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Transverse magnetic focusing and the dispersion of GaAs 2D 
holes at (3ll)A heterojunctions 

Abstract 

We report transverse magnetic focusing experiments on two-dimensional hole systems confined in square and 
triangular quantum wells grown on (311)A GaAs substrates. The focusing barriers arc oriented along different 
crystallographic directions and allow us to derive the constant energy contours in k-space. The results indicate a 
nearly elliptical shape for these contours which we interpret in light of a lateral surface superlatticc induced by 
corrugations at the hctcrojunction. 

The use of transverse magnetic focusing (TMF) 
to determine the dimension and shape of Fermi 
surfaces was proposed by Tsoi, and subsequently 
was demonstrated in metals such as Bi, Sb, W, Cu 
and Ag [I]. Both the periodicity in magnetic field 
and the shape of the focusing singularities reflect 
the size and geometry of the momentum space 
orbit. TMF was also realized in two-dimensional 
electron systems at GaAs,/AlGaAs heterojunc- 
tions, although here the circular Fermi surface 
cross-sections render the focusing spectra particu- 
larly simple [Z-4]. Recently, TMF was achieved 
[S] in two-dimensional hole systems (2DHSs) at 
GaAs/AlGaAs heterojunctions, where the more 
intricate valence band structure of GaAs can 
display a subset of the variety of focusing spectra 
found in metals. Observation of TMF in 2DHSs 
was made possible by recent advances in the 

* C~rr~sp#nding author. 

growth of p-type heterostructures and quantum 
wells: molecular beam epitaxy (MBE) on the 
(311)A plane of the GaAs/AlGaAs system, and 
using Si as an acceptor dopant, has brought about 
a substantial improvement in the quality and mo- 
bility of the confined 2DHSs [5,6]. In this work 
we present a study of the directional dependence 
of TMF spectra taken on 2DHSs in triangular as 
well as square GaAs wells grown on (311 IA sub- 
strates, and address the implications the cxperi- 
mental results bear on the in-plane energy versus 
wave vector dispersion relations of these systems. 

TMF is achieved by drawing a current through 
one narrow opening (injector) and recording the 
voltage induced in a second opening (collector) 
separated from the injector by a focusing barrier 
of length L, as a function of a perpendicular 
magnetic field, B (lower part of Fig. 1). In a 
semi-classical model [7], under a magnetic field, 
the path in k-space coincides with the constant 
energy contours; in this case the contour defined 
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Fig. 1. Correspondence in the semi-classical model between 

hole paths in k-space (upper figure) and in real space (lower 

figure; the focusing barrier is indicated by the hatched area): 

the orbit l-2 in k-space leads to the real space orbit l-2 at 

field B,, l-2’ at field B; = 2Br. The first focusing peak 

occurs a& B,, the second at S;. In the semi-classical model we 

have B, = (h/eL)Ak,. 

by the Fermi energy E, (Fig. 1). To this corre- 
sponds a path in real space of the same shape, 
but rotated by rr/2 and scaled by l/B. A chord 
of the real space orbit fits an integer number of 
times in L at those B-values where focusing 
peaks appear. The periodicity B, of the signal can 
then be related to the k-space dimension Ak: 
B, = (h/eL)Ak. Hence, the experimental value of 
B, should yield the value of Ak in the direction 
perpendicular to the focusing barrier. Orienting 
the barrier along different directions yields points 
on the constant energy contour at E, (the Fermi 
surface, FS). 

The sample growth on GaAs(311)A surfaces 
by MBE has been described elsewhere 161. Briefly, 
2DHSs were formed in both triangular and square 
wells. An anisotropy in the mobility p is a consis- 
tent feature of all our samples: along [2331 a 
higher F is found than along [Oli]. The ratio of 
these ,u is sample and density dependent, and 

varies between 1.5 and 3. The triangular well was 
realized at a single Al,,,Ga,,,As/GaAs inter- 
f$ce, separated from the Si dopant layer by a 210 
A spacer. For unprocessed samples of this type, 
typical sheet densities (p) and [233] mobilities 
(pr,) were p = 2.7 X 1015 me2 and EL,, = 31 m2/V 
+ s, respectively. 0The square well samples con- 
sisted of a 150 A wide GaAs layer, flanked on 
both sides by undoped Al,,,Ga,,As spacers 
and Si dopa?t layers. Spacers in this case were 
either 450 A (unprocessed p = $3 X 1015 rnp2 
and ,u,, = 120 m2/V - s> or 325 A (unprocessed 
p = 4.5 X 10” me2 and ,u,, = 50 m2/V + s). Exper- 
imental data from all these systems exhibited 
qualitatively similar behavior; in this paper we 
conc$ntrate on data for a square well sample with 
450 A spacers. 

The focusing barriers, each of equal length 
(L-33 to 6 pm), were positioned adjacent to 
each other in a quarter circle, along 5 crystallo- 
graphic directions ranging from [233] to [Oli]. In 
this arrangement each constriction serves in turn 
as collector for one barrier and as injector for the 
neighboring barrier (Fig. 2). Lithographic con- 
striction widths were 0.8 ,um. The TMF patterns 
were defined by wet etching, employing two dif- 
ferent etchants: an H,SO, : H,O, : Hz0 solution 
which yielded constrictions with beveled side walls 
for barriers parallel to [Oli], and a more isotropi- 
tally etching H,PO, : H,O, : H,O solution. Using 
the latter, no beveling was noticed. Experimental 
results coincide for both cases. Also, the etch 
remained shallow and did not reach the 2DHSs. 
Thus intrusion of possible geometric etching ef- 
fects in the observed focusing spectra is unlikely. 
Finally, a front gate was deposited over all active 
areas, permitting us to modify p and hence E,. 
We determined p from the transverse magne- 
toresistance of a nearby Hall bar. The TMF mea- 
surements were performed at 0.45 K in a 4-termi- 
nal geometry, using a low frequency lock-in tech- 
nique (more details can be found in Ref. [5]). 

Fig. 3 shows typical TMF spectra, plotted as 
collector voltage normalized by injector current 
versus B (relevant parameters are included in the 
figure). Up to 5 periodic focusing peaks appear 
on an up-going slope for one polarity of B, while 
the reverse polarity yields a flat trace. As the 



focusing barrier sweeps through the 5 orienta- 
tions from [233] to [Olil, the focusing spectra 
change in shape and periodicity B,. the latter 
reaching the highest value for a barrier along 
12331. This increase in B, and variability in peak 
shapes was a consistent feature in all samples. 

Fig. 4 shows a polar plot of the experimental 
B, of Fig. 3 converted to Ak/2 values for the 
different orientations. Also shown are such polar 
plots for two other p for the same sample ( p was 
varied via the front gate). Each of these repre- 
sents one quarter of the FS at different E, in 
k-space. The inset compares one of our experi- 
mental contours with the Fermi circle that would 
be obtained for the same p assuming an isotropic 
dispersion, At a same p, the two contours should, 
of course, enclose the same area, S, = 27r2p. The 
FS derived from the TMF data exhibits a marked 
elongation along the [Oli] direction, while along 
[233] the dimensions are correspondingly short- 
ened, in accordance with the requirement of 
preservation of the area S,. The experimental 
error in our data stems mostly from the precision 
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Fig. 2. Schematic representation of the sample geometry and 

4-terminal measurement setup. The T-shaped focusing barri- 

ers are wet etched on the ZDHS, arranged in a quarter circle 

along different crystallographic orientations. Ohmic voltage 
and current contacts are represented by dots. The magnetic 

field is applied perpendjcular to the sample plane. 
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Fig. 3. TMF spectra for different orientations of the focusing 

harrier (collector voltage V,. normalized by injector current 

1,). The angle between the focusing barrier and the [?Uj 

direction is indicated by H. The spectra have been shifted tip 

for clarity: B = 37r/X by 5 bf: H = ;;/J by IO f2; ff = 7r/X by 1.S 

ft: H = 0 by 20 It. 

to which we can ascertain the focusing peak posi- 
tions, rather than from lithographic deviations 
and we estimate it at about 7%. For the data of 
Figs. 3 and 4 this error can account for the 
discrepancy between S, calculated from p and 
from the experimental FS. The distinct near-ei- 
liptical shape of the FS constitutes a common 
property of all samples investigated and, in the 
light of the semi-cfassical model. originates from 
the underlying dispersion of the 2DHS on 
GaAs(311)A surfaces, as we will discuss below. 

The dispersion reIations for the valence band 
of GaAs quantum wells at the (311)A surface 
have been previously studied theoretically [K], 
largely confirming resonant magnetotunneling 
spectroscopy experiments [9]. Higher subbands 
apparently display considerable nonparabolicity 
and anisotropy, while the lowest, heavy hole, sub- 
band remains quite free-hole-like up to high den- 
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Fig. 4. Constant energy contours in k-space determined from 
TMF data at varying p (cirdes: p = 4.3 x 10” m--*; squares: 
p = 4.0X lOI rn--*; triangles: p = 3.1 X 1015 ms2). Inset: com- 
parison between experimental points (squares), isotropic 
Fermi circle (solid curve) and Kronig-Penney calculation 
(dashed curve) for p = 4.0~ lOi5 m-‘. 

sities. Therefore in our samples, where only the 
lowest subband is occupied, the dispersion 
anisotropy (Fig. 4) and also the mobility 
anisotropy mentioned earlier are puzzling. 

However, MBE on GaAs(311)A substrates has 
been reported [IO] to induce interface corruga- 
tions along [233] and the transport anisotropy 
likely stems from this mo;phology. The corruga- 
tions, with a period of 32 A, give rise to a one-di- 
mensional lateral superlattice (LSL) along [oiil 
for holes confined to a GaAs well ill]. Such a 
LSL modifies the dispersion along [Oli] while 
along [233] the dispersion should be unchanged 
from its free-hole form [12]. A straightforward 
Kronig-Penney calculation indicates that the LSL 
produces an elongation of the FS along the [Oli] 
direction compared to [233]. This is consistent 
with our TMF experiments. Let us note that for 
E, values typically achieved in our 2DHSs, k, 
amounts to about l/10 of the Brillouin zone 
induced by this LSL. To account for the distor- 
tion observed in our data at these p, the LSL 
potential amplitude needed is about 200 to 300 
meV, the value being sample dependent as ex- 

pected for a growth related phenomenon. The FS 
obtained from the Kronig-Penney model (assum- 
ing for simplicity square barriers of width equal 
to half the period and height 300 meV) is plotted 
in the inset of Fig. 4. While a more realistic 
potential profile would be desirable, we feel that 
the qualitative features of the experimental data 
are well reproduced. 

In conclusion, TMF employing a geometry of 
adjacent barriers in varying crystallographic di- 
rections enabled us to map out the constant en- 
ergy contours in k-space for the heavy hole band 
of a 2DHS on the (311)A plane of GaAs. We 
interpret the data in a semi-classical model. Al- 
though the dispersion for the heavy hole band on 
(311)A surfaces is expected to be quite isotropic, 
nearly elliptical contours were deduced, with their 
long axis along the [Ol?] orientation. We trace 
this shape back to the existence of a lateral 
superlattice, generated by growth induced corru- 
gations along the I.2331 direction. 
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