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Direct measurement of the camel-back energy surface in AlAs and its evolution
in an electric field
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We report the direct measurement of the AlAs conduction band dispersion near the band edge. The six lobes
of its constant energy surface are much more spherical than previously supposed, with a ratio of major to minor
axes of less than 2. The existence of a “camel back” is confirmed kTheanteraction responsible for the
camel back is found to be about three times the presently accepted value. A consequence is that above some
critical electric field applied perpendicular to an AlAs quantum well, the sub-band constant energy surface is
rotated by 45°. We confirm this behavior experimentally in the same sample.
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[. INTRODUCTION been very hard to measure the shape experimentally. There
exists only one report, based on complex modeling of time-
Due to the importance of silicon as the key semiconductoresolved photoluminescence measurements from electron-
in modern integrated circuits, and more recently, ofhole droplets, which predicted a large ratio of4.5. In the
Ga,_Al,As as one of the key materials in opto-electronics,present work we shall demonstrate that the above picture of
the similar character of their electron constant energy surstrongly anisotropic ellipsoids is incorrect. We present direct
faces(for x>0.4) has become almost a trademark of tradi-measurement of the axis ratio, using magneto-tunneling be-
tional semiconductor physics, appearing in many textbooksween Xy states in AlAs quantum wells grown in the
This constant energy surface is characterized by six ellipdirection. We show that for a constant energy surface with
soids pointing in the positive and negati{/E00 directions, wave vectors in the range of 0.862w/a, (ay is the cubic
near theX-point faces of the Brillouin zone, which we label lattice parametgrthe ratio is in fact much closer to unity
(in pairg: Xy, Xy, andXs.
The ellipsoidal shape of this characteristic constant energy
surface was predicted theoretically many years 'sgio.can 0
be influenced by a “camel-back” dispersion that may
strongly enhance the anisotropy of each ellipsoid. The camel

back is caused by thle-p interaction between bands &§ GaAs AlAs GaAs
andXz symmetry that lie close in energgee the inset to Fig.
1). In AlAs, these bands are separated by 0.35 eV. However, B}

even thoughX electrons in AlAs can sometimes affect the
performance of modern devices such as quantum cascade
lasers? it is still not clear whether or not the camel back
actually exists in this material. On the other hand, the ellip-
soids in silicon are known to be very anisotropic, and the

-~
------

existence of a camel back is more certaidotably, the an- X;= é " : i -
isotropy has recently received much attention after its exploi- v i d i
tation in strained field effect transistors led to a new record in E; -ﬁw—;f‘!_\ »F.an E;

transistor operating speéd.

In Ga_,Al,As, for x>0.4, there has been much theoreti-  FIG. 1. Thel'; andX; conduction band profiles &> 10 kbar
cal work to try and establish the exact shape of the ellipsoidsand zero bias. Inset: Schematic diagram shovking induced re-
Major to minor axis ratios of between 2.4 and 7 have beerpulsion betweenX; and X; states leading to the camel-back
predicted for AIAS®—8 On the other hand, until now it has dispersion.
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than previously supposed. The AlAs constant energy surface
ellipsoids are thus almost spherical, quite unlike the case of
silicon. Such a small ratio causes us to completely re-
evaluate the presently acceptkdp parameters for AlAs.

Our values provide strong confirmation of the existence of a 8.0
camel back, even in the absence of strongly anisotropic el-
lipsoids, but change its depth and position substantially.

We find that the size of thk-p interaction parameter is
strongly increased, approximately by a factor of 3 compared
to the previously accepted value. This increase greatly en-
hances the influence of a band-mixing effé€tbetween the
Xy and Xy ground states in AIAs quantum wells to the point
where the effect can be observed experimentally, as a dra-
matic realignment of the constant energy surface when a
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strong electric field is applied perpendicular to the well. We -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

have measured the constant energy surface directly as a func- Voltage (V)

tion of increasing electric field, and now demonstrate the

realignment unambiguously in the same sample. FIG. 2. TheXyy(1) — Xxy(1) resonance in a 70-40-70 sample

This paper is organized as follows. In Sec. || A we presentt 4.2 K and 9 kbar, measured at zero magnetic figésh and at
dispersion anisotropy measurements in GaAs/AlAs strucan in-plane magnetic field of 15 Tsolid) parallel to[100] and
tures at high pressure, using resonant magneto-tunnelindlQ. Inset: The bias separation between forward and reverse bias
with the magnetic field parallel to the layer. We comparepeaks plotted as a function of the field angle.
these results with our earlier high-pressure resonant
magneto-tunneling measurements with the magnetic fielgvells is less than the cyclotron radius, a wave-vector shift,
perpendicular to the layer and with cyclotron resonance meaAk, is generated between initial and final resonant states.
surements in AlAs by other workers. We fit all three sets ofSince the initial states often occupy only a small regiotk of
results to just one set &-p parameters, which we therefore space due to a low degree of band filling, the resonance
propose as new values. Section Il A closes with a discussiooltage is increased approximately by the dispersion energy
of the implications of the new parameter values on the cameit wave vector\k of the band containing the final states. For
back and a proof of its existence. In Sec. Il B we demonstratexample, if the in-plane magnetic field is oriented in the
the relationship between the ndwp parameter values and direction, the change in wave vector for electrons tunneling
the observation of interface induceg-Xy mixing. Finally,  over a distanceAz is in the y direction and is given by

we draw conclusions in Sec. Ill. —Ak,=(e/%)B,-Az. More generally, ifAz is the separation
between ground state wave functions in the emitter and col-
Il. RESULTS AND ANALYSIS lector quantum wells, the field causes a shik=(e/%)B
X Az 1314

A. Determination of the camel back Figure 2 shows then=1 resonance of a 70—40-70 sample

GaAs/AlAs “double barrier” structures were grown with at 4.2 K and 9 kbar, in zero magnetic figldashegl and for
60 or 70 A wide AlAswells separated by a 40 A wide GaAs in-plane fields of 15 T aligned alorfg00] and[110], respec-
barrier. The growth details have already been reported intively. In zero field a weak resonanc¥y v(1) — Xy v(1), is
Ref. 11, together with resonant tunneling results that clearlybserved at small bias values in each direction, although the
demonstrate the quantum confinement in the AlAs layers angh-plane wave vector is not conserv@gkcept at zero bigs®
testify to the high quality of the structures. Pressure wasn a magnetic field, however, the wave vector can be con-
generated by a miniatuf@2 mm diametercell that could be  served due to the wave-vector shift caused by the Lorentz
rotated inside a 15 T superconducting magnet. All other exforce, whose magnitude at 15 T #k=0.020x and 0.022
perimental details are similar to those of Ref. 12. X 2l ag for 60—40-60 and 70-40-70 samples, respectively.

Figure 1 shows the; andI" profiles in a double barrier The magnetic field shifts the=1 resonance bias away from
structure at zero bias and above the type Il transition pressutgro because a finite bias is now required to achieve resonant
of approximately~10 kbar (the precise value depends on alignment between occupied emitter and empty collector
the AlAs layer width8h). At this pressure th&yy ground  states. For a perfectly symmetric structure, the bias dropped
states in the AlAs wells are populated by transfel’oélec-  petween emitter and collector AlAs layers is proportional to
trons from the neighboring GaAs layers. In the figure, resothe reciprocal in-plane effective mass of the collector state in
nant D — 2D tunneling is shown between emitter and col- a direction perpendicular to the field. The small difference
lector Xy v(1) states. Direct and phonon assisted resonancegetween forward and reverse bias values seen in Fig. 2 has
Xx.v(1) = Xxv(m), can also be observed with=1, 2, or 3,  been discussed previouslyand is caused by small differ-
and have previously been described in detail in Ref. 11.  ences in the thickness of the two AlAs layers. This effect can

The application of an in-plane magnetic field to coupledbe eliminated by taking the average of the absolute forward
double-quantum-well structures modifies the tunneling dueand reverse bias values, as we have done in the inset of
to the action of the Lorentz force. If the separation betweerFig. 2.
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field direction in the plane of the quantum well for thgy(1) m,/m,

— Xxv(1) resonance of a 60—40-60 sample at 12 kbar demonstrat-

ing clear “cloverleaf” symmetry. In this case the outside interface FIG. 4. Fits at 10 kbar oR(m.) to the data in Fig. Zinsey for
between the collector AlAs well and the GaAs contact layer waspffset voltages o¥/=0, 100, and 130 m\(R,), to measurements of
doped with~0.9 ml of InAs, but this does not appear to have a|andau level splittings at 10 kb&R, and Rg), and to 1 bar high
noticeable effect on the symmetry of the results. Note that the biafield cyclotron resonance dat®&cg). For Reg, the pressure differ-
scale goes to roughly half the range of that for the inset of Fig. 2ence was taken into account by shifting as described in the text.
(which plots the separation between peaks in both bias diregtionsThe dashed line is a fit to the data in Fig.(®@sed under the

and it is also expanded to enhance the appearance of the cloverleaksumption of no camel back. The dashed ellipse shows the unique

Ei 2 sh hat the=1 bi ition d intersection point for all three sets of dataset: The dispersion at
Igure 2 Shows that thm=1 resonance 1as position de- ,mpient pressutededuced from the values at the intersection point,
pends on the field angle. The voltage separation of the resQgych clearly exhibits a camel back.

nance peaks in forward and reverse lgiaswice the average
of the absolute bias value#s plotted as a function of field surface a diameter of about 0.82/a along the camel-
angle in the inset. It displays an elliptical polar dependenceback direction. This diameter is not much smaller than the
with a ratio of major to minor axes of 1.23. Similar ratios of position of the camel-back minimum at 10 kb@rreduces
1.22+0.02 were observed at 15T in another 70-40-7®Y ~0.01x2w/a at 10 kbay. Thus, the broadening of the
sample from the same wafer and a 60-40-60 sample. lower energy resonance is comparable with its bias position,
Note that Fig. 2 exhibits twofold symmetry rather than the@/most certainly rendering this resonance unobservable.
fourfold cloverleaf symmetry that would be expected due to  T1he camel-back dispersion in tizedirection for theX,
contributions from botiXy and Xy conduction band minima. Valleys is descrlbezd by the eigenvaligk,), of the Hamil-
It can be attributed to the existence of a small, uniaxial stres@nian H(k,) =1(A?;/2m)) - o [A/2]-io,Rk, where gy, o,
component in the pressure cell, estimated tosife5 kbarl®  are Pauli spin matrices) is the X;-X3 energy splitting, and
which splits theXy and Xy minima, causing only the lowest R=-(%%/mp)(u;|d/dZus) is thek -p interaction in whichuy
pair of minima in the emitter to be occupiéfThis is con- and uz are theX; and X3 crystal periodic functions. The
firmed by the successful observation of a cloverleaf for somelispersion of the samé, valleys in thex- andy directions is
samples when cooled very slowly in the same &&JAn unaffected by an¥k -p interaction and has a parabolic depen-
example is shown in Fig. 3. dence on wave vector, with effective masgy. This effec-
Only a single resonant peak is observed in Fig. 2 for thdive mass was recently measured as a function of pressure
(100) direction. It corresponds to the dispersion of the camel-and reported to beny v/my=0.284—-0.003B, whereP is the
back minimum going away from th¥ point. The lower en-  pressure in kbar andl is the free-electron mad8 Currently
ergy dispersion in the opposite direction is not observed. Weccepted values of thie-p parameterR=1 eV A andn’,
believe this is because its bias is very small compared witl¥ 1.56m, thus yield a value of approximately 4.5 for the ratio
the width of the resonance; the corresponding current wilbf constant energy surface axes and a predictagsratio of
also be small. It can be seen from the estimated ambier02%2*This mass ratio is well outside that observed in Fig. 2
pressure camel-back dispersion shown below in Fignget (insey, suggesting thaR and m’,, must be re-evaluated.
that the dispersion energy relative to the camel-back miniSuch a re-evaluation is also consistent with a recent obser-
mum going 0.0X 27/a towards theX point is~1 meV and  vation of interface induceXy-Xy band mixing by some of
is about 5< smaller than that going the same distance awayhe authors? In order to achieve acceptable values for
from the X point. The camel back becomes even shallower athe interface mixing potentials, it was required that
10 kbar, making this ratio even larger and further reducingR>2.5 eV A. This issue will be considered in more detail
the dispersion energy in the direction of thepoint. In ad-  below.
dition, using the self-consistent Schrodinger-Poisson analysis It is in fact not possible to determirfR andm’, from the
described in Ref. 11, we estimate that aboxt ' cm™  shape of the constant energy surface alone. Instead, we can
electrons are present in the camel-back minimum of thdind a function,Ry(m’,) that gives a good fit to the observed
emitter AlAs well at 9 kbar, which gives the emitter Fermi angle dependence of bias shift in the inset of Fig. 2. The
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FIG. 5. Fan ofXxy Landau levels in a GaAs/AlAs double-

barrier structure at a pressure of 10 kbar: experimental data from FIG. 6. Cyclotron resonance measurement at ambient pressure
Ref. 22(symbolg and best fit using method in Ref. 28olid lines. on AlAs at 145 K from Ref. 26inse) and best fit form, =0.16mg

which occurs aR=3.4 eV A. All transitions between different Lan-
resulting functionRy(m’,) is plotted against’, in Fig. 4. Qau levelsL(i), With i_=1,2,3,...,_areshown that contribute to the
However, we can also fiyy Landau levels measured by final peak. An empirical broadening parameter has been used.
some of the authors at10 kbar(Ref. 22 to a model that
includes thek -p interaction?? this yields twodifferentfunc-  Although the origin of the offset is not clear, it could be due,
tions, Ra(m’,) and Rg(m’,), depending, respectively, on for example, to the formation of Landau levels in the bulk
whether or not the splitting between the first two LandauGaAs contacts that will increase the barriér,in Fig. 1 by
levels is resolved in the measurements. An example of whehalf the GaAs cyclotron energy, or 13 meV. An offset that is
the splitting is not resolved is shown in Fig. 5 for the pointindependent of field angle would then arise because of the
R=3.39 eV A andm’,=0.142n,. This lack of resolution is extra bias required for injection of carriers into the emitter
only reasonable forR>2.9, so Rg(m’,) only exists for AlAs well and for their removal, by tunneling, from the col-
R>2.918240n the other hand, fdR,(m’,) the quality of the  lector AlAs well. This explanation is also consistent with the
fit is only good forR< 3.2, because wheR=3.2 the stan- absence of any offset for the=3 resonance discussed be-
dard deviation is then about 30% of the typical Landau levelow, which occurs at a much larger perpendicular electric
separation, but decreases at smaReralues. ThusR,(m',) fie!d and_ which shows only small magnetic field induced
only exists forR<3.2. As shown in Fig. 4R,(n’,) intersects ~ Shifts which do not depend on pressure.
only with Rg(m',), and this gives a unique pair of values for _ If we subtract the offset before fitting thie p parameters
R and m', at ~10 kbar of 3.4 eV A and 0.148, respec- in Fig. 2(|ns_ep, we optam a functiorR, (m;) that intersects
tively. If we further assume tha is essentially independent NOW only with Ra(m,). The extreme cases};odm;) and
of pressurgsince different 1l-V materials have similér-p ~ Riadmy), are plotted in Fig. 4 for offsets 0¥=100 and
interaction parametefs and hydrostatic pressure does not130 mV, respectively. The point of intersection, shown by
affect the symmetry and thatm’, exhibits a similar relative the dashed ellipse in Fig. 4, yields slightly differembient
pressure dependence to that quoted abovenfgrl®we can ~ Pressure k-p parameters, R=3.1+0.1eVA and m,
estimate the values & andm’, at ambient pressure. We find =0.17£0.01m,. Allowing for the offset, we now have a self-
R=3.4 eV A andm’,=0.1@m,. consistent analysis in which the potential drop in the active
Based on these nel-p parameters, we have calculated region of the device agrees with the dispersion energy calcu-
the shape of the camel back from the above Hamiltonian antpted from the deducek-p parameters.
found that the largest dispersion energy at the experimental The new values R=3.1x0.1eVA and m,
wave vectork~ (0.022x 27/ag) is ~10 meV, in fact per- =0.17+0.01m, also agree very well with the intersection of
pendicular to the axis of the camel back . If all the applied@ third function, Rer(my), deduced by fitting the ambient
bias were dropped between the two AlAs wells then twicePressure cyclotron resonance data of Mietaal**2” and
this value, or 20 meV, should equal the maximum peak sepahen shiftingm, by ~-0.02m, as described above to ac-
ration in Fig. 2(inseb, which clearly is not the case. Even if count for the change between ambient pressure and 10 kbar.
we assume that the collector AlAs well is fully depleted, anAn example of the relative contribution from different tran-
estimate of the associated depletion in the GaAs contadiitions between Landau levels(i) —L(j), is shown in Fig. 6
layer adjacent to the collectgas in Ref. 11 shows that this  for one set oR andm;, that contributes to the cunieg(m,).
would only increase the resonance bias at 15 T by a factor ofhis calculation was carried out using the method described
~2.5, and the peak separation in Figi2se) would then be  in Ref. 23. Each transition strength is weighted by the ther-
~50 mV. Instead, the maximum separation~s150 mV.  mal occupation of the initial level and the oscillator strength
This suggests that an offset, 190/< 130 mV, must first be for the transition which includes botkl andX3 contribu-
subtracted from the data in Fig.(thse). A consequence is tions. In Fig. 4 it can be seen thAgg(m,) intersects with the
that the mass anisotropy increases to 3.0+0.6, and the cotwo curves from parallel and perpendicular magneto-
stant energy surface anisotropy lies in the range 1.7+0.2Zunneling experiments at 10 kbar at the same point as they

205313-4



DIRECT MEASUREMENT OF THE CAMEL-BACK.. PHYSICAL REVIEW B 70, 205313(2004)

planes, respectively. When an electric field is applied inzthe
direction, it breaks the symmetry and the effective masses in

the [110] and[110] directions can then be different. More-
over, on reversing the electric field in an ideal sample, the
effective masses in the tw@d 10 directions will be inter-
changed, resulting in a 90° rotation of the mass ellipse. This
is indeed the behavior observed in Fig. 7 for the3 reso-
nance. Analogous but weaker mass anisotropy has been ob-
served recently forl" electrons in GaAs/AlAs quantum
wells 28

As described in detail in Ref. 29, it is possible to use the
shape of the angle dependence of ¥yg,(3) resonance in

FIG. 7. Angle dependence of the field induced shift in a 60-Fig. 7 to estimate values for the interface band mixing po-
40-60 sample at 4.2 K and 15 T for thgy(1) — Xxy(3) resonance  tentjals in the collector well corresponding to stateXpénd

peak in forward bias at 1 b#solid triangle, in reverse bias at 1 bar . XY
(open trianglg and in forward bias at 10 kbasolid circle). X3 symmetry, _reSpeCt'Vely' These are found to Vé
~45 meV andVi Y~ 15 meV. Because these potentials de-

intersect with each other. This therefore also provides somBend on the electric field in the collector well, we must res-
additional support for the shift af, by ~-0.02m, to ac-  cale their values using the appropriatgy envelope func-
count for the effect of applying a pressure of 10 kbar. Wetions, as described after E(R) in Ref. 12, to obtainv>1"Y
conclude that the intersection of tfievs m, curves from _g5 mev andV;f'Y~3 meV for theXy y(1) resonancé® The

three independent sets of data provides very strong evidenggtact of the interface band mixing is to change the disper-

for bo_urtnew values._t;'hey pt_orrespong (t)% azca;mel ba(t]:lk sion at theX point according to the following perturbing
ambient pressurewith position, ko~0.03X 27r/a, an Hamiltonian presented in Ref. 12H(ky,k)=IE,+0,

depth, 5,~ 1.6 meV(see the inset to Fig.)4 _ . , = =
It is also possible to derivR(m,) by assuming no camel X(I.E‘ z/2)+f—,xv(.k’l“ky)’ n whl!ch Ei_f[E(hkgziE(ky(;]/;’
back(dashed line in Fig. # However, in this cas®(m.) has ~ ° 'S the uniaxial stress spiiting Of theXx and Xy

no intersection in the range of interest with anyRyf(m;),  States, —and Vi(k,ky)=b* (k)b(k,) Vi +a* (ka(k,)V;™,
Rg(M.), or Reg(M)), so the assumption must be incorrect. where [b(k_z),a(kz)] is the eigenvector 91_‘ the Hamiltonian,
Our results therefore prove fairly conclusively that a cameld(k), defined above. We have verified that for<@
back must exist in AlAs. The shallow depth of the camel <5 meV, He has little effect on the dispersion of thé&(1)
back deduced abové,~ 1.6 meV, may perhaps account for sub-band within the experimental wave-vector range of 0.02
the severe difficulty that this region of the AlAs band struc-from the camel-back minimum. To ignore it would cause
ture has presented in the past to both theoretical and expeghanges in the fitted values of bd&andm, of less than 3%.
mental physicists wishing to make a clear identification of itsThus, the earlier analysis of the angle dependence of the
camel-back character. resonant tunneling peak separation for the first resonance,
based on the data in the inset of Fig. 2, which confirmed the
existence of the camel back and yielded new values for the
k -p parameters, remains valid even though it was based only
Figure 7 shows the angle dependence of tive3 reso-  on H(k,), which ignores interface band mixing.
nance for the 60—40-60 sample at 4.2 K in both bias direc-
tions at ambient pressure and in forward bias at 10 kbar. In
contrast to then=1 resonance, the field induced shift is now IIl. CONCLUSION
much smaller than the zero field peak position, and there
does not appear to be the same field induced offset that was | conclusion, we have measured directly the dimensions
observed fom=1. The angle dependence is elliptical, with of the constant energy surface at the conduction band mini-
its major axis now clearly oriented now alondH.0| direc-  mym in AlAs. Our measurements provide direct evidence for
tion. At 10 kbar, the ratio of major to minor axes is NOW the existence of a camel back. The constant energy surface is
~1.4 and~1.2, respectively, in forward and reverse bias, mych more spherical than expected, with its axis ratio in the
increasing very slightly at 1 bar. It can also be seen that th?ange 1.7+0.2, leading to a major re-evaluation of khe
orientation of the major axis rotates by 90° when the bias iSarameters at th¥ point. In particular, the energy parameter
reversed. R=3.0+0.1 eV A is increased by a factor of 3. Without this
~ The change of the constant energy surface from elongapcrease, it would not be possible to explain the rotation we
tion along the(100) directions form=1 to an elliptical sur-  haye observed in a perpendicular electric field of the princi-
face oriented along a sing(€00) direction form=3 isdue to g gispersion axes in an AlAs quantum well. At low fields
Xx-Xy interface band mixing, as recently described in Refthe camel back dominates, but in high fields the effect of
12. In an ideal sample, the Ga—-As bonds at adjacent intefx, _x, mixing becomes significant, creating a new conduc-
faces of an AlAs quantum well lie in thgl10] and[110]  tion band minimum at th& point whose principal axes are

0.06 1
0.04-
0.02
0.00-
0.02 -
0.04 -
0.06 -

Relative bias position (V)

B. Interface induced Xy-Xy band mixing
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