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Bulk quantum Hall effect in h-Mo4O11
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We report the observation of a bulk quantum Hall effect in the quasi-two-dimensional conductorh-Mo4O11.
The Hall resistance exhibits well-defined quantized plateaus, coincident with pronounced minima in the diag-
onal resistance. We propose a model involving~i! tiny quasi-two-dimensional electron and hole pockets, left
over from an imperfectly nested charge-density wave, and~ii ! the exchange of carriers between these mobile
states and the localized charge-density-wave condensate. Together with a magnetic field, these factors result in
well-separated bands of mobile states superimposed on a background continuum of localized states—the key
ingredients for a quantum Hall effect. We also discuss the implications of these findings in the light of recent
predictions concerning chiral metallic surface states in bulk quantum Hall systems.@S0163-1829~98!06140-2#
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I. INTRODUCTION

A strictly two-dimensional~2D! conducting system, sub
jected to a perpendicular magnetic field, exhibits a quan
Hall effect ~QHE! when the orbital~and Zeeman! magnetic
energy becomes comparable to the electronic~Fermi! energy,
i.e., when the so-called quantum limit is reached.1–3 The
magnetic field completely quantizes the locally availa
electronic states of the system, opening up clear gaps i
excitation spectrum. Thus, in the limitT→0, all electronic
states at the chemical potential~m! become Anderson local
ized ~due to disorder! within the bulk of the sample, excep
for special cases whenm intersects an equipotential whic
extends across the whole sample. Meanwhile, there exis
fixed number of extended states at the edges of the sa
which are robust against scattering by disorder. These i
one-dimensional conducting states fix the magnitude of
Hall conductance and, therefore, the value of the Hall v
age measured across the sample; hence the term ‘‘qua
Hall conductor.’’

Hall resistance quantization has also been observe
bulk systems such as the organic Bechgaard salts.4 Although
strictly ~quasi-! three dimensional, the electronic structur
of these materials are highly anisotropic, or quasi-o
dimensional ~Q1D!. Nevertheless, the basic ingredien
which give rise to a QHE are essentially the same as th
which give rise to the conventional 2D QHE, though t
mechanism is entirely different. In the Bechgaard salts, i
the remarkable properties of a field-induced spin-den
wave which stabilize the QHE.5–7 The quantized Hall resis
PRB 580163-1829/98/58~16!/10778~6!/$15.00
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tance is brought about by Landau quantization of tiny
sidual pieces of Fermi surface left over from the imperfec
nested Q1D Fermi surface. These residual Fermi surfa
must be quasi-two-dimensional~Q2D! in order for the mag-
netic field to produce the clear mobility gaps in their ele
tronic excitation spectrum. Meanwhile, the field-induc
spin-density-wave condensate plays the same role as
Anderson-localized states in the conventional 2D QHE,
pinning the chemical potential in these mobility gaps ov
extended intervals in magnetic field.

The extent to which the similarities between 2D and bu
quantum Hall systems extend is still unclear. Recent theo
ical studies have suggested that edge effects may be eq
important in the bulk QHE.8,9 In fact, a novel form of con-
ductor is expected to exist at the edges of layered 2D syst
which exhibit a QHE; interlayer tunneling creates a situat
where the edge states due to each individual 2D layer
come weakly coupled, giving rise to a chiral sheath of c
rent carrying states enveloping the sample. The propertie
this 2D system are expected to be highly anisotropic: para
to the applied field, the transport is predicted to be diffus
and independent of scattering length, leading to a temp
ture independentrzz asT→0; meanwhile, the transport per
pendicular to the field is expected to be ballistic with vanis
ing rxx as T→0. Experimental evidence for these ed
effects are beginning to appear in the literature.10–12

There is, however, one major difference between bulk a
purely 2D quantum Hall systems. Due to a finite bandwid
in the direction parallel to the magnetic field, there ex
extended ranges in energy~or magnetic field! over which the
10 778 © 1998 The American Physical Society
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PRB 58 10 779BULK QUANTUM HALL EFFECT IN h-Mo4O11
chemical potential may reside among mobile electro
states for bulk QHE systems. Thus the phase diagram f
bulk QHE system might look something like the schema
in Fig. 1, where quantized Hall phases are separated by
tallic Landau bands.

In this paper, we present convincing evidence for a b
QHE in the inorganic charge-density-wave~CDW! conduc-
tor h-Mo4O11. Magnetotransport measurements reveal al
the usual features associated with the QHE, i.e., very d
minima ~;0! in the transverse diagonal resistance (Rxx)
which are coincident with plateaux in the Hall resistan
(Rxy). This represents the first observation of the QHE in
truly bulk inorganic conductor. In the light of these finding
it is natural to compare and contrasth-Mo4O11 with other
systems exhibiting a QHE. In doing so, we make a legitim
case forh-Mo4O11 as a viable system for gaining furthe
insight into the properties of bulk quantum Hall systems.

II. h-Mo4O11

Molybdenum bronzes and oxides have become the sub
of considerable interest due to their low electronic dime
sionality and consequent Peierls instabilities, which lead
charge-density-wave ground states.13,14 Of these, monoclinic
h-Mo4O11 consists of layers of MoO6 octahedra, parallel to
~100!, separated by MoO4 tetrahedra, giving rise to a Q2D
electronic structure.13 The room-temperature Fermi surfac
of h-Mo4O11 has been calculated using a tigh
binding method;15,16 both electron and hole pockets elo
gated along thea* axis are predicted, in agreement wi
recent experiments.17 Within the bc plane, the electronic
properties show considerable anisotropy, reflecting a ‘‘h
den’’ Q1D character which is related to the presence of c
ducting chains along theb and b6c crystallographic
directions.16,18 A consequence of this ‘‘hidden’’ one dimen
sionality is thath-Mo4O11 undergoes two successive CDW
transitions: the first at 109 K, followed by a second at;30
K.13 Each transition nests large sections of the roo
temperature Fermi surface, leaving very small, highly tw
dimensional, hole and electron pockets at lo
temperatures.19

In a previous study, considerable insight into the grou
state electronic structure ofh-Mo4O11 was achieved.19 In-
deed, the possibility of observing a QHE was discussed
particular, the striking similarity betweenh-Mo4O11 and the
semimetallic InAs/GaSb superlattice system with clos
matched electron and hole densities was noted.20 Both sys-
tems may be thought of as arrays of weakly coupled
electron systems. What is more, they have similar ba
structure parameters and mobilities. As a result, both m
rials exhibit spectacular magnetic quantum oscillations,
both undergo a field-induced transition from a semimeta
to a semiconducting state when the quantum limit is reac
and the hole and electron bands uncross.19 It is these prop-
erties ofh-Mo4O11 which have motivated the present stud
namely, the possibility of observing a QHE in a Q2D layer
system in reasonable laboratory fields, i.e.,,20 T.

III. EXPERIMENTAL DETAILS

Single crystals of h-Mo4O11 were grown by a
vapor-transport technique;19,21 they form as small platelet
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(;130.53,0.1 mm3) with the platelet plane defined b
the bc plane. Several different samples from two separ
batches were studied, thereby providing a high level of c
fidence in our results. Resistance measurements were m
using standard four terminal ac lock-in techniques throu
gold wires attached to the sample with conductive pa
Contact resistances were typically of the order of a fewV,
and excitation currents in the range 50mA ~dilution fridge!
to 200mA ( 3He fridge! were used.

For measurements of the in-plane~bc plane! resistance
tensor, four contacts were placed on the thin edges of
sample, while the longitudinal, ora* -axis resistance (Rzz),
was measured by means of pairs of contacts on oppo
faces of the platelike samples. A currentI m,n was then
passed through the sample via contactsm and n, and a po-
tential differenceVp,q was measured across the sample
tween a different set of contactsp andq.

For in-plane measurements, the ratioVp,q /I m,n yields a

FIG. 1. Schematic phase diagram for an anisotropic quasi-th
dimensional conductor in a quantizing magnetic field.

FIG. 2. Temperature dependence ofRxx andRxy ~sample No. 1!
for ~a! up-sweeps, and~b! down-sweeps of the magnetic field. Th
strongly temperature-dependent features are artifacts~see text!. The
data were taken at more-or-less evenly spaced intervals in temp
ture from 900 to 70 mK; the lowest temperature data have
largestRxx maxima. Note the considerable hysteresis between
and down-sweeps of the magnetic field.
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10 780 PRB 58S. HILL et al.
resistance which is an admixture of both diagonal and
diagonal components of the resistance tensor. These co
butions may be separated according to the recipro
principle.22 Reversing the direction of the applied magne
field changes the sign of the Hall voltage, but not the dis
pative voltage. Thus symmetric and asymmetric average
the resistances measured with the magnetic field applied
allel and antiparallel to thea* axis yield the diagonal and
transverse Hall (Rxy) components of the resistance tens
respectively. This procedure is not necessary when mea
ing Rzz, since it is several orders of magnitude greater th
any other component of the resistance tensor when meas
in this way.

Experiments were carried out at the National High Ma
netic Field Laboratory in Florida, and at the National R
search Institute for Metals in Tsukuba, Japan. The majo
of the measurements were conducted in superconducting
lenoids and dilution refrigerators, though resistive magn
and a3He refrigerator were also employed for some expe
ments.

IV. EXPERIMENTAL RESULTS

Figure 2 shows a series of measurements ofRxx andRxy
for sample No. 1, at temperatures below 1 K. Extended
gions over which the Hall-effect data are reasonably flat~i.e.,
plateaulike! can clearly be seen at fields of;3, 4, 5.5 and
8–10 T in Fig. 2~a! @slightly lower in Fig. 2~b!#. For the most
part, the temperature dependence ofRxy is extremely weak,
except around;9 T. Similarly, the temperature dependen
of Rxx is weak except in the vicinity of 9 T. The strongl
temperature-dependent feature inRxx ~at 9 T!, and the irregu-
lar form of the highest fieldRxy plateau, are experimenta
artifacts which are discussed further below.

It is apparent from Fig. 2 that there is considerable h
teresis between up- and down-sweeps of the magnetic fi
This has been well documented for this material, and
been attributed to pinning of a field-dependent CDW.19 Un-
fortunately, the hysteresis affects the averaging techni
used to obtainRxx andRxy , which may explain the rounding
off of the Hall plateaux and the deviations from perfect ze
in Rxx . Nevertheless, the field dependence of the CDW tu
out to be essential to the existence of a QHE inh-Mo4O11.

Figure 3~a! shows the temperature dependence ofRzz ob-
tained over a similar temperature range as the data in Fig
though for a different sample~No. 2!. These data are consis
tent with previous measurements,19 and will be used to make
comparisons betweenRzz, Rxx , andRxy . Figure 3~b! shows
a superposition of the lowest temperature data from Fig
and 3~a!. When plotted in this manner, it immediately b
comes apparent that the strongly temperature-dependen
ture at 9 T in Fig. 2 ~labeledX! is correlated with theRzz
peak at 9 T in Fig. 3~a!. Not surprisingly, the symmetric
averaging procedure used to obtainRxx is unable to separat
the longitudinal (Rzz) and transverse (Rxx) diagonal compo-
nents of the resistance tensor. Nevertheless, the indepen
measurement ofRzz provides an alternative means of disti
guishing betweenRzz andRxx . Removal ofRzz from the data
in Fig. 2 reveals a broad minimum~;0! around 9 T which is
coincident with a region where the slope ofRxy is extremely
shallow, i.e., plateaulike—this is shown in Fig. 4.23
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Above 11 T, Rxx increases sharply~Fig. 4!, while the
slope ofRxy changes sign. This behavior is consistent w
our earlier work~Ref. 19; see also Fig. 5! and is associated
with the transition to a semiconducting state. Incidenta
these earlier measurements were performed on thic
samples; the Hall resistance, at 9 T, in the present sam
~No. 2! is more than an order of magnitude greater than
previous studies, which probably explains why well-defin
Rxy plateaux andRxx minima have not been observed un
now. The reason for the poorly quantized Hall resistance
T may be attributed to increased hysteresis above about
and the fact thatRxx increases sharply above 9 T. The
factors, together with the strongly temperature-dependent
mixture of Rzz in the raw signal, greatly increase the unce
tainty in the asymmetric averaging method used to obt
Rxy above about 8 T. These factors are also responsible

FIG. 3. ~a! Temperature dependence ofRzz for sample No. 2
~offset for clarity!, and ~b! a comparison between the lowest tem
peratureRxx , Rxy ~Fig. 2! andRzz data.

FIG. 4. CorrectedRxy and Rxx data for sample No. 1 (T
5100 mK). The inset shows the temperature dependence of
resistance peak attributed toRzz at 9 T ~dashed line in main part o
figure!; these data have been normalized to the value of the p
resistance in the main part of the figure.
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the negative values ofRxx seen in Fig. 2.
The inset to Fig. 4 shows the temperature dependenc

the 9 TRzz resistance maximum~from sample No. 2!. Pre-
vious studies have indicated thatRzz is activated in the vi-
cinity of 9 T, and at temperatures above about 500 mK19

The present data show thatRzz tends to saturate and eve
decrease somewhat below about 300 mK.

Figure 5 shows rawRxy data for a third sample~No. 3!
which is in good agreement with the data in Figs. 2 and
Sample No. 3 was cleaved from the same polycrystal
sample No. 1. It is interesting to note that the absolute H
plateau resistances at;9 T are similar for sample Nos. 1 an
3, i.e.,;0.32 and 0.38V, respectively~note that these value
are averages from many measurements, with errors of65
mV!. It is expected that these resistances scale inversely
the thickness’ of the two samples, which, indeed, turns ou
be the case to within the experimental error. The thickne
of sample Nos. 1 and 3 are 50 and 40mm ~65 mm!, respec-
tively; thus the product thickness times the Hall resistanc
1663 and 15.263 for sample Nos. 1 and 3, respectively.

In order to determine the filling factor corresponding
each Hall plateau, we plot the inverse ofRxy for a fourth
sample~No. 4! against the inverse magnetic field~Fig. 6!.
Again, well-defined plateaux are observed and, as w
sample No. 1, there is no discernible temperature dep
dence inRxy at these low temperatures. The data have b
normalized with respect to the 9 T Hall plateau in order to
demonstrate that quantization occurs in units of the 9 T Hall

FIG. 5. Rxy and Rxx data for a third sample~No. 3!. The data
were taken from down-sweeps and the temperature was 100 m

FIG. 6. Inverse Hall effect (Rxy)
21 data for sample No. 4 a

125, 220, and 400 mK~overlaid!. (Rxy)
21 has been normalized to

its value at 9 T in order to demonstrate the excellent quantizatio
Note that the Hall plateaus do not occur at integer multiples of
value of the inverse magnetic field at the last resistance platea
of

.
s
ll

ith
to
s’

is

h
n-
n

conductance;24 i.e., when normalized and plotted in this wa
plateaux occur at integer multiples of the inverse Hall res
tance at 9 T. Thus we conclude that the Hall plateau at 9 T is
the last, representing the situation where only one Lan
level ~or set of unresolved Landau levels! is occupied. These
findings are in fair agreement with our earlie
measurements.19 However, closer examination of Fig. 6 re
veals that the Hall plateaux do not occur at regular interv
in inverse magnetic field. This latter observation is rath
anomalous and may be attributed to the field-depend
CDW which results in a field-dependent carrier density~see
below!.

Finally, we compare the measured Hall resistances w
the fundamental Hall resistance quantah/e2—the Klitzing.
Taking as an example sample No. 3, which has a thicknes
4065 mm, and assuming a value for the unit cell dimensi
normal to the conducting layers of 24.5 Å, we deduce tha
maximum of;16 330 layers contribute to the measured H
voltage. Thus, if all of the layers in the sample contribute
the Hall effect, the quantized Hall resistance at the last H
plateau should be 1.5860.2V, which, to within the experi-
mental error, is four times the measured value. This diff
ence cannot be explained by a redundancy of some of the
layers within the sample, since this would give rise to
larger than expected Hall resistance.

V. DISCUSSION

First, we discuss a possible mechanism for the bulk Q
in h-Mo4O11. Our previous investigations have determin
that the ground-state Fermi surface is highly 2D—one p
requisite for the QHE.19 Therefore, all that is required is
some means of pinning the chemical potential between L
dau bands over extended intervals in magnetic field. This
be achieved by any reservoir of immobile states which
capable of exchanging carriers with the mobile 2D states.
immobile, we mean states which do not contribute to
transport. Clearly, a likely candidate inh-Mo4O11 is the
CDW condensate. The observed hysteresis~Fig. 2! indicates
that the CDW wave vector shifts upon application of a ma
netic field.19 As it does so, the 2D carrier density als
changes, since the CDW wave vector determines the nes
properties of the unnested Fermi surface. In fact, this effec
quite dramatic as shown by the strongly field-dependent
riodicity of the Hall plateaux in Fig. 6. This is a clear dem
onstration of the fact that carrier density has absolutely no
ing to do with the QHE apart from fixing the positions of th
Hall plateaux in field, i.e., Hall resistance quantization
robust in this situation.

This mechanism, involving the exchange of carriers b
tween mobile 2D states and the localized charge-dens
wave condensate, is analogous to the situation which g
rise to a QHE in the Bechgaard salts.5–7 This would seem to
suggest that the QHE is a natural property of imperfec
nested density-wave conductors. Indeed, indirect evide
exists for a QHE in some of the Q2D organic charge-trans
salts with spin-density waves.10,11

We next turn to the maximum observed Hall resistan
which corresponds to one quarter of a Klitzing per 2D lay
Accounting for a factor of 2 is trivial if the spin degrees
freedom within each Landau band are not resolved.2 To ex-
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10 782 PRB 58S. HILL et al.
plain the factor of 4 requires the introduction of an addition
degeneracy of 2 among the electronic states of the syste
is possible that this extra degeneracy arises because the
two 2D conducting layers for each MoO6 layer in crystal
structure. Clearly, further low-temperature studies will be
quired to resolve this issue.

For a QHE to be observed at all in a bulk material, t
Q2D Landau bands shown in Fig. 1 must be clearly resol
from each other. Inh-Mo4O11, the high degree of two di-
mensionality, low carrier effective masses (;0.1me), and a
high mobility create these necessary conditions.19 The low
effective mass leads to a cyclotron splitting between the c
ters of adjacent Landau bands of;1 meV per T. From these
numbers, and from the widths of the transitions between H
plateaux~Fig. 2!, we estimate thea* -axis bandwidth to be of
order 1–2 meV@.(10– 20)kB#. Although rather low, this
value explains the nonresolution of spin-splitting of the La
dau bands, and the weak temperature dependence of the
Estimates of theg factor inh-Mo4O11 indicate that it cannot
be substantially greater than the free-electron valueg52.19,25

Thus the spin splitting is not expected to exceed;1 meV at
10 T, a value which is less than the width of the Land
bands. In hindsight, it is clear that little temperature dep
dence inRxx andRxy should be expected until the temper
ture scale becomes comparable to the Landau bandwidth
on the order of a few K. Thus the QHE inh-Mo4O11 should
persist to relatively high temperatures.

Turning toRzz in Fig. 3~a!, the strong temperature depe
dence at 9 T is indicative of the fact that the bulk of th
sample is completely insulating. There is excellent agr
ment betweenRxx , Rxy , and Rzz at this point@Fig. 3~b!#,
where peaks inRzz coincide perfectly with the Hall plateaux
The reason for the minima inRxx at these instances is no
related to what is happening in the bulk of the sample, wh
is insulating, but to the sample edges where dissipation
edge channels supposedly reside. Thus, in a quantized
phase, the in-plane and interplane transport properties ap
to have nothing to do with each other—one probes the b
and the other the edges of the sample~we re-examine this
situation further below!. Away from the Hall plateauxRxx
increases due to dissipation in the bulk of the sample, w
Rzz decreases as a result of the chemical potential, coincid
with states which are mobile along thea* axis.

The above behavior can be summed up with referenc
Fig. 1. When the chemical potential coincides with a Land
band, the system behaves like an anisotropic metal, i.e.
diagonal components of the resistance tensor show met
character, andRxy is not quantized. To demonstrate this, w
plot the temperature dependence ofRzz at 0, 6.5 and 13 T, in
Fig. 7~a!; these fields correspond to situations where
chemical potential coincides with a Landau band.26 As ex-
pected,Rzz is metalliclike at the lowest temperatures, i.
Rzz decreases with decreasing temperature. Convers
when the chemical potential resides between Landau ba
~in a quantized Hall phase!, the in-plane transport propertie
are dominated by edge channels, whereas the interp
transport properties show semiconducting behavior. Thi
illustrated in Fig. 7~b!, where the temperature dependence
Rzz is shown at fields whereRxy plateaux are observed~see,
e.g., Fig. 2!. Once again, the expected behavior is seen at
lowest temperatures, i.e., in these cases, the resistanc
l
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creases with decreasing temperature. One final point to n
the slope ofRzz versus temperature is seen to oscillate
some of the traces. This behavior suggests that the C
wave vector and, therefore, the carrier density is tempera
dependent as well as field dependent. Thus the phase
gram forh-Mo4O11 is quite complex.

The reason for the admixture ofRzz andRxx , as seen for
the in-plane measurements in Fig. 2, is most probably du
imperfect contacts to the sample. Ideally, these conta
should connect to every layer. However, in practice, curre
may flow between layers in order to reach other layers wh
are not well connected to the contacts~Note that the mea-
sured Hall plateau resistances would seem to indicate tha
of the layers are involved.! At first sight, this may seem
undesirable. However, sinceRxx is, in principle, zero when-
ever Rzz is maximum, this presents an extremely effecti
way of measuringRzz close to the edges of the sample wh
the bulk of the sample is insulating. This ties in nicely wi
the predictions concerning the transport of current along
a* axis via surface states.8,9

As discussed in Sec. I, Balents and Fisher predicted t
in layered samples which exhibit a bulk QHE, a 2D chir
metallic ribbon should exist at the edge of the sample.9 At
low temperatures, this surface layer should dominate
z-axis transport~i.e., parallel to the field! once the bulk of the
sample becomes completely insulating. We propose that
may be one possible explanation for the saturation ofRzz at
low temperatures, as seen in Fig. 4. Clearly, further inve
gations are necessary to determine if this is the case. Ne
theless, we believe thath-Mo4O11 represents an ideal syste
to explore these ideas further.

VI. SUMMARY

We present convincing evidence for a bulk QHE
h-Mo4O11. Magnetotransport measurements reveal all of
usual features associated with the QHE, i.e., very d
minima ~; zeros! in the transverse diagonal resistance (Rxx)

FIG. 7. ~a! Temperature dependence ofRzz when the chemical
potential coincides with a Landau band.~b! Temperature depen
dence ofRzz in a quantum Hall phase.
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which are coincident with plateaus in the Hall resistan
(Rxy). This represents the first observation of the QHE in
truly bulk inorganic conductor. We show data for seve
different samples and contact geometries, and find g
agreement between the behavior of each component o
resistance tensor.

We propose a model along similar lines to the stand
model used to explain the QHE in the Bechgaard salts5–7

This involves tiny quasi-two-dimensional electron and h
pockets, left over from an imperfectly nested charge-den
wave, and the exchange of carriers between these mo
states and the localized charge-density-wave conden
These factors result in well-separated bands of mobile st
superimposed on a background continuum of localiz
.
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states, when the sample is subjected to a perpendicular m
netic field.

We also discuss the implications of our findings in t
light of recent predictions concerning chiral metallic surfa
states in bulk quantum Hall systems. In doing so, we mak
legitimate case forh-Mo4O11 as a viable system for gainin
further insight to the properties of bulk quantum Hall sy
tems.
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