derivative measurements. On
marked as solid arrows, the other as dashed arrows, in
verse bias@Fig. 1~b!#. There are two valuable pieces of in
formation shown by these resonances. The pressure de
dence of the resonances gives clear evidence of the em
and collector states involved. Up to 14.7 kbar, the solid
row resonances continue to move down in bias with incre
ing pressure. This means that increasing hydrostatic pres
makes the energy difference between the emitter and co
tor states become smaller. The other resonance first show
at 13.7 kbar and its amplitude becomes large with increas
pressure. Its bias position remains nearly constant at;212
mV. This shows that the energy difference between the e
ter and collector states for the dashed arrow resonance
mains fixed with increasing pressure.

Figure 2 shows theG- and X-conduction band profiles
under a small bias and at pressures before the type II tra
tion. TheG-conduction band profile shifts up at a rate of;13
meV/kbar~Ref. 4! with respect to theX profile. At zero bias,
it crosses the lowest confined state in theX profile at the type
n
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II transition, which in our sample is around 14 kbar. The
fore, from the pressure-induced shifts in their bias positio
the solid and dashed arrow resonances in Fig. 1 can be
tributed toG→XZ(1) andXZ(1)→XZ(1) processes, respec
tively, where the finalXZ(1) state resides in the collecto
AlAs layer. We believe that the mechanism of theXZ(1)
→XZ(1) process is based on quantum beats, whose bea
quency is enhanced several orders of magnitude byG-XZ
mixing, as discussed elsewhere.5,15 Thus it can be observed
even though the central GaAs layer is quite thick.

Beyond these main resonances, peaks due to five pho
assisted resonant tunneling processes,P0 –P4, are well re-
solved in reverse bias, as may be seen in Fig. 1~a!. As pres-
sure is increased, these features shift downwards at a ra
;2(1362) mV/kbar, similar behavior to theG→XZ(1)
resonance. This fact confirms that these features are the
non satellites of theG→XZ(1) resonance. The only excep
tion is P4 whose final state isXXY(1). This will be discussed
further below. The band profiles for both the directG
→XZ(1) process and its phonon satellites are shown sc
matically in Figs. 2~a! and 2~b!, respectively. The wavy ar
rows in Fig. 2~b! represent two examples of a phono
assisted resonance. Note that it is more probable that pho

FIG. 1. ~a! Conductance vs voltage (I 8-V) at 4.2 K and at dif-
ferent pressures between 10.8 and 13.7 kbar. The black and
solid arrows stand forG→XZ(1) and phonon-assisted processe
~b! Pressure dependence of the second derivative of current vs
age (I 9-V). Note different bias scale. The solid and dashed arro
represent theG→XZ(1) and XZ(1)→XZ(1) resonances, respec
tively.
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11 078 PRB 62HYUNSIK IM, P. C. KLIPSTEIN, R. GREY, AND G. HILL
emission for the inelastic tunneling process will occur in t
central GaAs or collector AlAs layers as opposed to the em
ter AlAs layer, since in the latter case the tunneling barr
height is larger by an amount equal to the phonon ene
resulting in a smaller electron tunneling probability.

At this point, it is necessary to explain more about t
single conductance peak at zero bias. As pressure is
creased beyond the type II transition where theXZ(1) state

FIG. 2. Schematic representation of theG and XZ conduction
band profiles atB50 just before the type II transition and biased
the G→XZ(1) resonance~a! and to theG→XZ(1)1phononreso-
nance~b!. The wavy arrows represent phonon emission.
t-
r
y,

in-

in the emitter AlAs layer is below the GaAsG-conduction
band edge, an energy barrierd is formed at the GaAs/AlAs
emitter interface, and a small depletion layer of widthW
extends into the GaAs emitter. Bothd andW increase with
pressure, as does the amount of charge in theXZ quantum
wells at zero bias. Thus one would expect thatG→XZ(1)
becomes weaker, whereasXZ(1)→XZ(1) becomes more
visible, with pressure. These features are clearly observe
the second derivative measurements in the range 13.7–
kbar, as shown in Fig. 1~b!. However, beyond;15 kbar the
conductance reduces, regardless of the increasing charg
cumulation in theXZ quantum wells, and this is possibly du
to the dominant effect of the depletion barrier which su
presses current flow between the GaAs and AlAs emi
layers when a small bias is applied.

Figure 3 shows the 4.2 K magnetic field dependence
the second derivative of current with respect to bias, m
sured at 13.7 kbar, just below the type II transition. The z
magnetic field resonance occurring at;20.025 V has been
assigned above to theG→XZ(1) process. Thed2I /dV2 vs V
data are asymmetric aboutV50. This is probably due to
small asymmetries in the sample, such as slightly uneq
AlAs thicknesses, and different degrees of interfa
roughness.16 At 15 T, up to five additional resonances a
pear. These magnetic-field-induced resonances are attrib
to inter LL processes involving the lowestG-symmetry LL in
the emitter accumulation layer, with LL indexnG50, and up
to five X-symmetry LL’s in the collector AlAs layer, with
indexnX<5. In Fig. 3, the numbers in the parentheses ab
the peaks indicate the LL indices (nG ,nX). The~0,0! peak is
allowed since it involves no change of momentum in t
plane, and thus it has a much larger amplitude than the s
sequent (0,nX) peaks, withnX>1, which are disorder acti-
vated and phonon activated.

At such low bias where theG→XZ(1) resonance occurs
the 2D electron density in the GaAsG triangular potential
well is estimated to be less than 131011cm22 at all pres-
sures up to the type II transition, using a self-consist
Schrödinger-Poisson calculation.17 At B58 T, where inter
ec-
13

ed
n-
s
nt
FIG. 3. d2I /dV2 vs V characteristics at 13.7
kbar for various magnetic fields, showing theG
→XZ inter Landau level transitions~arrows!. The
dotted lines show data taken at 7 and 9 T, resp
tively, and the dashed line represents data at
T. Between 9 and 15 T, the field was increas
with a step of 0.5 T. The numbers in the pare
theses (nG ,nX) indicate the Landau level indice
of the emitter and collector states. Inset: curre
vs voltage (I -V) characteristics at 0 T~dotted!
and 15 T~solid!. The latter shows clearG→XZ

Landau level features.
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PRB 62 11 079DETERMINATION OF THE TRANSVERSEX-POINT . . .
LL tunneling starts to occur, the density of states per Lan
level including spin degeneracy is 431011cm22, and the
Landau level separation (m* ;0.067m0) is approximately
13.8 meV. Thus, for the entire set of Landau level transitio
measured at 4.2 K, only thenG50 emitter Landau level is
populated.

Figure 4 shows the field dependence of the amplitude
the d2I /dV2 maxima for the~0,0! LL process, measured in
the range 12.4–13.7 kbar. The pressure-induced decrea
amplitude at high fixed field is consistent with the reducti
in the number of electrons in theG emitter accumulation
layer at higher pressures. Considering now the amplitud
13.7 kbar, it is approximately constant until about 8 T, wh
it starts to increase linearly with field. This linear variatio
extrapolates back approximately to the origin. Such beha
is to be expected, since in the high-field regime, the stren
of the allowed tunneling process should be proportiona
the number of states in the lowest collector LL, since
number of electrons in the emitter remains nearly const
The width of each collector LL,DX can be estimated, sinc
they are just resolved at 8 T. At this field we must ha
DX'\vC'4 meV, assumingmXY* '0.25m0 .4

In Fig. 5~a!, two magnified views of the 13.7 kba
d2I /dV2 vs V characteristics of Fig. 3 are plotted at 7
~solid! and 15 T~dotted!. At 7 T, elastic and phonon-assiste
resonances (P0-P3) are clearly seen but peaks due to tu
neling between LL’s do not yet occur. At 15 T, five add
tional LL peaks are clearly resolved beside the main~0,0!
G→XZ(1) resonance, which are now much stronger than
phonon features observed below 7 T. The bias position
the maxima of thed2I /dV2 vs V characteristics are plotte
against magnetic field as circles in Fig. 5~b!, revealing a fan
of resonances. On the same diagram, the 7 T bias positions
of the no-phonon and phonon-assisted resonances are
ted. In the remaining part of the paper we shall make a c
ful comparison between the bias positions of the phon
peaks and the LL peaks, an approach similar to that u
previously for the magnetophonon effect in bu

FIG. 4. Magnetic-field dependence of the amplitude of
d2I /dV2 peak for the ~0,0! Landau level transition, at 12.4
~squares!, 12.9~circles!, and 13.7 kbar~triangles!. ~The points at 2,
4, and 6 T wereobtained by numerical differentiation of the con
ductance data.!
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semiconductors.18 This will enable us to obtain an accura
calibration of the cyclotron energy which determines the
peak separations. From the cyclotron energy we shall ma
precise determination of the transverse massmXY .

First, we relate the applied biasV to the potential differ-
enceu between the emitter and collector states

V5au21bu. ~1!

This quadratic dependence forV(u) has been proposed pre
viously in Ref. 19. Figure 6 shows that even if the emit
and collector states are nominally aligned at zero app
bias, as expected for pressures above the type II transi
there will still be a small offset potentialu0 due to the broad-
ening of the LL’s noted above, since electrons in the emi
will reside in the tail of the partially filled,nG50, LL,
whereas the first peak in the current will occur when the

FIG. 5. ~a! Magnified view of the reverse biasd2I /dV2 vs V
measurements of Fig. 3 at 7 T~solid! and 15 T~dotted!. At 7 T, the
inter-LL transitions are not resolved.~b! Fan diagram forG→XZ

Landau level tunneling at a pressure of 13.7 kbar. The dots s
the bias positions of the peaks in the second derivative meas
ments plotted as a function of magnetic field. Squares indicate
bias positions of theG→XZ(1) process and its phonon satellites
7 T. The solid lines are guides for the eye.
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11 080 PRB 62HYUNSIK IM, P. C. KLIPSTEIN, R. GREY, AND G. HILL
electrons align with the center of thenX50 collector LL. For
pressures below the type II transition, we shall takeu0 to
represent the potential relative to the collector AlAs lay
that must be added to the emitter state to align it with
lowest collector state at the first resonance. The offset po
tial u0 therefore decreases with increasing pressure up to
type II transition, where it saturates at a minimum valu
Therefore we write

u5u01nXhvC , ~2!

where vC is the cyclotron frequency of theXZ electrons.
Substitution into Eq.~1! gives

V~nX!5AnX
21BnX1C5AFu2u0

hvC
G2

1BFu2u0

hvC
G1C,

~3!

where the coefficientsA, B, andC are easily derived func
tions ofa, b, vC , andu0 . Thus we expect thatC will reduce
with pressure up to the type II transition, but it will no
vanish at or above the transition pressure whenu0 has its
minimum value, shown in Fig. 6. This behavior is consiste
with experiment.

We have fitted the bias values for the LL peaks (0,nX)
with nX>1 at five pressures between 11.7 and 14.7 kba

FIG. 6. Schematic diagram showing the alignment of the fi
two emitter and collector Landau levels when biased to a pea
the resonant current. Even when the lowest Landau levels are n
nally aligned at zero bias, a small voltage offsetu0 is required to
achieve resonance, due to the finite width of the Landau levels
the low electron population of the emitter.
r
e
n-
he
.

t

to

the first line of Eq.~3!, in order to determine the values ofA,
B, andC at each pressure. In each case, the fit is very go
with an rms deviation between the measured LL bias po
tions and those predicted by Eq.~3! of between 0.5 and 1
mV, depending on the pressure.

Figure 5 shows the four phonon features observed at
If the phonon energy ishVP , and the potential difference
between emitter and collector states isu, then

hVP5u2u0 , ~4!

whereu0 is the potential offset due to broadening, as in t
case of the Landau levels. In principle,u0 is a weak function
of magnetic field. However, if we assume thatu0(15 T)
2u0(7 T)'0, then substitution of Eq.~4! into Eq. ~3! gives

V~nX!5AFVP

vC
G2

1BFVP

vC
G1C. ~5!

SinceA, B, andC are already determined, we may use E
~5! to find the cyclotron frequency, if we can identify one
the phonons in Fig. 5 and establish its frequency accurat
By taking the phononP2 to be the GaAs LO~G! phonon, we
show below that all the other phonon features in Fig. 5 m
be correctly attributed, with no room for ambiguity. It turn
out that this phonon energy has been determined very
cisely, with an error of60.3 meV,20 and its variation with
pressure is also known accurately.21,22We can determine the
bias position of theP2 peak in Fig. 5~a!, with an accuracy of
60.5 mV, which is comparable to the bias error introduc
in fitting the A, B, and C coefficients. Thus, the cyclotron
energy\vC and hence the transverse mass valuemXY are
determined to an accuracy of 2%. Using our value for
cyclotron energy in Eq.~5!, we find the other phonon ener
gies with an accuracy of about 3.5%. Note that the error
these phonon energies is greater than that ofP2, due to the
way the errors in\vC and the bias combine. Very consiste
results are obtained over the range 11.7–14.7 kbar, which
tabulated in Table I. These phonon energies compare v
well with the known values listed along with their know
pressure variations in Table II.

The P0 feature is very broad, appearing in Fig. 5 as tw
peaks. The fitted value of this feature at all pressures co
the rangeu5(12.562.5) meV, consistent with the splitting
noted in Table II for the GaAs and AlAs TA(X) phonons.
The P4 feature in Fig. 1~a! gives u;70 meV at 14.7 kbar,
and is attributed to TA(X) phonon-assisted tunneling be
tween G and XXY(1).9,17 If the final state wereXZ(1), it
would lie above any single phonon energy. When compar
Tables I and II, we note that the GaAs LO(X) mode (hVP
;30.3 meV at 1 bar! does not appear to participate in th

t
in

i-

nd
bar. The

TABLE I. Summary of the fittedP1 andP3 phonon energies, and the cyclotron massmX,Y obtained by

using LL’s measured at 15 T and phonon peaks measured at 7 T, in the pressure range 11.7–14.7 k
P2 phonon energy in the table was used as input data. The energy unit is meV.

11.7 kbar 12.4 kbar 12.9 kbar 13.7 kbar 14.7 kbar

P1 27.260.4 27.560.4 27.560.4 26.760.4 26.760.4
P2 37.160.3 37.260.3 37.260.3 37.360.3 37.360.3
P3 49.160.9 50.160.9 51.560.9

mXY /m0 0.23760.002 0.23460.002 0.23160.002 0.22960.002 0.22560.002
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TABLE II. Phonons assigned to the peaksP0 –P3, with their energies and pressure coefficients from
literature.

Phonon Assignment
Energy at 1 bar

~meV! Reference

Pressure coefficient
~%/kbar!

~from Refs. 21 and 22!

P0 TAGaAs(X)/TAAlAs(X) 10.1/12.7 24 20.16/20.17
P1 LAGaAs(X)/LAAlAs(X) 27.960.4 20 0.16/0.21
P2 LOGaAs(G) 36.660.3 20 0.13
P3 LOAlAs(G)/LOAlAs(X) 49.7/48.0 20 0.12/0.26
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tunneling. This is consistent with its weak scattering betwe
G andX states in type II resonant Raman spectra,20 where its
contribution is approximately one order of magnitu
smaller than that due to the GaAs LA(X) mode. The reason
for this is that the LO(X) mode is confined in the GaA
layers and has a poor overlap with the AlAs collectorXZ(1)
state, whereas the LA(X) phonon is not confined by the he
erostructure and has a much better overlap both with
XZ(1) state and the emitterG state. Note that the LA(X)
phonon hasX3 symmetry and couples to theX3 component
of the XZ(1) wave function.15

The appearance of both zone center~G! and zone bound-
ary ~X! phonons in the inelastic tunneling indicates eith
that both GaAsG and AlAsXZ(1) states act as emitter stat
above 10.8 kbar~see Fig. 1!, or that only GaAsG acts as the
emitter state but that there is a significant admixture betw
G and XZ states due toG-XZ mixing. The former requires
alignment of both GaAsG and AlAs XZ(1) states in the
emitter and pinning of their quasi-Fermi levels. This is n
possible at 10.8 kbar, since the type II transition occurs n
14 kbar. ThereforeG-XZ mixing seems the most likely ex
planation. This will cause admixture ofG states in the 40 Å
GaAs well, especially the first confined stateG~1! with the
collectorXZ(1) state, and also admixture of theXZ(1) state
in the emitter AlAs layer with theG emitter state. Such an
admixture can explain why the LOGaAs(G) @and LOAlAs(G)#
satellite is observed with similar strength to the features
to X-point phonons. Although the admixture introduces on
a small amplitude of theG~1! state into the collectorXZ(1)
state, theG emitter state will have a much stronger overl
with this G~1! state than it does with the confinedXZ(1) state
in the AlAs collector layer. Furthermore, the LO~G! phonon
will couple much more strongly than do theX-point phonons
because Fro¨hlich scattering by small wave-vector~confined!
phonons is much stronger than deformation potential sca
ing by zone boundary phonons. This deformation poten
scattering between the emitterG and collectorXZ(1) states is
responsible for the other phonon satellites which all ha
zone boundary character.

The very good agreement between the fitted phonon
ergies in Table I and the energies of the phonons listed
Table II, provides the final confirmation of the initial assig
ment ofP2 as the GaAs LO~G! phonon and hence confirm
the value deduced for the mass,mXY . If a higher mass value
is used to calculate the cyclotron frequency in Eq.~5! it
reduces the phonon energies and makes it impossible to
sign P1, since no suitableG or X-point phonons exist with 1
bar energies between;28 and;12 meV. On the other hand
n

e
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ar

e
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e
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a lower mass value increases the phonon energies maki
impossible to assignP3, since no phonons exist at all with
bar energies above 50 meV.

Figure 7 shows the variation of the transverse massmXY
with pressure between 11.7 and 14.7 kbar. As pressur
increased, the mass decreases. From a least-squares fit
points, we find the pressure dependence of themXY to be
mXY /m05(0.28260.004)2(0.003960.0003)3P where P
is the pressure in kbar. The error in the 1 bar value can
understood as follows. In Fig. 7, it is clear that the deviati
of the five data points from the fitted line is considerably le
than the error bars listed in the last line of Table I, which a
mostly due to the60.3 meV error in the GaAs LO~G! pho-
non energy. This deviation between the fitted line and
data is essentially due to a combination of theP2 bias error
and the bias error introduced by fitting theA, B, andC co-
efficients, and agrees well with that expected from our b
uncertainty in each case of;60.5 mV. It is this random
deviation, therefore, that contributes to the error in the fit
pressure coefficient and 1 bar mass value. The uncertain
the GaAs LO~G! phonon energy will then shift all of the
points up or downtogetherby about60.002m0 . Therefore
this uncertainty will provide an additionalsystematicerror in
the 1 bar value of the mass, which should be added to
random error produced by the least-squares fitting. The m
mXY is thus (0.28260.006)2(0.003960.0003)3P.

There remains the final point of how valid is our assum

FIG. 7. Pressure dependence of the transverseX-point mass
mX,Y . The squares are deduced from the 15 T LL peaks and th
T peak for theP2 phonon. The open triangles are based on
peaks and theP2 phonon peak, all measured at 13 T. The dot
line shows a least-squares fit to the squares.
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tion that changes to the broadening parameteru0 between 7
and 15 T may be ignored. To test this, we note that for t
dashed line in Fig. 3, corresponding to 13 T, theP2 phonon
feature may just be identified separately from the~0,5! LL,
whereas it cannot be resolved at higher fields. Therefore,
have performed the same analysis as above using only
results measured at 13 T to determine the bias positions
both theP2 phonon and the LL peaks. We have not include
points above 13 kbar in the 13 T analysis, because the
crease in the cyclotron energy with pressure causes the~0,5!
LL to come too close to theP2 peak above this pressure t
allow an accurate determination of either bias position. T
results below 13 kbar, however, are plotted as open triang
in Fig. 7, and are found to lie;0.003m0 above the results
determined using the phonon peak at 7 T. This error is w
within that of 60.006m0 just determined above and ma
simply be due to the greater inaccuracy in determining bo
theP2 and LL peaks from the same 13 T data where they a
not as well resolved as they are separately at 7 and 15
respectively. However, since it could also be argued that
error may be due to a variation ofu0 with magnetic field, it
places an extrasystematicuncertainty on our result of up to
10.003m0 due to a possible breakdown in the assumpti
u0(15 T)2u0(7 T)'0. Therefore to take this into accoun
we must increase the mass value by 0.0015m0 and add a
further uncertainty to the final result of60.0015m0 . The
final determination of the massmXY is thus

mXY

m0
5~0.28460.008!2~0.003960.0003!3P. ~6!

Our determination should be compared with two recent d
terminations which appear to span a fairly wide range. Finl
et al.9 obtained (0.2860.03)m0 using the sameG→XZ(1)
tunneling at 1 bar through a single AlAs barrier in a larg
electric field. On the other hand Smithet al. reported (0.25
60.03)m0 , by fitting the bias value of theXXY(1)
→XXY(2) tunneling process at an average pressure of;7
kbar, using a self-consistent Schro¨dinger-Poisson model.4

Both determinations agree very well with Eq.~6!, however,
if the pressure at which each was made is taken into acco

Our new determination for the massmXY is much more
accurate than any previous determination, due to our met
e
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of calibration using an accurately determined phonon ener
We have also determined the pressure dependence. We
that it is surprisingly large, at21.4%/kbar, more than twice
the variation of theG-point electron mass and with the op
posite sign.23

IV. SUMMARY

We have investigated resonant tunneling betweenG and
XZ states in a GaAs/AlAs double barrier structure, using h
drostatic pressure and a magnetic field applied perpendic
to the interfaces. The well and barrier of dimensions are su
that at pressures below the type II transition, resonant t
neling may be observed between aG state in the emitter
accumulation layer and the confinedXZ(1) state in the col-
lector AlAs layer. Above the transition pressure, tunnelin
from the confinedXZ(1) state in the emitter AlAs layer may
also be seen. By comparing the bias positions of tunnel
features due to phonons and those due to inter Landau le
tunneling, we have made an unambiguous assignment of
phonons involved. Both zone center and zone boundary p
nons have been observed, highlighting the involvement
G-XZ mixing of electron states in the former case. From
accurate knowledge of the GaAs LO~G! phonon energy, we
have calibrated the cyclotron energy in a manner analog
to that used to interpret the magnetophonon effect in b
semiconductors. We have thereby determined the value
the transverseX-point effective mass in AlAs to a much
greater accuracy than previously:mXY5(0.28460.008)m0 .
We have also determined its pressure dependence, findi
strong decrease with pressure:dmXY /dP52(0.0039
60.0003)m0 /kbar. This strong negative pressure depe
dence explains the fairly wide range of the values repor
recently, which were based on measurements made at di
ent pressures.
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