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Resonant tunneling between transverseX states in GaAs/AlAs double-barrier structures
under elevated hydrostatic pressure
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We present a model to describe the mechanisms involved in tunneling between the quasiconfinedX sub-
bands of the AlAs layers in GaAs/AlAs double-barrier structures at pressures up to the type-II transition. The
model involves self-consistent Schro¨dinger-Poisson calculation of the potential profiles within the device for a
given relative alignment between the twoX-like quantum wells, and thus allows prediction of the bias posi-
tions at which certain resonant tunneling processes will occur. By systematic variation of the parameters
involved, in particular the charge distribution between the two AlAs layers, these predictions have been fitted
to the measured vertical transport characteristics of a series of samples of different AlAs layer width. In the
cases of those samples withX ground states that are transverse in nature, very good agreement has been
obtained. The level of insight afforded by the model opens up alternative methods for the determination of
important band-structure parameters, such as the light effective mass of theX minima in AlAs, and the
GGaAs-XAlAs conduction-band offset. It also proves to be an extremely sensitive probe of the degree of sym-
metry between the AlAs layer widths of near-symmetric devices, and we are thus able to measure an asym-
metry of around one monolayer in each of our devices. This explains entirely the asymmetry exhibited by the
low biasXt(1)→Xt(1) resonances of some nominally symmetric double-barrier structures, which has been a
source of some debate in recent years.@S0163-1829~98!01703-2#
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I. INTRODUCTION

The presence of theX minima in the AlAs layers of
GaAs/AlAs double-barrier structures DBS’s is a significa
factor in limiting the quality of the measured 1 bar curre
resonances, relative to that predicted by the simpleG-point
theory,1–4 and so extensive work has been carried out both
characterizing their static properties, and in determining
extent of their role in the tunneling mechanism. Hydrosta
pressure has been shown to be effective as a means of fu
accessing theX minima, resulting first in the suppression
any G-resonance,5–7 and subsequently in the revelation
numerous resonances that are not apparent at 1 bar.8–10

The principal effect of elevated hydrostatic pressure is
reduce the energy of theX-like double well profile in the
conduction band relative to theG-like double-barrier profile,
at a rate of around 13 meV kbar21.11,12 This enables elec
trons to transfer from the bulk GaAs contact region into
lowest two-dimensional~2D! quasiconfined state in the adja
cent AlAs ‘‘emitter’’ layer with the aid of an accumulatio
region that is progressively smaller with increasing press
up to the type-I to type-II transition atPt ~Pt;9 kbar for a
wide layered DBS!. At this pressure no accumulation regio
is required and the unbiased device becomes an indirect
tem in both real and reciprocal space.

Many resonances observed at high pressure in DBS’s
therefore caused by tunneling between the two sets of q
siconfined states in theX wells of the AlAs layers. These
states can be separated into transverse@Xt(n)# and longitu-
dinal @Xl(n)# types, corresponding to theX minima with
570163-1829/98/57~3!/1740~6!/$15.00
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large wave vectors perpendicular to, and parallel with,
growth direction (z), respectively. The anisotropy of th
minima endows them with two principal effective masse
one of which is in the direction parallel with the large wa
vector, and relatively heavy,mX,L* 5(1.160.2)m0 , and the
other of which is in the plane perpendicular to the large wa
vector, and relatively light,mX,T* 5(0.2460.05)m0 .13 Com-
peting effects of spatial confinement and compressive st
mean that the ground state in an AlAs layer thicker th
;50 Å will be Xt(1), while in a layer narrower than this
‘‘crossover width’’ it will be Xl(1).14 The nature of the
ground state is critical in determining both the electrical15–17

and the optical14,18 behavior of these devices. In resona
tunneling, the transverseX states of a DBS are significantl
favored over the longitudinalX states, since they possess t
lighter mass in thez direction and their wave functions there
fore suffer less attenuation in the central GaAs layer.10 The
samples studied here have central GaAs layers 40 Å
width, for which the attenuation coefficients of the twoX
orientations are calculated to differ roughly by a factor
;106. For wide layered DBS’s then, in which the first AlA
state to be populated as pressure and bias are applie
Xt(1), it is expected that the tunneling characteristics will
dominated entirely by electrons of a transverse nature.

In this investigation we find that for two DBS’s with AlAs
layers of 60 Å and of 70 Å in width, all observed resonanc
can be attributed unambiguously to elastic or inelastic t
neling processes involving only transverseX states. This fa-
cilitates representation of the band profiles in the device b
simple Schro¨dinger-Poisson model, from which the applie
1740 © 1998 The American Physical Society
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57 1741RESONANT TUNNELING BETWEEN TRANSVERSEX . . .
bias required for a given resonant process may be calcula
By methodical adjustment of the input parameters it is p
sible to fit the model very well to the measured data, and
a result, to determine such quantities as the AlAs la
widths and the transverse electron mass quite accura
Samples with narrower AlAs layers are found to devia
from the simple model, since the mechanism is complica
by the longitudinal nature of the AlAs ground states, but
find that qualitative identification of resonant processes
still possible by comparison with the wider layered sampl

The emitter state for each of the resonant processes
cussed here isXt(1), and thecollector states to which tun
neling is observed to occur areXt(n), for n51, 2, and 3. At
biases above those of the strong resonances displayed b
elastic processes, weaker features are measured that a
tributed to inelastic processes involving the emission
phonons. The phonon energies may also be determined
the model and correspond to the zone centre TOGaAs and
TOAlAs modes.

II. EXPERIMENT

The four samples studied were nominally symmet
n- i -n GaAs/AlAs DBS’s grown by molecular-beam epitax
on @100# oriented substrates. They were nominally identi
with the exception of the AlAs layer thicknesses, which w
varied in 10 Å increments between 40 and 70 Å. This p
rameter is subsequently namedl w .

The constituent epitaxial layers of a sample with AlA
layers of thicknessl w were as follows: 0.25mm, n51
31018 cm23 GaAs:Si buffer, 0.5mm, n5231017 cm23

GaAs:Si, 100 Å undoped~ud! GaAs spacer,l w2Å ud AlAs,
40 Å ud GaAs,l w2Å ud AlAs, 100 Å ud GaAs spacer, 0.
mm n5231017 cm23 GaAs:Si, 0.25mm n5131018 cm23

GaAs:Si cap. Mesa diameters were 20mm. Layer thicknesses
were calibrated using reflection high-energy electron diffr
tion ~RHEED!, and the doping concentrations in the laye
adjacent to the spacers were additionally measured usi
BIO-RAD electrochemical profile plotter. The measur
concentrations, which have been used in the calculati
were in all cases less than a factor of 4 different from
nominal values, and are not included here for the sake
clarity.

The two terminal transport measurements were car
out using a combined voltage source and virtual ground c
rent amplifier system. Conductance measurements w
made by modulating the applied voltage with a sinusoid o
mV rms, and;1 kHz, and subsequently detecting the ac s
nal with a lock-in amplifier. Hydrostatic pressure was a
plied using a clamp cell, equipped with anin situ manganin
wire manometer.

A set of I -V and conductance (I 8-V) measurements wer
made on each of the four samples, at regular pressure i
vals from 1 bar up to 1 or 2 kbars above the signature of
type I to type II transition, and, at each of these pressure
three or four temperatures between 100 and 4.2 K.

III. MODELING

The simplest form of the model, as described here
based on the existence solely of transverseX states in the
d.
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AlAs layers, and is therefore suitable for modeling only wi
layered DBS’s. The modeling of narrow layered DBS’s
somewhat more involved since tunneling from both longi
dinal and transverse states may contribute to the vert
transport characteristics. Adaptations to incorporate long
dinal intravalley processes, or even intervalley processes
volving both longitudinal and transverse states, should
possible, but have yet to be tested against experimental m
surements.

At low temperature, the Fermi energy in then-type con-
tact regions is pinned very close to the donor energy, wh
is around 6 meV below the conduction-band edge of the b
GaAs. This pinning is a result of the background accep
states that occur in GaAs being filled, and so ensuring
the donor level is partially empty. The key assumption of t
model is that for a given pressureP,Pt , the application of
bias aligns the contact Fermi energy with theXt(1) state in
the emitter AlAs layer for a size of accumulation layer that
dictated by the interface band alignment between theG mini-
mum in GaAs and theXt(1) state. This energy separation
in turn equal to the sum of the interface band offs
GGaAs-Xt,AlAs , and the confinement energy ofXt(1) within
the X well. TheGGaAs-Xt,AlAs band offset is written asDG-X
and is a function of pressure given by

DG-X~P!'DG-X
0 213P28, ~1!

where units used are meV and kbars. The value of the p
sure coefficient has been taken from Skolnicket al.11 and the
28 meV term accounts for the effect of the compress
strain on the transverse minima relative to their energy i
relaxed crystal.@For longitudinal minima this is substitute
with 116 meV, the difference between the two thus equ
ing the accepted strain splitting of;24 meV~Ref. 14!# DG-X

0

is a quantity for which estimates have varied. From the m
surements ofP1 made in this investigation, a value ofDG-X

0

5(114610) meV is indicated. For a known offset energ
the accumulation region is solved uniquely using a se
consistent Schro¨dinger-Poisson model. The onset of vertic
current flow is expected to occur only when charge fi
transfers into theXt(1) state as the bias is further increas
from this threshold value.

We assume that the thermal equilibrium distribution
electrons in the emitter contact and accumulation regi
extends into the emitter AlAs layer. This is true as long
G-Xt transfer across the emitter interface is a faster proc
than tunneling through the central GaAs layer, for whi
there exists good supporting evidence.19 The density of states
~DOS! of the Xt(1) subband is given by

]n

]E
54

mgeo*

\2p
, ~2!

wheremgeo* @5AmX,T* mX,L* '0.5m0# is the geometric averag
effective mass of theX minima in the plane of the layers, an
the factor of four accounts for the four degenerate transve
X minima in the first Brillouin zone. The result is a DOS o
around 1012 cm22 meV21, some thirty times larger than tha
of the G minimum in GaAs.

The electric field (j0) at the GaAs spacer/AlAs emitte
layer interface is uniquely determined by the accumulat
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1742 57J. M. SMITH, P. C. KLIPSTEIN, R. GREY, AND G. HILL
layer solution. As bias is further increased, charge trans
from the contact region into theXt(1) subband, causing fur
ther Coulomb band bending and therefore greater elec
field in the remaining ud region. The high DOS ofXt(1)
ensures that, under the experimental conditions emplo
here ~P,Pt , uVbiasu,2 V!, the Fermi energy never rise
more than 1 meV above the subband minimum. The ac
mulation region for all observed resonances can thus be
sidered, for a particular device, as a function of press
only.

Self-consistent solution of the double wellX profile is
therefore achieved by fixingj0 , corresponding to a known
accumulation layer, and finding the additional charge den
required in the emitterXt(1) state to align it with the desire
state energy, or ‘‘state1phonon’’ energy, in the collecto
well. At the same time, a fraction of this charge density—
reciprocal of which we define as the parameterr—is in-
cluded in the collector AlAs layer. The parameterr is
thought to be approximately constant for a specified reson
process, sample, and temperature, by the following ar
ment: At dynamic equilibrium,

]ncoll

]t
'

nemit

temit
2

ncoll

tcoll
50, ~3!

where the emitter and collector wells are indicated by
subscripts, andn andt represent the associated electron d
sities and the times taken for electrons to escape through
collector ‘‘barrier’’ of the well concerned.temit is principally
governed by the strength of the matrix element for the p
ticular resonant process, andtcoll by theX-G matrix element
at the collector well/spacer interface, both of which a
thought to be independent of pressure, so

nemit

ncoll
5

temit

tcoll
5r'const. ~4!

The calculations themselves utilize simple one band tra
fer matrices to model wave function propagation throug
potential profile, which is divided into 1 Å-thick slices o
uniform potential. Quasiconfined states in the two wells
located independently using exponential boundary conditi
at selected points in the barrier regions, and the charge
tribution throughout the structure is calculated from th
normalized wave functions and total charge densities.G and
X potential profiles and wave functions for a typic
Xt(1)→Xt(2) resonance are shown in Fig. 1. A parameteu
is defined, which represents the energy difference betw
the two Xt(1) states under bias and therefore has a uni
value for each resonance observed.

The confinement energy of the confinedG state in the
central GaAs layer is around 150 meV. This is sufficient
place it above the resonant energy, and therefore with
influence on theX-like process, for applied biases less th
about 1 V. Higher biases than this may involve the trans
of electrons from the emitterXt(1) state into thisG state,
further complicating the distribution of charge througho
the device.
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IV. RESULTS AND ANALYSIS

Measured resonances due to elastic tunneling proce
are displayed in Fig. 2. Four current-voltageI -V plots show
the processXt(1)→Xt(2) for each of the samples, and a
ditionally Xt(1)→Xt(3) for the two wider layered samples
The general trend of resonance bias positions is to the re
tion of bias with increased well width, consistent with a r
ducedu value for a given elastic process.

Figure 3 shows the conductance curve measured from
70 Å sample at 4.2 K and 9 kbar. It is typical of the fo

FIG. 1. Band profile diagram for theG andXt minima of a DBS
under bias and withP,Pt andT54.2 K. TheXt(1)→Xt(2) reso-
nant process is energetically aligned, and the energy differencu
between the ground states of the two AlAs layers is defined.

FIG. 2. I –V characteristics of the four samples measured. T
resonances due to elastic tunneling processes are marked. No
higher temperature needed to excite electrons into theXt(1) emitter
state for the two narrower layered samples.
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57 1743RESONANT TUNNELING BETWEEN TRANSVERSEX . . .
samples in its general form, with large, hysteretic nega
conductance regions caused by theXt(1)→Xt(2) reso-
nances, and a strongXt(1)→Xt(1) peak near to zero bia
indicating that, in this case,P.Pt . Three weaker feature
are seen in each bias direction—two aboveXt(1)→Xt(1) in
bias, and one aboveXt(1)→Xt(2). They are attributed to
zone-center optical-phonon satellites of the elastic proces
and will be discussed further in due course.

The analysis of these resonances is based, as was
cated in the previous section, on the modeling of the pres
dependence of their bias positions. Figure 4 shows the
fits achieved for the 70 and 60 Å samples for all of t
resonances in Fig. 3, with the exception ofXt(1)→Xt(1), at
pressures reaching up to around 1 kbar pastPt @the signature
of the type I to type II transition being the onset
Xt(1)→Xt(1)#. We identify the position of each phono
resonance in Fig. 4 by the point of inflection following ea
conductance peak. Both bias directions are shown as pos
so that more direct comparison between them may be m
The Xt(1)→Xt(3) resonances are not shown, since

FIG. 3. Conductance data from the 70 Å sample at 9 kbar
4.2 K. The bold, solid arrows indicate elastic processes while
dotted arrows indicate their phonon satellites.

FIG. 4. Best fits to the bias position pressure dependences u
the type II transition, of the samples with 70 Å~upper plot! and 60
Å AlAs layer widths, using the Schrodinger-Poisson model. Op
symbols correspond to theory, closed symbols to experim
squares to forward bias, and circles to reverse. Each resonan
identified on the plot. The fitted parameters are given in Table
e

es,

di-
re
st

ive
e.

e

Xt(3) confined states lie near the top of theX wells and are
more difficult to model accurately under the high biases
volved. The parameters used to achieve the fitting in Fig
are listed in Table I. The procedure used to fix their value
discussed below.

The first step in the fitting procedure is to adjust the pr
sure scale. Using Eq.~1! along with the measurements ofPt

for the four samples indicates thatDG2x
0 is somewhat lower

than many previous estimates, at around 114 meV, wit
tolerance of610 meV estimated from the spread ofPt val-
ues and the tolerance on the pressure coefficient. This fig
is consistent with a conduction-band/valence-band offset
tio of 63:37 for the GaAs/AlAs interface.

Next to be dealt with is the asymmetry between the f
ward and reverse bias directions. It is clear from Fig. 4 t
the reverse bias~substrate negatively biased! resonances in
both samples appear at consistently higher bias than do
forward bias counterparts. That this is due to differences
tween the contact doping concentrations has been ruled
from the BIO-RAD measurements, and the only other fe
sible explanation is that differences exist between the A
layer widths. Since RHEED calibration of the layers is mo
reliable at the start of their growth, when the epitaxial ra
corresponds to that which gives strong oscillations dur
calibration, we take the value ofl w for the AlAs layer located
nearer the substrate to be accurate in each case. By dec
ing the width of the other layer in the model, the differenc
between the bias directions for the set of resonances ma
fitted. The remaining parameters that have not yet been
ted, in particular the confinement effective mass, may
approximated to their nominal values for this step since th
do not contribute directly to the asymmetry. Fitted ‘‘upp
AlAs layer’’ widths for the 70 and 60 Å samples are 67 a
56 Å, respectively, providing good agreement in each c
for at least three of the four resonances. The two sam
with narrower AlAs layers also revealed asymmetries
around one monolayer, and in the same sense. The toler
on the fits is of order61 Å.

For some time the source of asymmetry in theI -V char-
acteristics of theXt(1)→Xt(1) resonance in nominally sym
metric DBS’s like these has been debated. Figure 5 sh
conductance andI -V curves atP.Pt for this resonance in
the 70 and 40 Å samples, which are typical of those m
sured previously. They both are modeled as having as

d
e

to

n
t,
is

TABLE I. Parameters used for the theoretical curves of Fig.
m1* is for Xt(1) andm2* for Xt(2) resonances.r 1 ,...,r 4 correspond
to the ratio of charge densities in the emitter and collector Al
layers for the four resonant processes in order of ascending bi

Sample
Parameter 60-40-56 70-40-67

m(1)* /m0 0.24 0.24
m(2)* /m0 0.25 0.25
r 1 2 5
r 2 1.4 1.5
r 3 1.2 1.5
r 4 2.5 3
PGaAs ~meV! 32 33
PAlAs ~meV! 43 42
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1744 57J. M. SMITH, P. C. KLIPSTEIN, R. GREY, AND G. HILL
metric layer widths, and yet the 70 Å sample shows
asymmetry in its tunneling characteristics. The explanat
for this lies in the pinning of the Fermi energy to the grou
X states in the type II pressure regime. If the ground sta
are Xt(1), as in the 70 Åsample, then they are pinned to
gether at zero bias despite the layer width asymmetry,
the resonant peak must remain at the origin. If, howev
Xl(1) are the ground states, then instead they are pin
together, and the lighterXt(1) states remain misaligned s
that the conductance peak occurs in reverse bias. Under
ditions in which no zero-bias pinning occurs, the bias po
tions of the Xt(1)→Xt(1) conductance peaks in all fou
samples occur under small reverse biases that are in g
agreement with those predicted by the model for these la
widths.

Asymmetry in theI -V characteristics ofXt(1)→Xt(1)
for narrow layered samples is directly dependent on
width of the conductance peak—a narrower conducta
peak integrating over bias to give a greater asymmetry fo
given peak bias position. This width is likely to be close
linked to the layer uniformity, which affects the energ
widths of the participating quasiconfined states, and to
interface quality, which determines the distribution of i
plane wave vectors that interface scattering imparts to
tunneling electrons, and thus the range of misalignments
tween the participating states for which the tunneling proc
may occur. The peak current asymmetries of up to 6:1 m
sured by Austinget al.15 may thus in part reflect simply a
high quality of heterostructure. Contrary to previous assi
ment by us,20 there is no evidence, in the light of these ne
findings, that differences between the normal~AlAs on
GaAs! and inverted~GaAs on AlAs! interfaces play a sig-
nificant role in any of these measured asymmetries.

The absolute bias positions of theXt(1)→Xt(2) reso-
nances are clearly strongly dependent on the confinem
energies of the transverseX states, and thus on the ligh
effective massmX,T* . Best fits to the data yieldmX,T*
5(0.2560.03)m0 , where around 50% of the tolerance d
rives from a factor of 2 tolerance bestowed on the measu
contact doping concentrations.

Fitting the inelastic processes is a simple matter of m
aligning the emitter and collector states of the elastic ‘‘p
ent’’ resonance by a fixed energy equal to that of the phon
The resonant process is thus writtenXt(1)→Xt(n)1P, in-
dicating emission of a phononP. For the two distinct fea-
tures directly above theXt(1)→Xt(1) resonance of the 70 Å
sample, the energies fitted were (3361) meV and (42
62) meV, and in the case of the 60 Å sample they w
(3261) meV and (4362) meV. The features observe
above theXt(1)→Xt(2) resonances are also fitted reaso
ably well by the larger of these two energies in each sam
The errors represent the ranges of energies over which
experimental and theoretical curves in Fig. 4 coincide r
sonably well.

It is certain that these inelastic processes are intrava
and thus involveG-point phonons, since no resonances
observed that involve longitudinal collector states and
must be much weaker. Previous publications have focu
on scattering by LO phonons, of energies 36 meV and
meV in GaAs and AlAs, respectively, because this is usu
dominant due to the large Fro¨hlich coupling in bulk materi-
o
n
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als. The energies fitted above, however, agree much m
closely with those of TO phonons, their being 33 meV~Ref.
13! and 45 meV~Ref. 21! in the two respective materials
We thus assign the collector states of the inelastic proce
to Xt(1)1TOGaAs, Xt(1)1TOAlAs, andXt(2)1TOAlAs. It is
perhaps due to the confinement of the phonons into 2D
ers that the dominance of electron—LO phonon coupl
should be suppressed here, allowing TO mode emissio
dominate.

Finally, the fitted values for the ratior between the charge
densities in the emitter and collector wells (1<r<`) should
be discussed. These are given in Table I. Asr is decreased,
the bias position of a particular resonance at a given pres
increases, since the effect is to increase the space ch
occupying the collector AlAs layer. For higher pressur
and thus lowerj0 , the greater charge density required in t
emitter AlAs layer to align the resonance means that a gi
value of r places a higher absolute charge density in
collector well than it does at a lower pressure, and so
creases the bias position to a greater extent. In this way,r
is varied the model produces afanlike set of curves for bias
vs pressure, all of which intersect at the threshold pressur
the particular resonance. Figure 4 shows that the data
each resonance may be fitted reasonably well for a partic
value ofr . Note in Fig. 4 that the inelastic processes havr
values that are in general higher than the elastic proces
By comparison with Eq.~4! this is consistent with longe
emitter state lifetimes, as one would expect with the ad
tional phonon involvement.

The samples with AlAs layers thinner than 60 Å, and
with Xl(1) ground states, display temperature activation
their transverse resonances, since electrons must genera
thermally excited into theXt(1) emitter state before they ca
tunnel. For the sample with 50 Å AlAs layers theXt(1) and
Xl(1) levels are almost degenerate so that it is still poss
to obtain good fits to the bias positions of theXt(1)→Xt(2)
process and its phonon satellite, which may still be obser
at 4.2 K. However, to guarantee the purely transverse na
of both the lower bias resonances of this sample, and o
resonances exhibited by the 40 Å sample, higher temp

FIG. 5. I –V and conductance characteristics at 4.2 K for lo
bias and withP.Pt for ~a! the 70 Å sample, which displays anI -V
characteristic and anXt(1)→Xt(1) conductance peak that are sym
metric at zero bias, and~b! the 40 Å sample, with an asymmetri
Xt(1)→Xt(1) I -V caused by the reverse bias positioning of
conductance peak.
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57 1745RESONANT TUNNELING BETWEEN TRANSVERSEX . . .
tures must be used. The consequential spreading of
Fermi-Dirac electron distribution together with the fact th
the density of states of theXl(1) emitter ground level is
around a factor of 4 lower than forXt(1), means that the
pinning effect between the contact and the emitter state
comes much weaker. The model is thus less suitable for
plication to these resonances. In practice, we find that
same quality of fits as for the wide layered samples is ind
not possible, and the role of the model is therefore reduce
a qualitative one. Mention should be made however of
fact that at 4.2 K clear resonant features may be observe
the characteristics of these samples~e.g., in Fig. 5 for the 40
Å sample!. Although these resonances look similar to tho
for the wide layered samples, detailed temperature dep
dence data reveals them to be of different origin, becom
visible only after the temperature activated process h
been suppressed. They are therefore believed to result
tunneling betweenXt states, but with additional involvemen
of the emitterXl(1) state. Further details will be discussed
a future publication.

V. SUMMARY

We have measured the vertical transport characteristic
four GaAs/AlAs DBS’s at pressures up to their type-I
-
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type-II transitions and at 4.2 K. They exhibit resonances t
have been unambiguously identified as originating fro
2D-2D tunneling processes withXt(1) emitter states and the
collector states Xt(1), Xt(1)1TOGaAs, Xt(1)1TOAlAs,
Xt(2), Xt(2)1TOAlAs, andXt(3). The key tothese attribu-
tions is the Schro¨dinger-Poisson modeling of the pressu
dependences of resonant bias positions in the two sam
with Xt(1) ground states in their AlAs layers. The modelin
further reveals a degree of asymmetry in the AlAs lay
thickness of our samples, of around one monolayer, hi
lighting the sensitivity of these measurements to such par
eters, and providing conclusive explanation for the asymm
try in the I -V characteristics of theXt(1)→Xt(1) resonances
displayed by similar samples, that have been the source
some debate. Fitting of the model to the measur
Xt(1)→Xt(2) resonance has produced a value for the lig
effectiveX mass ofmX,T* 5(0.2560.03)m0 .
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