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We observe giant oscillations in the Hall resistivity of a semimetallic superlattice of InAs/GaSb, with almost
equal electron and hole densities. A thermally activated zero is observed in the Hall resistivity when the Fermi
energy lies within the localized states for electrons and holes with the same Landau index. This is interpreted
as the balancing of the electron and hole contributions, and depends critically on the limiting behavior of the
conductivity components as they approach quantized values.

Since its discovery in 1980,1 the quantum Hall effect has
provoked extensive interest due to the fundamental accuracy
of its quantization and the discussion of the mechanisms by
which it occurs. Examples of the quantum Hall effect have
been reported for both electron and hole systems, and for
systems with co-existing gases of both types of carriers.2 In
this paper, we report an example of the quantum Hall effect
in a semimetallic system with almost equal numbers of elec-
trons and holes. The Hall resistivity shows giant oscillations
and approaches zero for a specific range of magnetic fields
where there are equal numbers of electrons and hole Landau
levels occupied. The structures used for this study are semi-
metallic InAs/GaSb superlattices with very closely matched
electron and hole densities~typically ne51.02nh). The
bands in this system have a broken, or crossed gap, align-
ment in which the conduction-band edge of the InAs falls
below the valence-band edge of the GaSb,3,4 leading to in-
trinsic charge transfer from the GaSb to the InAs. Ideal struc-
tures would therefore be expected to have equal numbers of
electrons and holes.

Previous studies of the quantum Hall effect in this system
were made on single well structures in which a significant
amount of residual extrinsic charge was present, leading to a
large imbalance in the numbers of electrons and holes. Such
structures showed compensated quantum Hall plateaus,2

where the number of Hall conductance quanta was given by
the ~finite! difference in the numbers of occupied electron
(ne) and hole (nh) Landau levels, and so
rxy5h/[e2(ne2nh)], wherene andnh are integers. At the
same time the resistivityrxx showed pronounced minima.
This behavior was interpreted as being due to a Fermi level,
which lies simultaneously within the localized states of both
the electrons and holes. In our recent studies of superlattices
with more closely matched electron and hole concentra-
tions,5,6 the structure in the Hall resistivity became more dra-
matic, with the observation of large oscillations. The present
paper describes the final limit of this behavior, where we
now have structures in which the localized states of both
electrons and holes can be made to overlap for equal num-
bers of Landau levels. This generates qualitatively new be-
havior, in which a zero Hall resistance state appears, accom-
panied by a strong divergence of the diagonal resistivityrxx .

The classical Hall effect for a two carrier system is domi-
nated by the highest mobility carriers at low fields, while at
high fields it measures the total net charge, with the Hall
coefficientRH given by 1/(ne2nh)e, wherene and nh are
the electron and hole densities, respectively.7 For an intrinsic
semimetal this means that the high-field Hall resistivity
would be expected to diverge whenne5nh . The Hall con-
ductivity is given by sxy5s xy

e 2us xy
h u, and for a two-

dimensional ~2D! system when the Fermi level lies
within the localized states for both carrier typessxy
5(ne2nh)(e

2/h). When the system is intrinsic we expect
that the filling factors for the electron and hole Landau levels
are equal, leading to a zero Hall conductivity. Since
rxy5sxy/(s xy

2 1s xx
2 ), the quantum limit behavior of the ex-

perimentally measured Hallresistivitywill therefore depend
on the limiting behavior of both conductivity components as
they tend to zero. If there is a finites xx

2 that tends to zero
less quickly thansxy , a zero Hall resistance state will occur
as a special condition of the quantum Hall effect. By con-
trast,rxy will diverge if sxx;sxy , corresponding to the case
of Drxy;rxx ~and thus ofDsxy;sxx), which has been ob-
served for deviations from the exact quantum Hall resistance
near integer plateaus in silicon devices.8

The sample used for the majority of the work presented
here is a long-period superlattice of 20 layers of 220-Å InAs
alternating with 21 layers of 190-Å GaSb, with the whole
structure terminated at each end with a short period~36-Å
InAs/30-Å GaSb! superlattice. The outer superlattices are de-
signed to have a semiconducting energy gap and hence have
no intrinsic charge carriers present at low temperatures. The
samples are grown by metal organic vapor-phase epitaxy9

~MOVPE! onto a GaAs substrate, with a precoating and
buffer layer of 2mm of GaSb. They have very low levels of
extrinsic charge, so that the short-period superlattices are in-
sulating at low temperatures, and the overwhelming majority
of the carriers in the long-period region of the structure arise
due to intrinsic charge transfer. The interfaces are grown
with a gas switching sequence ordered to produce well-
defined interfaces composed of a monolayer of InSb, as dem-
onstrated by Raman scattering.10 Samples were patterned
into 500-mm-wide Hall bars. The experiments used both high
pulsed magnetic fields~45-T pulses of 15 msec! down to 600
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mK, and a dilution refrigerator with steady magnetic fields at
high hydrostatic pressures~up to 8.6 kbar!. Due to the large
difference between the magnitudes of therxy andrxx signals
small amounts of mixing between the two components due,
e.g., to an imbalance in the contacts or an inhomogeneity in
the structure may be very significant, so that all traces were
measured by reversing the magnetic field and calculating
rxy5[rxy(B)2rxy(2B)]/2 for both steady and pulsed mag-
netic fields.

Figure 1 shows the resistivity and Hall voltage in the
above structure for several temperatures from 4.2 to 0.8 K up
to 45 T. The resistivityrxx shows a large magnetoresistance,
as expected for a system with comparable numbers of elec-
trons and holes, while the sign of the Hall coefficient is elec-
tronlike with its magnitude at low fields dominated by the
higher mobility electrons. Fitting the low-field transport to a
classical two carrier formula7 gives total electron and hole
densities of 13.5 and 13.331012 cm22, and mobilities of
55 000 and 9 500 cm2 V21 s21 respectively. These values,
taken together with low-field Fourier transforms of the resis-
tivity, indicate that all 20 layers within the structure are ac-
tive, and are consistent with the assumption that almost all of
the carriers present arise due to charge transfer from the
GaSb to the InAs layers. Calculating the energy levels and
confinement energies self-consistently from the measured
densities gives a band overlap of 153 meV, consistent with
the conventionally accepted value.3,4

At higher fields, strong oscillatory features develop in
both the diagonal resistivity and Hall voltage, with thermally
activated peaks occurring at around 18 T inrxx and 32 T in
rxy . At the highest fields~;44 T! the Hall resistivity shows
a rapid decrease, which approaches zero at low temperatures.
Converting to conductivity, it can be seen that there are two
strong minima insxy in the regions around 18 and 44 T at

low temperatures, and that both of these features correspond
to fields whererxx shows a thermally activated increase.
Previous experimental and theoretical studies of the Landau
levels in this system4,6 suggest that these features correspond
to magnetic fields at which the Fermi levels lies in the gap
between hole Landau levels such that either both~18 T! or
one ~44 T! of the spin states of the lowest Landau levels of
the electrons and holes are occupied. Assuming that the sys-
tem is close to charge neutrality, as indicated by the near
equality of the electron and hole concentrations at low fields,
we can plot schematically the motion of the Fermi energy as
a function of magnetic field, as shown in Fig. 2. The fields at
which the minima insxy occur correspond to the points
where the Fermi energy lies in a gap between both the elec-
tron and hole Landau levels. At fields just above these
points, the levels cross each other, corresponding to a Fermi
energy lying in the extended states where the divergent peaks
occur in the Hall resistivity. At still higher fields, there is a
rapid fall in the carrier density as the levels uncross, as dem-
onstrated by high-field cyclotron resonance studies.11 It is
expected theoretically11–13that mixing of the conduction and
valence bands will occur, leading to level repulsion, thus
preventing the crossing of the electron and hole levels and
causing the formation of a small energy gap. This mixing
will be relatively small in longer period structures, and at
present there is no clear experimental evidence of the forma-
tion of this gap.

In practice, it is relatively difficult to use pulsed magnetic
fields to investigate precisely the behavior of the features for
which the Hall voltage approaches zero. This is due to the
simultaneous divergence ofrxx , which leads both to a high
effective impedance of the system and to the small values of
the Hall voltages relative to those measuring the diagonal
resistivity. We therefore adopt the alternative procedure of
applying hydrostatic pressure to the system, which is known
to reduce the value of the band overlap,14,15 and hence will
move the strong features down in magnetic field proportional

FIG. 1. The resistivity and conductivity components of the 20-
period semimetallic superlattice measured using a pulsed field at
three different temperatures.

FIG. 2. A schematic picture of the electron and hole Landau
levels~solid lines! and the motion of the Fermi energy~dashed line!
as a function of magnetic field. This is a simplification of the results
of a multibandk–p calculation as in Ref. 11, but neglecting the
effects of band mixing.
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to the decrease in the separation of the hole and electron
levels. This allows the use of dc fields and dilution refrigera-
tor temperatures. Figure 3 shows the resistivity components
rxx andrxy of the same structure studied at a pressure of 8.6
kbar at 50 mK. The overlap of the conduction- and valence-
band edges at zero field is now reduced to;70 meV, giving
electron and hole densities of;5.6 and 5.331012 cm22 at
low fields, with all 20 layers still active. The large oscillatory
features now occur at much lower magnetic fields, and at
;8.5 T only one spin state of one Landau level is occupied
by the electrons and holes for each layer~corresponding pre-
viously to;44 T!. At this point, the Fermi level lies within
the localized states for both electrons and holes, and the Hall
effect from both carriers is quantized with equal magnitude
and opposite sign. The Hall effect disappears, and the diag-
onal resistivity is seen to diverge. The corresponding traces
for sxy andsxx both show minima at this point~Fig. 4!, but
some finitesxx remains. At slightly lower fields the extended
states of the electrons and holes overlap, leading to a classi-
cal value for the Hall resistance, namely a divergence with
RH51/(ne2nh)e, and (ne2nh)!ne . For higher fields, the
levels begin to uncross, and a conventional quantum Hall
plateau is observed at a resistivity ofh/e2. This is thought to
arise due to the small number~;331011 cm22! of residual
electrons in the superlattice becoming confined in only a
single layer.

The magnitude of the gap between the localized states
responsible for the appearance of the zero in the Hall resis-
tance can be estimated from an activation plot of thesxy

minimum. Fitting the data from 5.6 to 1 K to aconventional
Arrhenius plot of sxy;exp2(D/2 kT! gives a value of
D514 K, as can be seen in the inset to Fig. 4. This value is
approximately half that of the expected spin splitting of the
lowest hole Landau level, which is a few tens of Kelvin, as
estimated by comparison with the spin splitting observed for
a hole gas in a GaSb/InGaSb quantum well.16 This difference
is quite reasonable given the expected reduction of the acti-

vation gap by Landau-level broadening, which is estimated
to be of order 15 K, using the low-field Hall mobility of the
holes.

The observation of a zero Hall resistance states is cru-
cially dependent on the limiting behavior ofsxy andsxx in a
region where both conductivity components are tending to
zero. In studies on localized systems in both three and two
dimensions, Viehweger and Efetov17 and Kivelson, Lee, and
Zhang18 have recently shown that a finite, essentially classi-
cal, value ofrxy occurs at the same time asrxx diverges in
the quantum limit for a single carrier system, known as the
Hall insulator. This requires (sxy/s xx

2 )'(B/ne), while both
conductivity components tend to zero, as suggested by the
scaling theory of weak localization in two dimensions.19 Us-
ing a Landau-level attachment transformation Kivelson, Lee,
and Zhang18 predict that deviations from exact quantization
of integer units of the Hall conductivity will take place with
Dsxy}s xx

2 B/ne. For an exactly compensated system, where
the conductivity components are tending to zero, one might
therefore expect a finite but nonquantized value ofrxy .
However, for an intrinsic semimetallic system, the deviations
from exact quantization of the Hall voltage about the center
of the plateau will balance withDs xy

e '2uDs xy
h u, i.e., equal

numbers of electrons and holes will contribute tosxy by
equal and opposite amounts, whereas both will contribute
positively to sxx . Thus (Ds xy

e 2uDs xy
h u)!(s xx

e21s xx
h2)B/

ne leading to the experimentally observed result of a zero
Hall resistance state.

The exact behavior of the system will also be crucially
dependent on the presence of any parallel contribution to the
conductivity by, for example, any single layer with a differ-
ent carrier density, and hence we have gone to considerable
lengths to terminate the superlattice with nonconducting lay-
ers. Well-defined minima insxy andsxx are also observed at
similar field values to those described above, for both zero
and high pressure, in both 20- and 80-period superlattices
grown without the short-period terminating superlattices.
However, the minima insxy occur at finite values ofe2/h
due to the presence of shorting paths attributed to higher-

FIG. 3. The magnetic-field dependence of the diagonal (rxx)
and Hall (rxy) resistivity of the 20-period superlattice at 50 mK at
a pressure of 8.6 kbar.

FIG. 4. The conductivity components deduced from Fig. 3. The
inset shows the activation plot measured from the Hall conductivity
minimum at 8.5 T.
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density 2D layers, which occur at the ends of the long-period
superlattice,20 thus preventing the observation of a clear zero
Hall resistance state.

In conclusion, therefore, we have observed a new special
condition of the quantum Hall effect, in which the contribu-
tion to the Hall voltage from electrons and holes exactly
balances, leading to a zero Hall resistance. This phenomenon

is strongly dependent on the limiting behavior of the conduc-
tivity components as they approach the exact quantization
condition, and may be a critical test of the scaling of the
conductivity components.
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