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Energy Structure and Quantized Hall Effect of Two-Dimensional Holes
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Combined magnetotransport and cyclotron-resonance experiments in a two-dimensional
hole system at a modulation-doped GaAs-{Aloa) As heterojunction show that the Kramers
degeneracy of the lowest subband is lifted for finite k giving rise to two cyclotron masses
m, * = 0.38mo and m2* = 0.60mo at EF =2.4 meU. The observation of plateaus in p» shows
that the quantized Hall effect is independent of the details of the host band structure.
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While the properties of two-dimensional (2D)
electron systems have received much attention
in recent years, little interest has been shown in
2D hole systems. ' This is largely due to the fact
that hole masses are heavier than electron mass-
es and as a result they have lower carrier mo-
bilities and smaller Landau-level splittings. In
particular, magnetotransport and cyclotron-
resonance measurements suffered from a small
~, i (=8 p) which made only the coarsest features
of the 2D-hole subband level scheme accessible
to experiment. This is unfortunate, since 2D hole
systems, because of the intricacy of the valence-
band structure of their host material (containing
degeneracies and strong anisotropies), are ex-
pected to show rich spectra in experiments of
this kind. In fact, in spite of the complexity of
2D-hole subband levels, some general features
common to all 2D hole systems can be deduced
from simple symmetry considerations. The lift-
ing of the Kramers degeneracy of each subband
level, which is induced by the absence of inver-
sion symmetry of the roughly triangular, carrier-
confining potential well, is one of the most out-
standing features. " So far there has been no ex-
perimental proof for the existence of such an ef-
fect.

With the advent of modulation doping4 it is now
possible to manufacture 2D hole systems with
exceedingly high mobilities' and to investigate
their transport properties in detail. In this paper
we report on combined Shubnikov-de Haas and
cyclotron-resonance experiments on a 20 hole
system at a modulation-doped GaAs-(A1Ga)As

heterojunction interface. Our results show that
the Kramers degeneracy of the lowest two hole
subbands is lifted for finite P giving rise to two
cyclotron masses. At 4=0 both subbands remain
degenerate. The simultaneous observation of the
quantized Hall effect (QHE)" in this 2D hole sys-
tem plays an important role in our determination
of the subband structure. Moreover, its observa-
tion demonstrates that this novel quantum phenom-
ena is not limited to 2D electron systems and is
indeed independent of the intricate details of the
host band structure.

The sample was prepared by molecular-beam
epitaxy and consisted of a Cr-doped (100) GaAs
substrate, overgrown with 1 pm of undoped GaAs
followed by 70 A of undoped (A1Ga)As and covered
by 500 A of (A1Ga)As doped with Be to - 1x10"
cm '. The Al mole fraction was 50$. Because
of the transfer of holes from acceptors in the
(A1Ga)As to the valence-band-edge states of
GaAs, a 2D hole gas is established at the GaAs-
(A1Ga)As interface. ' For transport measure-
ments a specimen was cut in the shape of a Hall
bar and contacted by standard Au:Zn diffusion.
The magnetotransport measurements were per-
formed at temperatures between 4.2 and 0.55 K
in magnetic fields up to 210 kG perpendicular to
the plane.

Figure 1 shows the results for p„„(Shubnikov-
de Haas effect) and p„, (Hall effect) of the 2D
holes as a function of magnetic field at a tempera-
ture of 0.55 K. Two distinct sets of oscillations
are observable in p„„, one of which ceases at
-35 kG, where the other set begins to appear. In
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the vicinity of 100 and 200 kG, p„„approaches
the zero-resistance state. At these same field
positions, p, „develops plateaus characteristic
of the QHE. All features are very clearly de-
veloped and resemble the data on 2D electron
systems, reflecting the high quality of the 2D
hole gas. Accurate measurements on p„„and p„,
were performed on the last plateau (i =1). p„,
was compared to a standard resistor' while p„„
was measured directly with a high-resolution
digital voltmeter. We found p„, to be quantized
to p„, =h/e' to better than one part in 10', which
was the limit of the accuracy of our standard re-
sistor. At the same field p„„~l Q. Although
the accuracy of the quantized resistance can be
improved by using a more precisely calibrated
resistance standard, ' the present result already
shows that the QHE is not limited to 2D electron
systems but also occurs in 2D hole systems. It
demonstrates that this quantum phenomenon is
universal and not limited by any peculiarities of
the band structure of the host material.

Two features of the data are direct consequences
of the subband structure of the holes. One is the
occurrence of two sets of quantum oscillations,
suggesting the population of two subbands. The
other is the relative width of the plateaus in p„,
=h/ie' for i= 1, 2, and 3. In the case of electron
systems, plateaus with even indices occur at
higher temperatures and develop into wider struc-
tures than those having odd indices. " This ef-
fect is attributed to a spin splitting of each Lan-
dau level into two singularities, Since the Landau
splitting greatly exceeds the spin splitting, pla-
teaus related to the lifting of the spin degeneracy
develop at relatively lower temperature. The
Hall plateaus observed in the hole system, as
seen in Fig. 1, do not show this odd/even dis-
crepancy. In fact the width and the T development
of the i=3 plateau are similar to those of the i=2
and 4 plateaus. This unique feature results from
the lifting of the spin degeneracy of the 2D holes
at the heterojunetion interface. These observa-
tions together with our cyclotron-resonance
measurements allow us a direct determination
of the subband structure of the holes.

The QHE plays an important role in our band-
strueture determination. The observation of p„,
= h/e' at B = 206 kG allows us to conclude un-
ambiguously, without the knowledge of any de-
tails of the subband structure, that only one singu-
larity is occupied and hence that the density is n

=eB/bc=(5. 0 +0.05) &&10" cm '. The standard
plot of the inverse of field positions of the maxi-
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FIG. 1. (a) Off-diagonal (p„~, Hall effect) and (b) diag-
onal (p„„, Shubnikov-de Haas) resistivity of a two-
dimensional hole gas at a modulation-doped GaAs-
(Aloa)As heterostructure as a function of magnetic fieM
at T =0.55 K. (c) Landau fan and Fermi-level position
using the masses determined by cyclotron resonance
(see Fig. 3 and text).

ma and the minima in p„„versus their index is
shown in Fig. 2. Two straight sections belonging
to the two sets of oseillations are evident. Their
slopes are s, = 80.6 kG and s, = 206 kG, respective-
ly. The results of far-infrared cyclotron-reso-
nance experiments on the same sample in fields
up to 80 kG are shown in Fig. 3. They reveal the
existence of two carriers with two different mass-
es: rn. , =0.38mo and w, ,* =0.60mo. Since the
heavy- and light-hole eyelotron masses in bulk
GaAs in the (100) direction are m„* =0.49m, and

0-086r~o ~o, ii respectively, the observed
cyclotron masses of the 2D holes suggest that
both are derived from the heavy-mass hole band
of bulk GaAs. From the temperature dependence
of the amplitude of the low-field oscillation (not
shown) we deduce a mass of m* = (0.36+0.03)m„
clearly relating this oscillation to the smaller
one of the two observed cyclotron masses, i.e.,
PS] ~

From these data we conclude that there exist
two hole subbands with densities n, and n„mass-
es m, and m„and Fermi energies EFy and EF2.
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FIG. 2. Plot of the inverse field position of the maxi-
ma and the minima in p„„vs their index. s& and s2 are
the slopes of the low-field and high-field sections, re-
spectively.

The period of the low-field oscillations can be
translated into a density n, = (e/hc)s, = (1.95 +0.02)
x 10" cm ', leaving n, = n —n, = (3.05 + 0.03) x 10"
cm ' carriers for the second subband at zero
field. Using the zero-field density of states of a
2D system D = m*/2m'' (Ref. 1) we derive EF,
=2.45+0.02 meV and E„=2.43~0.02 meV, equal
within the accuracy of our data. The high-field
slope s, =206 kG yields a density I =(5.0 +0.05)
x 10" cm', identical to the total density. This re-
sult supports the earlier theoretical prediction"
that at extremely high magnetic fields, magneto-
oscillations' are merely indicative of the total
electron density and not of individual subbands
and their relative populations. ""

The equality of the Fermi energies of the two
carriers shows that both subbands are degenerate
at k=0. For 4 c 0 the two subbands are split. The
splitting, which is characterized by the two dif-
ferent masses, m, *=0.38mo and m, *=0.60m» is
1.41 meV at P = k F

= 1.96 x 10' em ', where 4 F is
the Fermi wave vector of the heavier band. This
splitting results from a lifting of the inversion
symmetry by the surface potential at the hetero-
junction interface. It should be noted that, in bulk
GaAs, the lack of inversion symmetry has al-
ready removed the Kramers spin degeneracy of
the bands for finite 4. The splitting, however, is
negligibly small. Here, because of the interfacial
potential which quantizes the normal motion of
the holes accumulated at the interface, this split-

FIG. 3. Besults of far-infrared cyclotron-resonance
eKperim'ents on a two-dimensional hole gas, Inset; A

typical spectrum at B=70 kG. 'The graph summarizes
the peak position of the absorption maxima as a function
of field. mq* and m2* are the deduced effective masses.

ting gives rise to two well resolved subbands.
Though there has been no calculation of the sub-
band structure of 2D holes in GaAs, such calcula-
tions exist for the 2D holes in Si field-effect
transistors. " These theoretical models predict
that apart from k=0 the lowest bound state is spin
split as observed in our experiments. It is im-
portant to emphasize that this splitting does not
require the existence of a magnetic field but re-
sults purely from the electric field perpendicular
to the interface, its lack of inversion symmetry,
and the associated effect on the spin-orbit coup-
ling.

In summary our combined magnetotransport
and cyclotron-resonance experiment shows un-
ambiguously that the lowest hole bound state in
the surface potential well at the GaAs-(AlGa)As
heterojunction interface consists of two subbands,
which are degenerate at A =0. The lifting of the
spin degeneracy at A t 0, due to the lack of inver-
sion symmetry at the heterojunction interface,
gives rise to two cyclotron masses: m, *=0.36m,
and m, *=0.60m, at EF =2.4 meV. The simultane-
ous observation of the quantized Hall effect in a
two-dimensional hole system demonstrates that
this novel quantum phenomenon is independent of
the details of the host band structure.
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