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Using a one-dimensional superlattice we have mapped out the Fermi surface of a two-dimensional~2D! hole
gas in a GaAs/AlxGa12xAs heterojunction grown on the~311!A surface of GaAs. This follows our observation
of commensurability magnetoresistance oscillations from a weakly one-dimensionally modulated~311!A 2D
hole gas that is confined to square and triangular quantum wells. The dependence of the oscillations on the
modulation direction in the~311!A plane reflects its knownk-space anisotropy. This method is a minimally
invasive probe of the Fermi surface of high-mobility 2D systems.@S0163-1829~96!50644-2#

In the presence of a weak one-dimensional~1D! lateral
superlattice potential and perpendicular magnetic (B) fields,
the resistivityrxx of a two-dimensional electron gas~2DEG!
along the modulation direction (x) displays oscillations pe-
riodic in B21.1 Extrema inrxx occur at fields satisfying the
following commensuration condition between the electron
classical cyclotron diameter 2RC and the grating potential
perioda:

2RC52\kF /eB5a~ i1f!, i51,2, . . . , ~1!

wherekF is the Fermi wave vector andf is the deviation of
these 2RC values from integer multiples of the potential pe-
riod. Those commensurability oscillations~CO’s! were
shown2 to be due to a resonance between the electron orbital
motion and the oscillating drift of the orbit center, occurring
when Eq.~1! is satisfied. This model finds that the expres-
sion
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reproduced the positions of electron CO extrema, when
2pRC /a!1. Here,r0 is the unmodulated 2D gas resistivity,
V0 is the modulation amplitude,l is the electron mean free
path ~MFP!, and EF is the Fermi energy. This predicts
f560.25 for maxima and minima inrxx . In order to ob-
serve CO, the MFP of the carriers has to be sufficiently
large, as shown by Eq.~2!. Therefore, to date, CO have
only been observed from 2DEG’s@in ~100!-oriented
GaAs/AlxGa12xAs heterojunctions# due to the relatively
high mobility of electrons compared to hole gases. Recently,
however, high enough hole mobilities have been achieved
using the~311!A surface of GaAs with Si as ap-type dopant.
The~311!A plane mobilities, however, were found to be sub-
stantially anisotropic; higher mobilities were found along the
@ 2̄33# directions than along@011̄#.3

We report an observation of CO in the magnetoresistance
~MR! of a weakly 1D modulated~311!A 2D hole gas. We
further demonstrate a technique utilizing 1D superlattices
which could, in principle, be used to determine the band
structure of non-~100! indexed high-mobility 2D gases.

Two modulation-doped GaAs/AlxGa12xAs hole gas het-
erostructures, grown on the~311!A surface of GaAs, were
used in this study. The first,T212, has a 277-nm deep~from

the surface! heterojunction with a square quantum well~QW!
and a 2D hole mobility (m) of 75 m2V21s21 at a hole
density (p) of 1.831015 m22. The second,T97, has a
100-nm deep triangular shaped QW withm550
m2V21s21 at p52.131015 m22. The mobility values were
obtained from measuring the ungated Hall bars along the
@ 2̄33# direction in the dark at 300 mK. Samples were pre-
pared using conventional lithographic techniques to etch 20-
mm-wide Hall-bar mesa with distances of 30mm between
longitudinal voltage probes. 50 nm of NiCr/Au was evapo-
rated onto the surface of the mesa into patterns, each consist-
ing of a 400-nm period grating and a perpendicularly cross-
ing line ~from outside the mesa!, defined by standard
electron-beam techniques. A subsequent lift-off process re-
vealed a comb-shaped Schottky gate which fills the whole
area between the probes with metal strips. In each device the
long axis of the Hall bar was laid along a different crystal-
lographic direction. Six directions between@ 2̄33# and
@011̄# were used.

The larger effective massm* (0.35me) of 2D hole gases
~2DHG!,4 compared to electrons, increases the system’s den-
sity of states such that the condition5 kBT<\vckFa/2, where
vc5(eB/m* ), for CO oscillations to be observed, is made
more severe. An excitation current of 10 nA was used, par-
allel to the potential modulation and the samples were cooled
to <4.2 K before measuring the longitudinal and transverse
MR beneath the gate area~using standard four-terminal low-
frequency lock-in techniques!. Gate leakage currents were
below 10 pA.

Figure 1~a! shows longitudinal MR from a@ 2̄33# aligned
Hall bar at various temperatures. CO are clearly seen at low
fields and are accompanied by a positive MR at very low
fields. At about 0.3 T the onset of the Shubnikov–de Haas
~SdH! oscillations~which modulate the CO! is also seen. As
expected, the amplitude of the classically originated CO
shows no change in this temperature range, while the SdH
oscillations, due to bulk quantization, change considerably.
A ;50% fall in the CO amplitude was found on further
increasing the temperature from 300 mK to 4 K@electron
COs were found to quench at;40 K ~Ref. 5!#. This is ex-
pected from the above condition given the hole mass. These
data are from a 277-nm deep square QW (T212) at20.5 V
gate bias~where the CO appeared most clearly!. It is surpris-
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ing to observe CO from a QW at this depth, for which the
grating period-to-depth ratio is only 1.4, as gate definition is
expected to decay rapidly with depth. Potential modulation at
forward gate biases is primarily due to straining of the GaAs
under the slight differential contraction (20.1%! between
metal and substrate as the device is cooled.6 The CO can be
explained by the relatively slow rate of decay with depth of
strain~related to the second derivative, with respect to depth,
of an electrostatically induced modulation!.6 The CO’s are
enhanced by the strong coupling between strain and holes at
the heterointerface.7 Nonetheless, the residual strain is insuf-
ficient to affect markedly the~311!A band structure.

The positions of the CO extrema, taken from the 50-mK
data @Fig. 1~b!#, are plotted on aB21 scale versus an arbi-
trary running indexi ~see Fig. 1, inset! and show some de-
viation from linearity, which will be explained later. From
the first extrema points we findf50.1960.06 for maxima
andf520.2460.07 for minima, similar to that found with
electrons. The very low field positive MR, found also in
electron systems, is seen to extend here to much higher
fields. This is expected from the known direct dependence of
the field at which the positive MR terminates onm* .5 Mod-
eling the experimental field dependence of the CO amplitude
correctly requires including exp(2p/vct) as a prefactor to
the cos2 term in Eq.~2!.5 A strong field dependence is there-
fore expected from the hole’s mass, as indeed is seen. How-
ever, in contrast to electrons, the experimental CO could not
be fitted using the grating perioda and (2pp)1/2, for kF , in
Eq. ~2! (p was obtained from the high-field SdH oscilla-
tions!; the theoretical CO@labeled ^TH& in Fig. 1~b!# are

clearly shifted towards lower fields as compared to the ex-
periment. The theoretical relation could be fitted (^BF&) us-
ing either ap value which is nearly half the actual value, or
a period value of 29763 nm, which is much smaller than the
modulation period. However, this discrepancy~which is fur-
ther evident from Fig. 1, inset! is too large to be accounted
for by experimental error in determininga or p and is most
likely caused by the definition ofkF . Takinga5297 nm and
i56, an estimated perimeterp( i1f)a of 5.4 mm is ob-
tained for the largest cyclotron orbit to produce an MR struc-
ture, in agreement with the MFP calculated from the sample
mobility.

This discrepancy will be related later to anisotropic~311!
A valence-band dispersion. Such anisotropy has also been
found by transverse magnetic focusing~TMF!,4 revealing an
elliptic Fermi surface~FS! with a slightly flatter dispersion
along @011̄# than along the@ 2̄33# direction. This anisotropy
is traced back to a possible, finely corrugated structure~of 32
Å period! ~Ref. 3! at the~311!A heterointerface, which at
low fields opens minigaps in the hole dispersion curve along
the modulation direction~@011#!. When disorder and tem-
peratures are low, this could result in a degree of mass en-
hancement along@011̄#. This FS, however, cannot explain
the large mobility anisotropy often found,4,8 which probably
results from an anisotropic scattering time in~311!A.

In a semiclassical model~valid in our case, since
a.lF , where lF is the Fermi wavelength!, under theB
field, the motion ink space follows constant-energy contours
defined byEF and corresponds to a real-space orbit with the
same shape but rotated byp/2 and scaled byB21. Figure
2~a! shows examples of three sets of CO from a series of
coprocessed devices fabricated onT97, with Hall bars
aligned at 0°, 45°, and 75° to the@ 2̄33# direction. The COs
show a clear,second-harmonic content~indicated by dashed
arrows! as has been previously observed from 2DEG’s situ-
ated at similar depths from the gate.9 A striking shift in po-
sition of the CO set to lower fields is seen when the Hall bar
is ‘‘rotated’’ by q° from @ 2̄33#. Interestingly, the 45° CO set
was found to coincide approximately with theory.10 The field
positions of the first three MR peaks from each trace were
scaled by the index (i ) ~i.e., the peaks were normalized such
that the@ 2̄33# points coincided! before being plotted in Fig.
3. The dotted line is an elliptical best fit to the points.4 It
demonstrates the shift away from the expected angularly in-
dependent CO positions~solid circle line! which are obtained
usingkF , calculated fromp, in Eq. ~1! @note that employing
the relationkF5(2pp)1/2 assumes isotropic FS#. A central
point here is that this elliptic shape has a similar geometry
and size to one quarter of the~311!A Fermi line for the given
density~after exchanging@ 2̄33# and @011̄# axes, of course!,
because CO occurs at fields where the Fermi wave vector is
given bykF5( i11/4)pBea/h for i51,2, . . . .

Since the two contours~in Fig. 3! can be considered as the
experimental and calculated FS~at the givenp, to a constant
factor!, they should enclose the same area, as indeed we find
to within 3%. Errors in pinpointing peak positions and Hall-
bar directions can account for this discrepancy. This shows
that cyclotron orbits producing the SdH oscillations@from
which p was determined, to evaluatekF5(2pp)1/2 in Eq.
~1!# are, unlike CO orbits, affected only by akF value aver-

FIG. 1. ~a! Magnetoresistance measured between 50 and 300
mK ~uppermost trace! in 50 mK increments~traces were shifted
alongrxx to aid comparison!. ~b! ^BF& is a best fit of the theory to
the 50 mK tracê EX& ~with V0 matching the first oscillation am-
plitude!. ^TH& is the theory curve, witha as the potential period and
kF5(2pp)1/2 ~amplitude is suppressed!. Inset: Fan diagram of the
position of the CO extrema@seen in~b!# vs B21. The arbitrary
running indexi is even~odd! for minima ~maxima! in rxx . A pe-
riod of 307615 nm is obtained on fitting the points, such that both
lines coincides at 1/B50 using Eq.~1! with kF5(2pp)1/2 and the
theoreticalf values. In comparison, the solid line is obtained using
the samef values but the potential period~400 nm!.
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aged over all crystallographic directions. It also explains the
discrepancy found between the experimental MR traces, and
the theory calculated fromp. Therefore, for a warped FS,
Eqs. ~1! and ~2! remain valid only ifkF denotes the Fermi
wave vector in the direction of the modulation. Since in our
near elliptic FSkF increases withq @reaching a (2pp)1/2

value atq545°#, the cos2 argument in Eq.~2! shifts the CO
seen in Fig. 2 to lower fields as well as reducing their width.
The observed decrease in the CO amplitude withq is due to
a strong decrease in the MFP@}rxx(0)

21# with q ~note that
V0 is kept constant; all gates are grounded!. Mapping out
further constant energy contours~of the same set of devices!
using this technique of longitudinal magnetic commensura-
bility ~LMC! requires changing the Hall barsp. Unfortu-

nately, loweringp by means of applying voltage to the gates
would changeV0. This can be avoided by changingEF ~uni-
formly instead of only below the strip area! via a full back
gate or persistent photoconductivity effects, while adjusting
V0 through the front grating gate, such thateV0 /EF is kept
constant~and small!.

Plotting the extrema points obtained from all directions on
a B21 scale@Fig. 2~b!# reveals deviations from the expected
uniformity of point spacing. Connecting points of the same
index reveals a peak~at ;45°) which builds up withi , i.e.,
as the orbital size increases. Figure 2~c! illustrates that ellip-
tic cyclotron orbits atq;45° have areas like the circular
orbits assumed by theory@Eq. ~2!#. Hence, the trend is actu-
ally toward a more circular~311!A FS as the area probed by
LMC grows ~with i ). This might be because larger orbits are
probed from areas containing a greater number of irregularity
island defects~in the corrugated structure!,4 which, in turn,
further smear the minigap structure and the anisotropic mass
enhancement it produces. This can explain the greater FS
anisotropy which we find compared to TMF results4 when
extrapolated to ourp; even the smallest focusing orbit size
they detected (2Rc>1 mm! would commensurate with our
superlattice to producerxx extrema that deviate from a
B21 linearity, towards positions expected from circular FS
~as is also seen in Fig. 1, inset!. In addition, our heterostruc-
tures were only doped on one side of the QW~in contrast to
Ref. 4!; this may further enhance the effect of the corruga-
tions on the holes at the heterointerface. An imperfect well
inversion symmetry could also result in a slight lift of Kram-
ers degeneracy. This may explain the unexpected deviation
from circular FS for samples with square QW~Ref. 11! that
we ~in T212) and Ref. 4 obtain.

Finally, it is useful to compare the techniques of TMF and
LMC; in the former, emitter and collector constrictions have
to be defined in the hole gas, which means that the carriers
interact with a large potential barrier. In LMC, however, an
array of weak barriers (eV0!EF) only resonantly couple
with the motion of the 2D carriers. This makes LMC an
appealing, minimally invasive method; additionally, LMC
has the potential for higher resolution, as more oscillations
can be observed from a given 2DEG. This is because in
LMC the number of oscillations which can be observed, for
a particular modulation, is determined by the MFP. In TMF,
however, the specular reflections of holes from a barrier in-
volves a much shorter hole free path than the conventional
elastic MFP evaluated from the sample mobility, and so the
number of oscillations that can be observed is rather small.
Moreover, unlike TMF, the CO amplitude, and hence LMC
resolution, can be increased considerably by changing the
grating gate potential slightly~such that the 2D density is
almost unchanged!. We note that LMC can determine two
quarters of the dispersion curve atEF by just sweepingB in
both polarities, whereas the same goal cannot be achieved
using the same device in TMF. In this context, a time-
averaged observable in a hard-sphere system with bounded
motion is always equal to its microcanonical average~from
the ergodic theorem!.12 An LMC peak is produced by carrier
orbits commensurating with pairs of equidistant strips at
many different superlattice regions between the probes. As-
suming each of the bounded orbits is intrinsic,12 it follows
that a measurement yielding each LMC trace is equivalent to

FIG. 2. ~a! CO fromT97 Hall bars along three orientations with
400-nm period grounded gates. Arrows indicate peak positions in
field. ~b! Extrema positions inB21 vs q ~the error is smaller than
the point size!. Lines connect same index points from all orienta-
tions.~c! Elliptic ( i51) orbits@derived from the~311!A Fermi line
shape# commensurate with the grating~vertical lines! are illustrated
together with circular orbits~in gray!, for q50°, 45°, 75°. Note
that the classically originated CO should not change under slight
temperature changes.

FIG. 3. Angular dependence of the CO sets; corresponding to a
near elliptic ~311!A FS, on exchanging@ 2̄33# and @011̄# axes
~points were slightly displaced inq for clarity!. The solid line is the
dependence expected from a circular FS.
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measuring a subsystem containing a single electron commen-
surating over a long period of time. In this sense, LMC data
are more statistically significant than the TMF, in which a
focusing peak is due to carriers all moving between two fo-
cusing constrictions via the same 2D region.

In conclusion, we report 1D COs observed from a 2D
hole gas. The higher hole mass and the known mobility an-
isotropy in~311!A distinguish our data from electron data in
~100!. In particular, we find a near elliptical directional de-

pendence of the oscillations field position. This reflects the
FS geometry of the~311!A valence band known from TMF
studies. This interesting minimally invasive method of utiliz-
ing 1D superlattices could, in principle, be used for studying
band structures atEF of non-~100! indexed high-mobility 2D
gases.
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