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Quantized Hall Kff'ect and a New Field-Induced Phase Transition in the Organic
Superconductor (TMTSF) zPF6
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We report a Hall-effect and magnetoresistance study of single crystals of the organic superconductor
tetramethyl-tetraselenafulvalinium hexaAuorophosphate, (TMTSF)2PF&, under hydrostatic pressure at
temperatures down to 0.5 K in magnetic fields up to 25 T. There is clear evidence for a quantized Hall
effect, with plateaus labeled by the integers n 5 to 1, up to 17 T. A new field-induced phase transition
to a very resistive state occurs at 18 T. We believe that this is the "n 0" spin-density-wave state pre-
dicted by the quantized nesting theory.

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

Linear-chain organic conductors of the tetramethyl-
tetraselenafulvalinium (TMTSF) zA' family, where A' is a
monovalent anion, display many interesting properties
such as spin-density waves (SDW's), anion ordering, su-

perconductivity, and field-induced spin-density-wave
(FISDW) transitions. The latter occur above a thresh-
old field which is typically 6 T at 1 K.

As explained in Refs. 3 and 4 the basic physical reason
for the FISDW transitions is that application of a mag-
netic field along the low-conducting c* direction makes
the electronic motion along the conducting chains more
one dimensional and thus restores the logarithmic diver-
gence of the Q-dependent susceptibility, leading to a
phase transition.

However, the observation of rather well-defined pla-
teaus in the Hall voltage of (TMTSF)2C104 at values
reasonably close to h/2ne per molecular layer, where n

is a small integer, gave rise to the idea that a type of
quantum Hall eA'ect (QHE) resulting from quantization
of nesting ' ' occurs in the FISDW phases, although this
is not the only possible interpretation.

In a simple picture the Q vector of the SDW changes
with 0 in such a way as to keep the Landau levels asso-
ciated with the un-nested electron or hole pockets corn-
pletely filled over an extended field range. This mini-
mizes the diamagnetic energy at the expense of a slightly
worse nesting and gives extended regions where the Hall
voltage is quantized.

More precisely' the electronic states are determined
by the combined effect of two periodicities, the spin-
density-wave vector Q and the reciprocal of the magnetic
length XH h/beH, where b is the transverse lattice pa-
rameter in the intermediate-conductivity direction. The
electronic spectrum of the FISDW phases has a series of
gaps located at quantized values of the SDW vector Q,
whose component along the chains is given by Q~~ 2kt;
+2trn/kH, where n is an integer and kF is the Fermi
wave vector. Thus within a given FISDW phase, Q~~ of

the SDW increases linearly with 0 in order to keep the
Fermi level within a gap, and then suddenly jumps back
to the value corresponding to n —1. There is a series of
first-order transitions between FISDW phases each with

quantized Hall voltage and each labeled by successive in-

tegers n.
Recently the C104 salt has been studied"' in mag-

netic fields of up to 30 T and a second-order transition
back to the original metallic state has been iden-
tified. ' ' These results could not be understood within
the picture mentioned above. Instead, the Hall voltage
was constant over a wide region between 8 and 25 T (it
was claimed" that it corresponded to fractional quanti-
zation) and the n 0 phase was not observed. One possi-
ble complication regarding the C104 salt is that it has a
superlattice associated with anion ordering at 24 K. ' In
principle, measurements on the PF6 salt, which has no
such superlattice, may be easier to interpret, although
they are technically more difficult. Similar experiments
have recently been performed by another group. '

In this Letter, we report Hall-effect and magnetoresis-
tance measurements down to 0.5 K and at fields of up to
25 T under an applied pressure of 8 kbar at low tempera-
tures. which is sufficient to stabilize the superconducting
state.

Results for two single crystals are reported here, al-
though magnetoresistance has been measured for several
other crystals. The first, of dimensions 3.8 x0.175x0.25
mm, was measured up to 12 T using a superconducting
solenoid at Orsay. The second, 4x0.25x0.2 mm, was
measured up to 25 T using the hybrid magnet at the Ser-
vice National des Champs Intenses, Grenoble. On each
long side of a crystal, two gold areas (1.1 mm apart and
0.2 mm long) were made by evaporation using a masking
technique suggested by L. Forro, giving two pairs of Hall
and two pairs of magnetoresistance contacts. Uniform
current contacts were achieved by evaporating gold on
all sides and over the ends of the crystal. A special tech-

1984 1989 The American Physical Society



VOLUME 63, NUMBER 18 PHYSICAL REVIEW LETTERS 30 OCTOBER 1989

nique was used to attach gold wires to these pads and all
contact resistances were less than the measuring limit of
5 Q even after one month under pressure at room tem-
perature in the isopentane pressure medium. A pressure
of 11 kbar was applied at room temperature using a
standard BeCu clamp and Teflon cell technique. The
pressure clamp was immersed in the He space of a
homemade high-capacity He cryostat. Temperatures
were measured with a calibrated germanium thermome-
ter in zero field and with a capacitance thermometer
(above 1.5 K) or a home-calibrated Ru02 chip resistor
in a magnetic field. Resistance-temperature, R(T),
curves were monitored continuously on cooling. No ir-
reversible jumps associated with microcracks occurred-
the only detectable anomaly in the R(T) curve was that
at 210 K caused by the freezing of the isopentane.

In order to separate possible magnetoresistance signals
from the Hall voltage, the 6eld from the hybrid magnet
was reversed on successive days. Care was taken to en-
sure that the data were not influenced by heating effects
or other sources of nonlinearity such as sliding SDW's.
Measuring currents as low as 2 pA had to be used above
20 T.

Hall-effect data taken in the hybrid magnet are shown
in Fig. 1 for two pairs of Hall contacts on the same sin-
gle crystal. Below 18 T there are clear plateaus whose
heights are in the ratio 1:0.52:0.32:0.24 in both cases.
The absolute values of the largest plateaus are 11.6 ~ 0.5
and 10.2+ 0.5 kQ per molecular layer, taking the c lat-
tice parameter to be 13.3 A' and using the measured
crystal thickness of 0.2 ~ 0.04 mm.

One of the main results of the present work is that not
only are the ratios given by successive integers but the
magnitude of the largest plateau corresponds rather well

to h/2e (12.9 kQ) per layer, the value expected for the
QHE in the presence of spin degeneracy.

As the temperature was raised from 0.5 to 2 K the
Hall plateaus developed successively larger slopes. Log-
arithmic plots of these slopes versus inverse temperature
give activation energies in the range 1-4 K. For down-
ward 6eld sweeps the slopes were systematically larger,
although the gap obtained is still within the above range.

Figure 2 shows corresponding magnetoresistance data.
In the region below 18 T where the resistance was small,
the results shown are the average values for normal and
reversed 6eld. There are well-de6ned peaks at the 6elds
where the Hall voltage jumps to the next plateau. In the
region between peaks (corresponding to the Hall pla-
teaus) p„„ is constant and corresponds to a resistance
which is 150-220 times lower than h/e or 25.8 kAQ
per layer. Thus although p„„ is not strictly zero, as it
should be for the QHE, it is only 75 to 2', of p„~ at the
n 1 and 5 plateaus, respectively. For current flow (J„)
along the chains the electric 6eld is therefore nearly per-
pendicular to the current and the absence of power dissi-
pation required for the QHE is nearly attained. Note
that because of the anisotropy this is not the case for J~.

Substantial hysteresis (in parentheses) between up-
ward and downward field sweeps occurred at 18 T (0.5
T), 14 T (0.37 T), 11.5 T (0.32 T), and 7.4 T (0.08 T),
but not for the magnetoresistance peaks at 9.4 and 8 T.
The hysteresis at 18 T remained large up to 2 K but then
rapidly decreased and it was not detected at 2.8 K.

Above 18 T p„„ increases rapidly by a factor of 10,
reaching a value of 0.45 0 cm or 3 MA+ per layer at 23
T and 0.5 K, which is much larger than h/e, i.e., much
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FIG. l. Hall resistance at 0.5 K vs magnetic field along e
for two pairs (l), (2) of opposite contacts on the same 0.2-
mm-thick (TMTSF)2PFs single crystal. The lower right part is
the Hall resistance of pair (1) on a reduced scale. The quan-
tized values h/2ne (12.9/n kQ) per molecular layer are
marked on the right for contact (1).
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Logarithmic plots of longitudinal resistance (A) vs

magnetic field (T) for the same crystal as Fig. 1, at three tem-
peratures. The data have been averaged for forward and re-
versed field directions. Inset: Midpoints of the jumps in Hall
voltage (or the resistance maxima) at 0.5 K as plot of 1/fE vs

successive integers.

1985



VOLUME 63, NUMBER 18 PHYSICAL REVIEW LETTERS 30 OCTOBER 1989

—50

LLI

I—
m 0
V3
UJ
CT

0.4

larger than the value expected for the fractional quan-
turn Hall effect. "' The Hall effect is negative in the
region of the high-field plateaus but changes sign and be-
comes holelike above 19 T.

Figure 3 shows Hall data for another crystal up to 12
T at a lower temperature (0.36 K). The largest plateau
is not attained at 12 T, but the others are in the ratios
0.5:0.32:0.24:0.2 with an absolute value of 14.4+ 0.8 kQ
per layer expected for n 1. For the other pair of con-
tacts a lower value corresponding to 8.6 kA per layer
was obtained and the plateaus were not as clear.
Changes in sign of p ~ are evident at 10, 7, and 5 T;
these rapidly disappear as the temperature is raised.
Generally speaking, these sign changes go together with

large hysteresis. There is also a tendency for the Hall
plateaus to develop fine structure at lower fields and
lower temperatures in qualitative agreement with previ-
ous investigations. It has been suggested that these
features could be connected with the proposed' "tree-
like" splitting of the first-order phase transition lines at
very low temperatures arising from higher-order com-
mensurability effects.

The inset to Fig. 3 shows Hall-effect data in the metal-
lic region at 0.5 K below threshold for the same crystal
as in Fig. 1. The solid line corresponds to the theoretical
expression RH kFd/Ne tan(k~d), with kFd m/4, for
a quarter-filled hole band, and N corresponding to one
hole per unit cell (677 A ) ' which gives RH=+3. 3
x10 m /C.

Figure 4 shows the phase diagram obtained from the
experimental p„~ and p data up to 25 T. The field cor-
responding to the first-order transition near 18 T is
defined by the point of maximum slope on a logp vs H
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plot (for H increasing or decreasing) at the various tem-
peratures. As shown in Fig. 4 it is only weakly tempera-
ture dependent. The threshold field corresponding to the
onset of the FISDW region was determined as the field
at which the first anomalous increase in p appeared.
Below 4 K this also corresponded to a large increase in
Hall coefticient. Above 4 K an increase in p„„was ob-
served without a detectable increase in the Hall coef-
ficient (p„» 40 0 per layer).

As shown in Fig. 2, above 2 K there are oscillations in

p in the high-field phase above 19 T. These oscilla-
tions are even more clearly visible in the even part of the
Hall voltage, [p„» (FE)+p~~ ( —H) I/2. They are periodic
in 1/FE with a frequency of 286 T. They correspond to
the "fast" oscillations observed in various (TMTSF)2A'
salts, e.g., X PF6, C104, and Re04, in certain field and
temperature ranges and whose origin is not clearly un-
derstood. Below 2 K, their amplitude progressively di-
minishes but, as indicated in Fig. 4, they are still just
detectable at 1.0 K.

In the region between 17.6 and 19 T some extra struc-
ture was observed in the even part of the Hall voltage;
for example, six small peaks at 0.5 K and four at 1.3 K,
which are not shown in Fig. 4. The odd part in field (the
real Hall signal) did not show this structure.
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FIG. 3. Hall resistance versus field for a second 0.25-mm-
thick crystal of (TMTSF)2PF6 at 0.36 K again for H parallel
to c . Note the changes in sign from electronlike plateaus to
holelike peaks near 10, 7, and 5 T. Inset: Holelike low-field
data and the expected metallic line (see text).

FIG. 4. Phase diagram for (TMTSF)2PF6 obtained in the
present work. Crosses represent peaks in p„„and open circles
the edges of the Hall plateaus at fixed temperatures. The
points taken from maximum slope on 1ogp„„vs H plots are
shown by open squares for the transition to the high-field state
and open triangles for others. Filled circles are the threshold
fields where there is the first detectable increase in p „or p„~
(see text). Shaded areas denote hysteresis. Inset: logp„„vs in-
verse temperature at a fixed field of 23 T where the arrow
denotes a resistivity of h/e per square per molecular layer.
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As shown in the inset to Fig. 2, the fields correspond-
ing to the edges of the Hall plateaus follow the law'
H Hf/(n+ y), with Hf 60 T and y 3.2. In the
quantized nesting theory, ' Hf is related to the devia-
tions from perfect nesting at zero field; it corresponds to
a value q(~a=5X10, where q~~ is the deviation of the
longitudinal component of the (zero-field) best nesting
vector from 2kF, and to a value of tb (the characteristic
energy associated with imperfect nesting at H 0) of the
order of 10 K. The latter is consistent with the calculat-
ed band structure' for a transfer-integral ratio t, /tb
=10. The above value of y agrees with the prediction of
the nesting model. ' The physical origin of a nonzero
value of y is that the best nesting vector changes with H
and the effective area in k space becomes smaller at
higher fields due to the improved nesting there.

The highly resistive state above 18 T is probably the
n 0 state predicted in Ref. 10 where at high enough
fields there is a large gap at the Fermi energy and the
nesting vector is the best zero-field value. As shown in
the inset to Fig. 4, at 23 T the resistivity shows thermally
activated behavior from above 5 to 1.7 K with an activa-
tion energy, 17 K, which is 2.3 times the transition tem-
perature (7.3 K), and this is quite close to the expected
BCS value.

We do not understand why the activation plot in Fig. 4
tends to saturate below 1.7 K. It is not an experimental
artifact because similar behavior was found in magne-
toresistance measurements on two other crystals. In a
simple band picture it indicates that a small region of the
Fermi surface has a much lower or even zero gap. This
would occur if the n 0 SDW gap were only just large
enough to reinove electron or hole pockets (and the ener-
getically unfavorable orbital diamagnetism) at certain
points in k space. However, we have been unable to jus-
tify this argument rigorously.

Above 20 T, the Hall coefFicient is holelike and it is
relatively small for a semiconducting state. Because of
the unexpectedly large and temperature-dependent resis-
tivity there, its magnitude is only known to within a fac-
tor of 2. To within this accuracy the p» data at 23 T
(not shown in the inset to Fig. 4) are parallel to the p„„
data on a logp vs 1/T plot over the whole temperature
range (5 to 0.5 K) and also extrapolate to the expected
metallic value at 8 K. Such behavior has been observed
for several inorganic charge-density-wave systems. ' It
corresponds to a situation where the T dependence of p „
is mostly due to changes in the carrier concentration
rather than in the mobility.

The main arguments in favor of the n 0 state in the
PF6 salt rather than the reentrant metallic state observed
in the C1Qq salt are that (i) as shown in Fig. 4 there is no
sign of reentrance in the temperature dependence of the
threshold field up to 25 T, (ii) the hysteresis in field at
the proposed n 1 to 0 transition is similar to that ob-
served for the other transitions, (iii) the transition line at
18 T is only weakly temperature dependent and moves to

slightly higher fields above 4 K, and (iv) the onset field
corresponds to that expected for the n 0 transition, as
indicated in the inset to Fig. 2.

However, we have no explanation as to how the fast
oscillations can arise in the n 0 state.

In conclusion, although some properties mentioned in
the text are not fully understood, the main characteris-
tics of the field-induced spin-density-wave phases of
(TMTSF) 2PF6 up to 25 T are in excellent agreement
with the predictions of the quantized nesting model, '
in contrast to the results for (TMTSF)2C104 in the same
field region. Presumably these differences arise from the
presence of a superlattice in the latter crystals.

We warmly thank J. C. Vallier and his colleauges at
the Service National de Champs Intenses, Grenoble, and
J. C. Ameline, Orsay, for their essential contributions to
the success of this experiment. We are also grateful to
M. Heritier and V. Yakovenko for helpful discussions,
and to C. Lenoir for help with sample preparation.
S.R.C. and W.K. thank the Centre National de la Re-
cherche Scientifique for a temporary position and a
PIRMAT fellowship, respectively. This work was par-
tially supported by the Basic Research Contract from the
European Community Contract No. 3121. Laboratorie
de Physique des Solides is associated with the Centre
National de la Recherche Scientifique.

Permanent address: Institute of Physics of the University,
P.O. Box 304, Zagreb, Yugoslavia.

Reviewed by D. Jerome and H. J. Schulz, Adv. Phys. 31,
299 (1982).

For a recent review, see articles in L,ow Dimensional Con-
ductors and Superconductors, edited by D. Jerome and L. Ca-
ron, NATG Advanced Study Institutes, Ser. B, Vol. 55 (Ple-
num, New York, 1987).

3L. P. Gor'kov and A. G. Lcbed, J. Phys. (Paris), Lett. 45,
L433 (1984).

4P. M. Chaikin, Phys. Rev. B 31, 4770 (1985).
5M. Heritier et al. , J. Phys. (Paris), Lett. 45, L433 (1984).
Reviewed by M. Ribault, in Ref. 2, p. 199.

7K. Yamaji, Synth. Met. 13, 29 (1986).
sD. Poilblanc et al. , Phys. Rev. Lett. 58, 2870 (1987).
9A. Virosztek and K. Maki, Synth. Met. 29, 385 (1989).

~nG. Montambaux et al. , J. Phys. C 19, L293 (1986); see also
G. Montambaux, in Ref. 2, p. 233.

i iR. V. Chamberlin et al. , Phys. Rev. Lett. 60, 1189 (1988).
i~M. J. Naughton et al. , Phys. Rev. Lett. 61, 621 (1988).
'3V. Yakovenko, Phys. Rev. Lett. 61, 2276 (1988).
' S. T. Hannahs et al. , Bull. Am. Phys. Soc. 34, 3 (1989); see

also S. T. Hannahs et al. , following Letter, Phys. Rev. Lett. 63,
1988 (1989).

'~B. Gallois et al. , Mol. Cryst. Liq. Cryst. 119, 225 (1985).
'6D. C. Tsui et al. , Phys. Rev. Lett. 4$, 1559 (1982).
'7M. Heritier, in Ref. 2, p. 243; (private communication).
'sP. M. Grant, J. Phys. (Paris), Colloq. 44, C3-847 (1983).
'9M. Petravic, L. Forro, J. R. Cooper, and F. Levy, Phys.

Rev. B 40, 2885 (1989).

1987


