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Hyunsik Im! P. C. Klipstein’* R. Grey? and G. HilP
IClarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford, OX1 3PU, United Kingdom
Department of Electrical and Electronic Engineering, University of Sheffield, Mappin Street, Sheffield SI 3JD, United Kingdom
(Received 20 March 2000

We have investigated2— 2D magnetotunneling in a GaAs/AlAs “double barrier structure” with 20 A
AlAs layers separated by a 40 A GaAs layer, as a function of hydrostatic pressure and in the presence of a
magnetic field perpendicular to the interfacdlJ). At B=0 and at high pressurgs=10 kbay, resonant
tunneling and its phonon satellites are observed betweEnsgmmetry state in the GaAs emitter and a
longitudinal X; symmetry state in the AlAs collector. As the pressure is increased, the band offset between the
I' and theX; states is decreased, resulting in a shift of these resonances to lower bigxs 0Atlear periodic
structures are observed in the current vs voltage characteristic, which are interpreted as resonant tunneling from
the lowest emitte” Landau level toX, collector levels of increasing Landau index. Quantitative analysis
yields the energies of the phonons participating in the inelastic tunneling, and the transverseynasd,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 find /mg=[(0.284+ 0.008)— (0.0039+ 0.0003)x P] whereP is
the pressure in kbar.

I. INTRODUCTION barrier structure. It occurs betwedhstates in the emitter
accumulation layer and, states in the collector AlAs layer.
There has been a considerable amount of work over mor€hin AlAs layers, each of 20 A, are used to allow sufficient
than a decade, studying the properties of GaA$s8 _,As  overlap of thel’ emitter states with th&, collector states.
resonant tunneling structures in a magnetic field appliedhe central GaAs layer is 40 A. In low magnetic fields, we
along the[001] growth direction(z direction. Almost all of  are able to observe clear peaks due to phonon assisted tun-
this work has concerned tunneling between Landau Ievelﬁe”ng and to identify unambiguously in each case which
(LL's) with I' symmetry-“ Suchl states are associated With phonons are involved. At high fields, we observe a fan of
the center of the Brillouin zone. Within the past 5 Years,neaks associated with tunneling between the lowest
however, the development of high pressure techniques hgs gy metry LL in the emitter accumulation layer and up to

enabled considerable progress to be made in the understarg)—( X,-symmetry LL's in the AlAs collector. By comparing
. . _5 .
xgni(rﬁasga:;elsoxttgc)j( ?g;nr:;?\r/fl Igzr%éo?\([b 1a0r]1da):‘2d the two sets of peaks and from a very precise knowledge of
[001] boundaries of, the IIDBriIIouir)(’zone me’ statés ox- the zone center GaAs LO phonon, we are able to calibrate
hibit clear 20— 2D tunneling, and a re(;ent sthYdy of samplesthe cyclotron energy quite accurately. From this energy we
with 70 A AlAs wells and a 40 A GaAs barrier has shown a makeafl tES’;’( dp?)tien rtm(;?a:&r; O{Ntrl;:ihtrzni\ﬁrr:ep?:gggvfh;ass
clear signature of Landau levels wi symmetry: XY '

d My Sy % jpprevious determinations. We have also determined its pres-

It is very difficult to observe analogous resonant behavio ) _ )
betweenX, states, since the effective mass of lestates is ~ SU'® dependence. By taking this pressure dependence into

heavier and the tunneling is suppressed. Therefore it is ne@ccount, the fairly wide range of values for the transverse
essary to use a very thin GaAs layer of around 20 A. It iseffective mass discussed earlier can be explained.
also necessary to employ samples consisting of AlAs layers An accurate knowledge of the transverse mass at pres-
thinner than~50 A, because the lowest confined states insures up to~10 kbar is very important for the following
AlAs layers thicker than~50 A are theXy y states, due to reason. A recent observationX%-Xy mixing in AlAs quan-
the competing effects of spatial confinement and compresum wellsdemonstrated that the presently accepktsul pa-
sive strain’ Recently we have reported results for a samplerameters for thé-point “camel’s back” dispersion in AlAs
with 40 A AlAs layers and a 20 A GaAs layer, where we must be changed substantially, in order to explain the mixing
were able to observe LL's withX; symmetry at high results® Subsequently, a direct mapping of the camel’s back
pressuré. From these measurements an approximate valuminimum has been made, using magnetotunneling- 0
for the transverse effective mass was obtaimagy,=(0.25  kbar in a parallel magnetic field, from which tkep param-
+0.03)m,. Values of 0.2, and 0.28n,, respectively, eters have been determined more accuratelyThese mea-
have also been obtained recentljth a similar precision  surements must be calibrated using a value for the transverse
from zero magnetic field measurements on structures exhibmass. The accuracy of this new determination thus depends
iting Xx vy tunnelind and from magnetotunneling in a single directly on the precision of the present work. The new pa-
barrier structuré. rameters lead to a camel’'s back, which is closer to Xhe

In this study, we report a third type of pressure-inducedpoint in wave vector and deeper in energy than the presently
resonant magnetotunneling process in a GaAs/AlAs doublaccepted on& The Fermi surface at eack point is also
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considerably more spherical than has previously been
thought.

Il. EXPERIMENT

The structure studied here was a symmetrid-n
GaAs/AlAs “double barrier structure” grown by molecular
beam epitaxy of001]-oriented substrates and was processed
into 20-um-diam mesa devices, which were mounted in non-
magnetic packages. The structure consisted of the following
layers: 0.25um n=2.5x 10'%cm™2 GaAs buffer, 0.5um n
=3.2x10cm 3 GaAs, 100 A undoped GaAs spacer, 20 A
undoped AlAs, 40 A undoped GaAs, 20 A undoped AlAs,
100 A undoped GaAs spacer, Oin n=3.5x 10'cm 3
GaAs, and 0.25um n=2.7x10*¥cm 3 GaAs top contact.
The doping levels were checked by electrochemical profil-
ing. The layer thicknesses are expected to be correct tc
within a few angstroms, on the basis of a detailed calibration
of similar samples from the same soufce.

The measurements presented here were taken at a ten
perature of 4.2 K. The two terminal current-voltage measure-
ments (-V) were carried out using a combined voltage
source and virtual ground current amplifier system. The con-
ductance @1/dV) and its first derivative ¢?/dV?) were
measured by addgna 1 kHz sinusoid of 1 mV amplitude to
the applied bias, and detecting the ac signal with a lock-in
amplifier. Where indicatedj?l/dV? was also measured by
numerical differentiation of the first derivative data. Both
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methods gave second derivative results that were virtually
indistinguishable from each other. Forward bias corresponds
to a positive substrate potential.

Hydrostatic pressure was applied using a clamp cell
equipped with anin situ manganin wire manometer. The
accuracy of pressure measurement was withth2 kbar

FIG. 1. (8) Conductance vs voltagd V) at 4.2 K and at dif-
ferent pressures between 10.8 and 13.7 kbar. The black and gray
solid arrows stand fol"— X,(1) and phonon-assisted processes.
(b) Pressure dependence of the second derivative of current vs volt-
age ("-V). Note different bias scale. The solid and dashed arrows
represent thd — X;(1) and X;(1)—Xz(1) resonances, respec-
tively.

IIl. RESULTS AND ANALYSIS

The bias dependence of the conductardtédV) and the
second derivative of the currerd?l/dV?) at 4.2 K and zero Il transition, which in our sample is around 14 kbar. There-
magnetic field are plotted as a function of pressure in Fig. 1fore, from the pressure-induced shifts in their bias positions,
Two kinds of resonance are observed near zero bias, seéfe solid and dashed arrow resonances in Fig. 1 can be at-
more clearly in the second derivative measurements. One fgbuted tol'—X(1) andX;(1)—Xz(1) processes, respec-
marked as solid arrows, the other as dashed arrows, in réively, where the finalX;(1) state resides in the collector
verse biagdFig. 1(b)]. There are two valuable pieces of in- AlAs layer. We believe that the mechanism of thg(1)
formation shown by these resonances. The pressure depen~Xz(1) process is based on quantum beats, whose beat fre-
dence of the resonances gives clear evidence of the emittguency is enhanced several orders of magnitudd by,
and collector states involved. Up to 14.7 kbar, the solid armixing, as discussed elsewhér€. Thus it can be observed
row resonances continue to move down in bias with increaseven though the central GaAs layer is quite thick.
ing pressure. This means that increasing hydrostatic pressure Beyond these main resonances, peaks due to five phonon-
makes the energy difference between the emitter and colle@ssisted resonant tunneling proces$¥:-P4, are well re-
tor states become smaller. The other resonance first shows gplved in reverse bias, as may be seen in Fig). As pres-
at 13.7 kbar and its amplitude becomes large with increasingure is increased, these features shift downwards at a rate of
pressure. Its bias position remains nearly constant-atl2  ~—(13=2) mV/kbar, similar behavior to thd’—X,(1)
mV. This shows that the energy difference between the emitresonance. This fact confirms that these features are the pho-
ter and collector states for the dashed arrow resonance reon satellites of thd”— X,(1) resonance. The only excep-
mains fixed with increasing pressure. tion is P4 whose final state iXyy(1). This will be discussed

Figure 2 shows thd'- and X-conduction band profiles further below. The band profiles for both the direlt
under a small bias and at pressures before the type Il transi-~X;(1) process and its phonon satellites are shown sche-
tion. Thel'-conduction band profile shifts up at a rate-0f3  matically in Figs. 2a) and 2b), respectively. The wavy ar-
meV/kbar(Ref. 4 with respect to th profile. At zero bias, rows in Fig. Zb) represent two examples of a phonon-
it crosses the lowest confined state in ¥profile at the type  assisted resonance. Note that it is more probable that phonon
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GaAs AlAs GaAs AlAs GaAs in the emitter AlAs layer is below the GaAs-conduction
band edge, an energy barriéiis formed at the GaAs/AlAs
emitter interface, and a small depletion layer of width
extends into the GaAs emitter. Bothand W increase with
pressure, as does the amount of charge inXhejuantum
™~ wells at zero bias. Thus one would expect that-X,(1)
becomes weaker, whereas§;(1)—X,(1) becomes more
visible, with pressure. These features are clearly observed in
the second derivative measurements in the range 13.7-14.7
™~ kbar, as shown in Fig.(b). However, beyond-15 kbar the
conductance reduces, regardless of the increasing charge ac-
Further bias T~ cumulation in theX, quantum wells, and this is possibly due
X i to the dominant effect of the depletion barrier which sup-
presses current flow between the GaAs and AlAs emitter

layers when a small bias is applied.
Figure 3 shows the 4.2 K magnetic field dependence of
the second derivative of current with respect to bias, mea-
Phonons N sured at 13.7 kbar, just below the type Il transition. The zero
r ‘\\=~ magnetic field resonance occurring-at-0.025 V has been
\i Z X_z(i) state assigned above to tHe— X(1) process. The?l/dV? vsV
E , data are asymmetric abot=0. This is probably due to
z \ small asymmetries in the sample, such as slightly unequal
AlAs thicknesses, and different degrees of interface
roughness® At 15 T, up to five additional resonances ap-
Z pear. These magnetic-field-induced resonances are attributed
to inter LL processes involving the lowdstsymmetry LL in
FIG. 2. Schematic representation of theand X, conduction  the emitter accumulation layer, with LL index-= 0, and up
band profiles aB=0 just before the type Il transition and biased to to five X-symmetry LL’s in the collector AlAs layer, with
theI'—-X,(1) resonancéa) and to thel'— Xz(1)+ phononreso-  indexny=<5. In Fig. 3, the numbers in the parentheses above
nance(b). The wavy arrows represent phonon emission. the peaks indicate the LL indices{,ny). The(0,0) peak is
allowed since it involves no change of momentum in the
emission for the inelastic tunneling process will occur in theplane, and thus it has a much larger amplitude than the sub-
central GaAs or collector AlAs layers as opposed to the emitsequent ((x) peaks, withny=1, which are disorder acti-
ter AlAs layer, since in the latter case the tunneling barriervated and phonon activated.
height is larger by an amount equal to the phonon energy, At such low bias where thE —X,(1) resonance occurs,
resulting in a smaller electron tunneling probability. the 2D electron density in the GaAs triangular potential
At this point, it is necessary to explain more about thewell is estimated to be less tharx0'*cm™2 at all pres-
single conductance peak at zero bias. As pressure is irsures up to the type Il transition, using a self-consistent
creased beyond the type Il transition where ¥y€1) state  Schralinger-Poisson calculatiof. At B=8 T, where inter

Xz(1) state
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FIG. 3. d?I/dV? vs V characteristics at 13.7
kbar for various magnetic fields, showing the
— X inter Landau level transition@rrows. The
dotted lines show data taken at 7 and 9 T, respec-
tively, and the dashed line represents data at 13
T. Between 9 and 15 T, the field was increased
with a step of 0.5 T. The numbers in the paren-
\ ‘ = theses - ,ny) indicate the Landau level indices
e 8 W of the emitter and collector states. Inset: current
f vs voltage (-V) characteristics at 0 Tdotted
and 15 T(solid). The latter shows cledr — X,
Landau level features.
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FIG. 4. Magnetic-field dependence of the amplitude of the
d?l/dV? peak for the (0,00 Landau level transition, at 12.4 030 —r————T——— .
(squarey 12.9(circles, and 13.7 kbatftriangles. (The points at 2, 1 pP3 =
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LL tunneling starts to occur, the density of states per Landaus 0.4)

level including spin degeneracy isx410'cm 2, and the

Landau level separationm(* ~0.067m,) is approximately

13.8 meV. Thus, for the entire set of Landau level transitions

measured at 4.2 K, only ther=0 emitter Landau level is 005

populated. ]
Figure 4 shows the field dependence of the amplitude of o +——— —

the d?1/dV? maxima for the(0,0) LL process, measured in 0 2 4 6 8 10 12 14

the range 12.4—13.7 kbar. The pressure-induced decrease Magnetic field (T)

amplitude at high fixed field is consistent with the reduction (b)

in the number of electrons in thE emitter accumulation

layer at higher pressures. Considering now the amplitude at giG, 5. (a) Magnified view of the reverse biad?l/dV? vs V

13.7 kbar, it is approximately constant until about 8 T, whenmeasurements of Fig. 3 at 7(3olid) and 15 T(dotted. At 7 T, the

it starts to increase linearly with field. This linear variation inter-LL transitions are not resolvedb) Fan diagram fol’— X

extrapolates back approximately to the origin. Such behaviorandau level tunneling at a pressure of 13.7 kbar. The dots show

is to be expected, since in the high-field regime, the strengtthe bias positions of the peaks in the second derivative measure-

of the allowed tunneling process should be proportional tanents plotted as a function of magnetic field. Squares indicate the

the number of states in the lowest collector LL, since thebias positions of thé& — X,(1) process and its phonon satellites at

number of electrons in the emitter remains nearly constant T. The solid lines are guides for the eye.

The width of each collector LLAyx can be estimated, since

they are just resolved at 8 T. At this field we must havesemiconductor$® This will enable us to obtain an accurate

Ax=fiwc~4 meV, assumingny,~0.25m,.* calibration of the cyclotron energy which determines the LL
In Fig. a), two magnified views of the 13.7 kbar peak separations. From the cyclotron energy we shall make a

d?l/dV? vs V characteristics of Fig. 3 are plotted at 7 T precise determination of the transverse mass .

(solid) and 15 T(dotted. At 7 T, elastic and phonon-assisted  First, we relate the applied biasto the potential differ-

resonancesR0-P3) are clearly seen but peaks due to tun-enceu between the emitter and collector states

neling between LL’s do not yet occur. At 15 T, five addi-

tional LL peaks are clearly resolved beside the m@iD)

I'—X3(1) resonance, which are now much stronger than the

phonon features observed below 7 T. The bias positions of

the maxima of thed?l/dV? vs V characteristics are plotted This quadratic dependence fd(u) has been proposed pre-

against magnetic field as circles in Figbh revealing a fan viously in Ref. 19. Figure 6 shows that even if the emitter

of resonances. On the same diagrane, ThT bias positions and collector states are nominally aligned at zero applied

of the no-phonon and phonon-assisted resonances are pldiias, as expected for pressures above the type Il transition,

ted. In the remaining part of the paper we shall make a carethere will still be a small offset potential, due to the broad-

ful comparison between the bias positions of the phonorening of the LL’s noted above, since electrons in the emitter

peaks and the LL peaks, an approach similar to that usedill reside in the tail of the partially fillednh-=0, LL,

previously for the magnetophonon effect in bulk whereas the first peak in the current will occur when these

0.15
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the first line of Eq.(3), in order to determine the values Af

1 B, andC at each pressure. In each case, the fit is very good,
with an rms deviation between the measured LL bias posi-
tions and those predicted by E() of between 0.5 and 1
mV, depending on the pressure.

Figure 5 shows the four phonon features observed at 7 T.

If the phonon energy iQp, and the potential difference
between emitter and collector statesijghen

hQp=u—ug, (4)

whereug is the potential offset due to broadening, as in the
Ee emiter case of the Landau levels. In principle, is a weak function

= 0 of magnetic field. However, if we assume tha§(15T)
mor —Uug(7 T)=0, then substitution of Eq4) into Eq. (3) gives

o

EMITTER COLLECTOR Ving=Al e
() (X)

2

0
+B|—

wc

+C. (5)

wc

o . . ~ SinceA, B, andC are already determined, we may use Eq.
FIG..6. Schematic diagram showing the allg.nment of the flrs_t(5) to find the cyclotron frequency, if we can identify one of
two emitter and collector Landau levels when biased to a peak iMhe phonons in Fig. 5 and establish its frequency accurately.
the resonant current. Even when the lowest Landau levels are norn|'§y taking the phonotP2 to be the GaAs LQ') phonon, we
nally aligned at zero bias, a small voltage offsgtis required to how below that all the other phonon features in Fig, 5 may
achieve resonance, due to the finite width of the Landau levels an e correctly attributed. with no room for ambiguit If turns
the low electron population of the emitter. y ' gurty.
out that this phonon energy has been determined very pre-
cisely, with an error of+0.3 meV?° and its variation with
pressure is also known accuratéhf?We can determine the

represent the potential relative to the collector AlAs layerPias Position of thé>2 peak in Fig. &), with an accuracy of
+0.5 mV, which is comparable to the bias error introduced

that must be added to the emitter state to align it with the—~> C.
lowest collector state at the first resonance. The offset poteri? fitting the A, B, and C coefficients. Thus, the cyclotron

tial u, therefore decreases with increasing pressure up to tHg"€r9y%wc and hence the transoverse. mass vatyg, are
type Il transition, where it saturates at a minimum value.d€termined to an accuracy of 2%. Using our value for the
Therefore we write cyclotron energy in Eq(5), we find the other phonon ener-

gies with an accuracy of about 3.5%. Note that the error in
U=ug+nyhoc, (20  these phonon energies is greater than tha®2fdue to the
way the errors irh wc and the bias combine. Very consistent
results are obtained over the range 11.7-14.7 kbar, which are
tabulated in Table |. These phonon energies compare very
well with the known values listed along with their known
+C, pressure variations in Table .
The PO feature is very broad, appearing in Fig. 5 as two
3) peaks. The fitted value of this feature at all pressures covers
where the coefficients, B, and C are easily derived func- the rangeu=(12.5t2.5) meV, consistent with the splitting
tions ofa, b, wc, andu,. Thus we expect thaf will reduce  noted in Table Il for the GaAs and AlAs TA() phonons.
with pressure up to the type Il transition, but it will not The P4 feature in Fig. {a) givesu~70 meV at 14.7 kbar,
vanish at or above the transition pressure whgrhas its and is attributed to TAX) phonon-assisted tunneling be-
minimum value, shown in Fig. 6. This behavior is consistenttween " and Xyy(1).2" If the final state wereX,(1), it
with experiment. would lie above any single phonon energy. When comparing
We have fitted the bias values for the LL peaksn{), Tables | and Il, we note that the GaAs LX) mode ©Qp
with ny=1 at five pressures between 11.7 and 14.7 kbar te-30.3 meV at 1 bardoes not appear to participate in the

electrons align with the center of timg=0 collector LL. For
pressures below the type Il transition, we shall taleto

where w¢ is the cyclotron frequency of thX, electrons.
Substitution into Eq(1) gives

2

u—ug u—ug

V(ny)=Ani+Bny+C=A

h(,l)c hwc

TABLE I. Summary of the fitted®1 andP3 phonon energies, and the cyclotron mags, obtained by
using LL's measured at 15 T and phonon peaks measured at 7 T, in the pressure range 11.7—-14.7 kbar. The
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 27.2:0.4 27.5-0.4 27.5-0.4 26.7#0.4 26.70.4
P2 37.1+0.3 37.2:0.3 37.2£0.3 37.30.3 37.3:0.3
P3 49.1+0.9 50.1-0.9 51.5-0.9

Myy /Mg 0.237+0.002 0.234:0.002 0.231*0.002 0.2290.002 0.225:0.002
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TABLE Il. Phonons assigned to the peaR8—P3, with their energies and pressure coefficients from the

literature.
Pressure coefficient
Energy at 1 bar (%/kban

Phonon Assignment (meV) Reference (from Refs. 21 and 22

PO TAgaad X)I TApas(X) 10.1/12.7 24 -0.16/~0.17

P1 LAGaad X)/LA pias(X) 27.9+0.4 20 0.16/0.21

P2 LOganad ") 36.6+0.3 20 0.13

P3 LOjas(I7)/LOzas(X) 49.7/48.0 20 0.12/0.26

tunneling. This is consistent with its weak scattering betweera lower mass value increases the phonon energies making it
I" andX states in type Il resonant Raman spe@rahere its  impossible to assigR3, since no phonons exist at all with 1
contribution is approximately one order of magnitudebar energies above 50 meV.

smaller than that due to the GaAs LAY mode. The reason Figure 7 shows the variation of the transverse nmags

for this is that the LOX) mode is confined in the GaAs with pressure between 11.7 and 14.7 kbar. As pressure is
layers and has a poor overlap with the AlAs collecXg(1) inc_reased, the mass decreases. From a least-squares fit to the
state, whereas the LX) phonon is not confined by the het- Points, we find the pressure dependence ofrthg to be
erostructure and has a much better overlap both with th8'xy/Mo=(0.282+0.004)-(0.0039=0.0003)< P where P
X,(1) state and the emitteF state. Note that the LA) is the pressure in kbar. Th_e error in the 1 bar value can be
phonon has<; symmetry and couples to thé; component undersftood as foII_ows. In Fig. 7_, it is _cleqr that t_he deviation
of the X,(1) wave function's of the five data points from the fitted line is considerably less

than the error bars listed in the last line of Table I, which are
The appearance of both zone certiér and zone bound- ! '
ary (X) phonons in the inelastic tunneling indicates eithermOStIy due to thetO.S_m_eV error in the G"’}AS LC.F) pho-
that both GaAd” and AlAsX,(1) states act as emitter states non energy. This deviation between the fitted line and the
above 10.8 kbafsee Fig. 1, or that only GaAd" acts as the data is essentially due to a combination of 2 bias error
emitter state but that there is a significant admixture betweeﬁn.d _the bias error mtroduceo_l by fitting the B, andC co- .
I and X, states due td'-X, mixing. The former requires efficients, and agrees well with that expected from our bias

alignment of both GaAd™ and AlAs Xz(1) states in the uncertainty in each case of +0.5 mV. It is this random
emitter and pinning of their quasi-Ferr%i levels. This is notdewatlon, therefore, that contributes to the error in the fitted

possible at 10.8 kbar, since the type Il transition occurs ne ressure coefficient and 1 bar mass value. Th_e uncertainty in
14 kbar. Thereford™-X, mixing seems the most likely ex- th‘ tGaAs LCSF) E)thon?r? ebnergby V\t’il (ghoeonzshlf;'s” Off the
planation. This will cause admixture &f states in the 40 A paints up or dowrlogetherby about=o. 0. !herefore
GaAs well, especially the first confined stdtél) with the this uncertainty will provide an additionaystemati@rror in

collectorX,(1) state, and also admixture of the(1) state the 1 bar value of the mass, which should b'e_added to the
in the emitter AlAs layer with thd” emitter state. Such an rand(_)m error produced by the least-squares fitting. The mass
admixture can explain why the LQa{T") [and LOyas(I)] Mxy is thus (0.2820.006)~ (0.0033=0.0003)< P.

satellite is observed with similar strength to the features due There remains the final point of how valid is our assump-
to X-point phonons. Although the admixture introduces only — T T T T T T
a small amplitude of thé'(1) state into the collectoX,(1) — 0.282

state, thel’ emitter state will have a much stronger overlap 0.287 -

with thisT'(1) state than it does with the confin&g(1) state
in the AlAs collector layer. Furthermore, the KO phonon .
will couple much more strongly than do tikepoint phonons & 56 i
because Fidich scattering by small wave-vectéronfined \EE -
phonons is much stronger than deformation potential scatter
ing by zone boundary phonons. This deformation potential

scattering between the emittérand collectorX,(1) states is 0.247 4 7

responsible for the other phonon satellites which all have gz

zone boundary character. 'l.l
The very good agreement between the fitted phononen 4 = = °

ergies in Table | and the energies of the phonons listed in o ) 4 6 3 0 12 14 16

Table 11, provides the final confirmation of the initial assign-
ment of P2 as the GaAs LQ") phonon and hence confirms

the value deduced for the massyy . If a higher mass value FIG. 7. Pressure dependence of the transvéfgmint mass

is used to calculate the cyclotron frequency in ES). it m, .. The squares are deduced from the 15 T LL peaks and the 7
reduces the phonon energies and makes it impossible to ag-peak for theP2 phonon. The open triangles are based on LL
signP1, since no suitabl& or X-point phonons exist with 1  peaks and thé2 phonon peak, all measured at 13 T. The dotted
bar energies between28 and~12 meV. On the other hand, line shows a least-squares fit to the squares.

Pressure (kbar)
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tion that changes to the broadening paramatebetween 7  of calibration using an accurately determined phonon energy.
and 15 T may be ignored. To test this, we note that for thaVe have also determined the pressure dependence. We note
dashed line in Fig. 3, corresponding to 13 T, ®2 phonon that it is surprisingly large, at-1.4%/kbar, more than twice
feature may just be identified separately from tBeb) LL, the variation of thel-point electron mass and with the op-
whereas it cannot be resolved at higher fields. Therefore, wposite sigrt®
have performed the same analysis as above using only the
results measured at 13 T to determine the bias positions of
both theP2 phonon and the LL peaks. We have not included IV. SUMMARY
points above 13 kbar in the 13 T analysis, because the in- \ye have investigated resonant tunneling betwEeand
crease in the cyclotron energy with pressure cause®tBe  x states in a GaAs/AlAs double barrier structure, using hy-
LL to come too close to th@2 peak above this pressure 10 grostatic pressure and a magnetic field applied perpendicular
allow an accurate determination of either bias position. Thqg the interfaces. The well and barrier of dimensions are such
results below 13 kbar, however, are plotted as open trianglegat at pressures below the type Il transition, resonant tun-
in Fig. 7, and are found to lie-0.003n, above the results neling may be observed betweenlastate in the emitter
determined using the phonon peak at 7 T. This error is welhccumulation layer and the confin@g(1) state in the col-
within that of +0.006m, just determined above and may |ector AlAs layer. Above the transition pressure, tunneling
simply be due to the greater inaccuracy in determining bothrom the confinedX,(1) state in the emitter AlAs layer may
theP2 and LL peaks from the same 13 T data where they argso pe seen. By comparing the bias positions of tunneling
not as well resolved as they are separately at 7 and 15 Features due to phonons and those due to inter Landau level
respectively. However, since it could also be argued that thg,nneling, we have made an unambiguous assignment of the
error may be due to a variation af with magnetic field, it phonons involved. Both zone center and zone boundary pho-
places an extraystematiauncertainty on our result of up 0 nons have been observed, highlighting the involvement of
+0.003n, due to a possible breakdown in the assumption-x, mixing of electron states in the former case. From an
Ug(15T)—ug(7 T)=0. Therefore to take this into account gccurate knowledge of the GaAs L) phonon energy, we
we must increase the mass value by 0.00d%nd add a have calibrated the cyclotron energy in a manner analogous
further uncertainty to the final result of 0.0013n,. The  to that used to interpret the magnetophonon effect in bulk
final determination of the masayy is thus semiconductors. We have thereby determined the value of
m the transverseX-point effective mass in AlAs to a much
—X¥ — (0.284+0.008 — (0.0039- 0.0003 x P.  (6)  9reater accuracy than previouslyyy=(0.284-0.008),.
Mo We have also determined its pressure dependence, finding a
Our determination should be compared with two recent deStfong decrease  with - pressuredmyy/dP=—(0.0039
terminations which appear to span a fairly wide range. Finley™ 0-0003)no/kbar. This strong negative pressure depen-
et al® obtained (0.2& 0.03)m, using the samd — X,(1 dence expla_ms the fairly wide range of the values reported
tunneling at 1 bar through a single AlAs barrier in a |argerecently, which were based on measurements made at differ-
electric field. On the other hand Smiét al. reported (0.25 €Nt Pressures.
+0.03)my, by fitting the bias value of theXyy(1)
—Xxy(2) tunneling process at an average pressure-of
kbar, using a self-consistent ScHioger-Poisson modéil.
Both determinations agree very well with E®), however, This work was funded by the Engineering and Physical
if the pressure at which each was made is taken into accourciences Research Coun¢EPSRQ of the U.K. We also
Our new determination for the massyy is much more thank Professor M. E. Eremets for assistance with preparing
accurate than any previous determination, due to our methaothe pressure cell.
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