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Quantum Hall Effect in a Bulk Crystal
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We have observed remarkably flat Hall plateaus (step ratios . .. 5:4:3:2:1) with correspondingly sharp
peaks in the magnetoresistance in the Bechgaard salt (TMTSF),PFes. This highly anisotropic conductor
exhibits magnetic-field-induced spin-density-wave (FISDW) states at low temperatures and pressures
above about 6 kbar. Unlike previous measurements on similar materials we find almost complete
confirmation of the theoretical model for the FISDW transitions, their quantum Hall effects, and the

predicted high-field semiconducting state.

PACS numbers: 72.15.Gd, 73.20.Dx, 74.70.Kn

Previously the integer and fractional quantum Hall
effects (QHE) have been observed unambiguously only
in the single-layer quantum wells formed in silicon
metal-oxide-semiconductor field-effect transistors and
semiconductor heterostructures'? and in a few weakly
coupled layers.> The only bulk materials which have
shown QHE-like behavior are the Bechgaard salts
(TMTSF),X, %% where X is the anion ClO,4, ReOs, or
PF¢ and TMTSF is tetramethyl-tetraselenafulvalene.
Theoretical work has shown that there should be a QHE
associated with the field-induced spin-density-wave
(FISDW) states,’ and experimental observation of the
QHE?® and even the fractional QHE (FQHE) !° in
these salts has been suggested. However, the interpreta-
tion has been complicated by anomalies and additional
transitions which question the basic theoretical under-
standing of these materials.>® In the present Letter we
report detailed measurements of the transport properties
of (TMTSF),PF¢ under pressure which show almost
complete agreement with expectations for a system un-
dergoing a series of FISDW transitions to states with
filled Landau bands exhibiting the QHE. A preliminary
report of these results was presented in Ref. 11. Similar
experiments have been recently done by another group. !?

The theory which has been developed over the past
several years for these transitions paints a fascinating
picture.!> In zero field the materials are quasi-two-
dimensional open-orbit metals. Applications of a mag-
netic field reduces the dimensionality by one and the re-
sulting one-dimensional metal is unstable against the for-
mation of a spin-density wave of wave vector g —2kr.
The reciprocal of the magnetic length A =eHkgrb/hc
gives another periodicity which competes with g and pro-
duces a series of field-dependent Landau bands and gaps
in the vicinity of the Fermi energy. The system lowers
its energy by adjusting g so that Er sits in the largest
gap for a particular field. At low field there are many
filled Landau bands. Increasing the field causes the gap
structure to change, g jumps, and Er lies in the next gap
with one less Landau band filled. The cascade of transi-
tions continues until there are no filled Landau bands
and Er rests in the one large symmetric gap which

remains. From the initial transition to the last Er
remains always in a gap between Landau levels, produc-
ing a Hall effect with integral conductance quanta, ne?/
h, until the final semiconducting state is reached at high
field (n =0).

Previous studies of the FISDW’s have centered on
(TMTSF),ClO4. However, instead of the progression of
Hall steps n, n—1,...,1,0 there were intervening
phases where the Hall resistance (p,,) changed sign,'*
there was not a transition from n» =1 to 0 but rather ap-
parently !° from n =1 to §, there was no evidence for the
n=0 state anywhere in the phase diagram, and there
was a reentrance of the metallic state at high field. '

Another perplexing limitation of the present under-
standing of these materials is the observation of a series
of magneto-oscillations (“rapid oscillations™) !¢ which
appear in both transport and thermodynamic properties
of the ClO4 and ReOy salts. Our present observation of
these oscillations in the PFg salt rules out many of the
possible explanations. !’

The material (TMTSF),PFs is distinctly different
from ClO4 and ReOy4 in two ways: It has centrosym-
metric anions with no anion-ordering transition and it
forms a SDW phase below 12 K at ambient pressure.
Upon application of hydrostatic pressure in excess of a
critical pressure P., the SDW phase is suppressed in
favor of a metallic (and below 1 K a superconducting)
phase. For pressures above P, FISDW behavior is ob-
served above a threshold field.!® The initial idea of the
present study was to investigate the role of the anion or-
dering in all aspects of the high-field phases of these ma-
terials.

We used a miniature BeCu pressure clamp with a
fluorocarbon fluid for pressures of 8 to 12 kbar. A loss of
2-3 kbar is expected on cooling to 4.2 K. Samples were
mounted in a conventional six-probe configuration for
longitudinal and px, measurements. Electrical contact to
the samples was made with gold wires and silver paint.
Experiments were carried out at the Francis Bitter Na-
tional Magnet Laboratory.

We show in Fig. 1(a) low-temperature data for the
magnetoresistance (pxx) of (TMTSF),PFs at 10.5 kbar
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FIG. 1. Magnetoresistance and Hall resistance of

(TMTSF),PFs vs magnetic field for different temperatures.
(a) Original trace of mixed magnetoresistance and Hall signal
at 0.1 K. Scale above 16 T is reduced by a factor of 50. Inset:
Temperature evolution of the corrected magnetoresistance for
(top to bottom) 0.1, 0.3, 0.33, 0.62, 1.01, 1.1, 1.5, and 2.0 K.
(b) Hall signal at 0.1 K. Uncertainties above 15 T originate
from errors in subtraction of digitized signals with low resolu-
tion and the rapidly increasing magnetoresistance terms. Inset:
Similar traces for 0.1, 0.1, 0.33, 1.01, 1.1, 1.5, and 2.0 K. Note
the negative sign of the Hall signal.

for fields up to 20 T. The p,x data show the threshold
field, and remarkably sharp structure at the onset of
each FISDW phase. The inset shows the temperature
evolution of the peak structure. The Hall signal, ob-
tained by subtraction, is shown in Fig. 1(b). The data
show a negligible p,, in the metallic state at low field, a
sharp upturn in p,, at the threshold field, followed by a
series of steps for each FISDW phase, and finally a large
fluctuation in the Hall signal above 18 T. py, increases
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FIG. 2. B-T phase diagram produced from the positions of
the peaks in the magnetoresistance. Threshold field and phase
boundary are represented by squares. Inset: Magnetoresis-
tance measurements used to determine the phase boundary at
high temperature.

by 2 orders of magnitude and a subtraction to obtain the
Hall signal is difficult. From many measurements on
many samples we believe that p,, is close to zero in this
phase. The inset in Fig. 1(b) shows the temperature evo-
lution of the shapes and magnitudes of the Hall plateaus.

A phase diagram is shown in Fig. 2. The inset shows
the threshold region at high temperatures. Also evident
are the rapid oscillations which become most apparent
above the final transition. These oscillations are largest
near 2 K.

In Fig. 3 we show field and temperature dependences.
Figure 3(a) refers to the plot of the inverse Hall voltage
versus step index. The data indicate the integer ratio of
the steps. Deviations from integer behavior in the high-
index limit arise from the closer proximity of these tran-
sitions to the threshold field (i.e., the steps have not yet
reached their low-temperature limit). Figure 3(b) refers
to the index of each transition versus 1/H. Some hys-
teresis in the transition positions was observed for in-
creasing and decreasing field sweeps. This hysteresis
gives a 3% change in the intercept and a 0.3% change in
the slope in this figure. Figure 3(c) shows the tempera-
ture dependence of the Hall steps, and Fig. 3(d) shows
the corresponding temperature dependence of the p,,
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FIG. 3. (a) Plot of 1/R,, vs FISDW phase index at low
temperatures. The solid line is a linear fit to the i =1 and 2
values. (b) Plot of FISDW transition index vs inverse field at
low temperatures. The line is a fit to all points. Note the neg-
ative intercept of —3.5. (c) Temperature dependence of the
i=1 and 2 Hall plateaus: diamonds, i =1; squares, i =2; trian-
gles, i=3; and circle, i =4. (d) Temperature dependence of
the magnetoresistance peaks for i =1 (diamonds) and 2 (cir-
cles).

transition peaks.

At this point a comparison with the integer quantum
Hall effect is clear: (1) We observe eight transitions
above threshold, five of which yield measurable Hall sig-
nals in consecutive integer ratio and four of which are re-
markably flat. (2) The peaks in py, are coincident with
the onset of each new Hall step. The fact that the QHE
alone will not explain all of the data is evident from the
temperature dependence of the Hall steps and the nega-
tive intercept of the 1/H plot in Fig. 3(b). Both of these
discrepancies are related to the existence of the
FISDW'’s which make the gap, Fermi surface, and num-
ber of carriers temperature and field dependent.

It is also worth comparing this new data with previous
experiments on the Bechgaard salts. The phase diagram
is similar to that found before for (TMTSF),ClO, !° and
(TMTSF),PF¢ 1°-2! but with important differences. The
quasi de Haas-van Alphen frequency associated with the
FISDW states is about 74 T at 10.5 kbar in contrast to
31 T in ClO4. The FISDW subphases are much less
temperature dependent than in the ClO, salt and there is
no indication of reentrance in either the low-field?? or
high-field regions. There are no intervening phases be-
tween the consecutive integer phases, no sign reversals in
Pxy, and no fractional phase after the n=1 phase. For
the first time a transition is seen from the n=1 to an
FISDW state with an activated resistance which can be
identified by its Hall coefficient and field and tempera-
ture dependence at the long missing n =0 state.

The rapid oscillations seen here at high field and previ-
ously in the ReO4 and ClO, salts are not yet understood.
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They have been interpreted as due to the effects of anion
ordering, magnetic breakdown through the anion-
ordering gap, or the existence of edge states.!” The fact
that we observe them in the PF¢ salt where anion order-
ing has never been observed and is not expected (since
the anions are centrosymmetric) effectively rules out any
of the interpretations relying on anion ordering. Rapid
oscillations have also been seen in the PF¢ salt at am-
bient pressure in the non-field-induced SDW state.?*
Virtually all of the models of the rapid oscillations pre-
dict that their frequency is proportional to the b-axis
bandwidth 7,. The quasifrequency of the FISDW’s, on
the other hand, is proportional to the area of the un-
nested part of the Fermi surface which for a simple band
structure varies at ¢2/Ep. Our values of the FISDW and
rapid frequencies from four separate measurements (all
at room-temperature pressures of about 10 kbar) are
72.6, 263; 64.9, 262; 74.1, 283; and 60.7, 291 T, respec-
tively. Thus at least in this small range any correlations
are not evident.

The above observations are based on investigation of
nearly half a dozen samples. A variable in our measure-
ments has been the absolute value of the Hall plateaus.
Here, for n=1, we expect a value of h/2e 2 [correspond-
ing to a value of 12.9 (kQ/0)/layer for a spin degeneracy
of two due to the SDW formation’]. To compare with
our results we simply model the system as a parallel elec-
tric circuit so that the measured resistances are layer
resistances divided by the number of layers. There can
be considerable uncertainty in estimating the number of
layers in a sample, and in the presence of sample cracks,
and imperfect contacts, we further expect nonideal
current paths to occur within the sample. However, we
consistently find a value of 6.4 0.8 (kQ/0)/layer, a fac-
tor of 2 less than #/2e? and similar to the value found in
ClO,.

The temperature dependence of p.. and p,, should
differ in the present case from that found for the conven-
tional QHE. At low temperature the p,, should be flat
and p, should drop toward zero. At temperatures above
1 K we expect substantial changes in the resistances due
to excitations above the SDW gap and to the tempera-
ture dependence of the gap itself. The SDW gap van-
ishes in a second-order transition as the phase boundary
is approached with increasing temperature. The behav-
ior of py, is as expected, but the behavior of py, is com-
plicated by the presence of a background term (whose
origin is not yet clear) on top of which a more conven-
tional behavior is found. It is possible that the tempera-
ture dependence of the p,, in (TMTSF),PFg is intrinsi-
cally different from that in semiconductor materials. In
the standard model Er is pinned energetically in a gap
and the quantum number changes via a first-order tran-
sition to a state with Er in the next gap. Thus unlike the
conventional QHE there is no need for the system to
sample extended states in going from levels n to n — 1.

We finish our discussion by considering the possibility
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of reentrance from a final SDW state above the last
transition back into a 1D metallic state, as is the case for
(TMTSF),ClO4.'* In the present data for (TMTSF),-
PF¢ pxx increases very rapidly on leaving the n =1 state
at the field where the n =0 transition is expected from
the 1/H plot [Fig. 3(b)] and is thermally activated in
this state. p,, is near zero in this phase and heating re-
veals that a phase boundary must be crossed to enter the
metallic state. These observations constitute our main
evidence for the existence of the n =0 state. In contrast,
for (TMTSF),ClO,4 p,. does not rise significantly after
the n=1 plateau, and p,, increases to a larger value.
The material remains a semimetal and has been suggest-
ed as being in the FQHE state. At much higher field the
reentrant transition is reached. Then p,, collapses, and
pxx increases rapidly, and is thermally activated.
Theoretical work on the very-high-field phases of these
materials is relatively new.?* An estimate for the reen-
trance field is the frequency of the FISDW transitions.
For (TMTSF),ClO, it is 31 T (28 T actual) and for
(TMTSF),PF¢ it would be around 65 to 90 T for the
pressures we have studied. In Fig. 2, it is clear that
to 27 T there is no evidence for reentrance. Thus
(TMTSF),PF¢ either has no reentrant phase or it will
occur at fields unattainable with dc magnets.

Why are the present results so much cleaner and dif-
ferent from previous results? It it tempting to attribute
the differences from (TMTSF),ClO, to the presence of
anion ordering there and its absence in (TMTSF),PFs.
However, previous experiments on (TMTSF),PFg!°-2!
under pressure have indicated some of the more compli-
cated behavior, such as sign reversals in pyy, seen in
(TMTSF),ClO4. Thus the extraordinary effects ob-
served in these materials may be very dependent on de-
tailed subtleties of the band structure and scattering.

In conclusion, we elaborated on the first reported mea-
surements on a bulk material which indicate an unambi-
guous integer quantum Hall effect. The QHE is no
longer the exclusive domain of two-dimensional semicon-
ductor devices. We have also found evidence for the
complete cascade of field-induced spin-density-wave
transitions expected from theory and have observed the
previously unseen semiconducting state indicating the
theoretical high-field limit. Thus it appears that the
standard model for these transitions is experimentally
well confirmed at least for one material and at one pres-
sure. It remains to explain why other pressures and very
similar materials show marked deviation from the stan-
dard model. The observation of rapid oscillations in the
PF¢ salt rules out an explanation of this additional phe-
nomena in terms of anion ordering and leaves it as the
one remaining mystery in this material at this pressure.
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