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We have performed a thermoelectric-power study of the organic conductor (TMTSF)zPFs which
exhibits a type of bulk quantum Hall effect (@HE), resulting from a cascade of magnetic-field-
induced spin-density-wave (FISDW) transitions. The FISDW are characterized by a sharp increase
in thermopower as the temperature is lowered through the transition temperature, followed by
an exponential decrease as temperature approaches zero. This suggest a temperature-dependent
gap leading to collective @HE-like transport. Most surprising is the vanishing thermopower in the
insulating "n=0" state.

It was recently reported that the quantum Hall eA'ect

(QHE) has been observed in the quasi-two-dimensional
bulk organic conductor (TMTSF)2PFs where TMTSF
is tetramethyltetraselenafulvalene. Whereas the con-
ventional QHE arises as an interplay of noninteracting
particles with disorder and magnetic field, the QHE in
the Bechgaard salts is a consequence of many-body in-
teractions that lead to a collective spin-density wave
distortion. s To study the unconventional QHE of the
magnetic-field-induced spin-density waves (FISDW's),
we have performed thermoelectric power measurements
on (TMTSF)2PFs.

The Bechgaard salt group has shown an array of var-
ious broken-symmetry ground states within the accessi-
ble laboratory range of pressure, temperature, and mag-
netic field: superconductivity, spin-density wave (SDW),
QHE, anion ordering, anomalous magneto-oscillations
and so on. The most fascinating and intriguing phe-
nomenon in the Bechgaard salt is the existence of a se-
ries of phase transitions induced under a magnetic field.
Above a temperature-dependent threshold field a tran-
sition from a metallic state into a semimetallic FISDW
state is found. A cascade of first-order transitions to
successive FISDW subphases exhibiting the QHE has
given rise to a complex temperature-magnetic field phase
diagram. In high field (H ) 18—20 T) a semiconduct-
ing n=0 SDW state is observed. There is an excellent
agreement with the quantized nesting model.

Despite the high degree of the quantization experi-

mentally observed in the Hall eA'ect, an enigmatic be-
havior in the magnetoresistance is observed. In addi-
tion to the anomalously large magnetoresistance in the
metallic state, a sharp increase in the magnetoresistance
is brought about due to the FISDW transitions. The
magnetoresistance typically increases by better than five
orders of magnitude between zero field and 20 T. Al-
though the magnetoresistance is somewhat reminiscent of
the conventional QHE, a nonvanishing magnetoresistance
suggests dissipation yet unaccounted for. As a measure
of the "entropy" per carrier, thermopower can discern
whether or not a heat current accompanies the electric
current in the FISDW transport. As a collective QHE-
like system, a vanishing thermopower is expected for the
FISDW states in the quantum Hall regime as in conven-
tional QHE samples. On the other hand, a diverging
thermopower, typical of semiconductors, is expected for
the insulating n=0 state.

The entire range of FISDW transitions in
(TMTSF)2PFs has been covered in our experiment A.
finite but small thermopower is observed in the metallic
state. The thermopower increases sharply at the FISDW
threshold field. The thermopower is vanishingly small
in the QHE regime, consistent with the FISDW being
a QHE system. The temperature dependence of mag-
netoresistance, Hall eA'ect, and both longitudinal and
transverse thermopower (Nernst effect) suggests that the
FISDW is an unusual type of QHE, distinguished by a
temperature-dependent gap. Most surprisingly, the ther-
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mopower in the insulating n=0 state is also found to
vanish at low temperature, perhaps as a consequence of
edge states in the open-orbit direction in the Bechgaard
salts.

The experiment was performed using a miniature pres-
sure clamp which was immersed in the He space of the
cryostat. The details of the pressure cell are described
elsewhere. ~ The experiment at Princeton University was
done using a superconducting solenoid, and a Bitter mag-
net was used at the National Magnet Laboratory. A tech-
nique prescribed for thermoelectric power measurements
under pressure was utilized. Because of the loss of sen-
sitivity of thermocouple wires at low temperature, two
thin-film resistors were attached to the ends of the sam-
ple and used as thermometers to measure the tempera-
ture difference. Due to the size restriction from the pres-
sure cell, the typical sample size used was 1.5 x 0.2 x 0.2
mm. s Gold wires were used to make electrical contacts in
a six-probe configuration, allowing for simultaneous mea-
surement of magnetoresistance, Hall effect, longitudinal
thermopower, and transverse thermopower. The contri-
bution of the gold wire leads to the total thermopower
was negligibly small. The temperature gradient across
the sample was less then 50 mK at low temperature.

In Fig. 1 we present the magnetoresistance p, the
Hall effect p», the longitudinal thermopower S, and
the transverse thermopower S „ofa (TMTSF)qPFs sam-
ple under 11 kbar of pressure at 0.5 K. The transition
into the FISDW state is observed at 6.5 T as a cusp in
the magnetoresistance and an upturn in the Hall effect.
A series of eight transitions is found with clean, quan-
tized Hall plateaus at the lower n values. Above 20 T
a transition into the n=0 state is found where p in-
creases by two orders of magnitude and where p» is not
well defined. The series of transitions is readily observed
in thermopower as well. S and S &

are small in the
metallic state below the threshold field. At the threshold
field the thermopower turns over abruptly, qualitatively
following the change in the Hall effect and the magnetore-
sistance. Slightly above 11 T (near the transition into the
n=3 FISDW state) both S and S v begin to turn to-
ward zero. High-field transitions (H ) 10 T) are more
apparent in S» than in S, as the S z decreases in an
almost steplike fashion. A peak in thermopower at 15.5
T, corresponding to the transition to the n=1 state, is ob-
served. Most surprisingly, despite the dramatic change
in resistance at the transition from the n=1 to the n=0
state, there is virtually no change in thermopower in ei-
ther longitudinal or transverse directions. Instead of a di-
vergent thermopower typical of semiconducting systems,
we observe a small thermopower in the n=0 state. This
behavior is also observed in temperature sweeps at fixed
magnetic field.

In Fig. 2, the temperature sweep of p and p „of
a (TMTSF)2PFs sample under 10.5 kbar for the n=0,
1, 2, and 3 FISDW states is presented. The Hall resis-
tance is very small in the metallic state below the FISDW
transition temperature and then increases precipitously,
rejecting the decrease in the number of conduction elec-
trons due to the SQW.Qisiartioli S~bIIatiali iv o &.n~=
curs for the n=l and 2 states below 1 Ik. The magnetore-
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FIG. 1. Magnetotransport and magnetothermopower
ma~&~C~~Q Qf (TMYQF)+ PV+ gm rJgg, 1 1 1h~ Of ~rs~pg~p

and at 05 K.

sistance also increases near the onset of the transition
and then turns over toward zero near the temperatures
where p» begins to saturate. In the insulating n=0 state,
p» continues to increase as it approaches low tempera-
ture. An accurate determination of the Hall effect in the
n=0 state was not possible due to the high longitudinal
resistance.

In Fig. 3, the results of fixed field temperature sweeps
of S ~ and S» are presented. The temperature depen-
dence for the different FISDW subphases is very similar
to the behavior of p~~. The thermopower abruptly in-
creases at the transition temperature and then decreases
more rapidly than linear in temperature when p~& be-
gins to saturate. Similar behavior is also observed in the
insulating n=0 state. With decreasing temperature the
thermopower increases and then decreases toward zero
even though the resistance is increasing monotonically.
One interesting feature of the temperature sweep results
is that the thermopower of the various FISDW subphases
tends to zero at different rates, so a constant tempera-
ture, magnetic-field sweep results in the "steplike" be-
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FIG. 2. Temperature sweep of magnetoresistance and
Hall effect of (TMTSF)2PFs sample under 10.5 kbar of pres-
sure at 22.7, 16.8, 13.3, and 11 T for the n=0, 1, 2, and 3
states, respectively.

havior observed in Fig. 1.
The interesting temperature dependence observed

in both resistance and thermopower distinguishes the
FISDW states from the conventional QHE. In the con-
ventional QHE a zero thermopower and an activated be-
havior in conductivity is observed. In the case of FISDW
the thermopower initially increases below the transition
temperature and then quickly approaches zero typically
below half the FISDW transition temperature. A similar
increase below the transition temperature, followed by a
decreasing behavior in the magnetoresistance, suggests
that the conductivity is also activated in the FISDW
states. The observed, nonzero magnetoresistance may
be a finit;e-temperature effect. Thus, the activated be-
havior in conductivity and vanishing thermopower seems
to be a universal behavior of all QHE systems, either
conventional or unconventional.

The unusual temperature dependence suggests the
presence of a gap in the spectrum; instead of the usual
Landau gap in the conventional QHE, the gap in this case
is a SDW gap arising due to many-body interactions. s

Within the framework of the "standard model, " the cas-
cade of FISDW transitions and QHE comes about from
the proximity of the SDW at low pressures and the de-
viation from perfect nesting. Application of a magnetic
field, which energetically allows for a partial (imperfect)
nesting of the Fermi surface and the subsequent Landau
quantization of the remaining pocket of carriers, leads to
the formation of the FISDW. The resulting semimetal,
with an energy spectrum of a series of bands and gaps,
lowers the energy by always pinning Ef in one of the
gaps. Thus, by Laughlin's gauge-invariance argument, '

an integrally quantized Hall effect and a behavior akin to
the conventional QHE are expected.

In order to see what is consistent with our understand-
ing of the FISDW states and what is unusual, we have
modeled the transport in terms of QHE-like conduction
from the filled Landau bands plus transport from excita-
tions over the SDW gap. In the presence of an electric
field E and temperature gradient V'T, the electric cur-
rent is given by j = L E + L V'T& where L and L
are transport coeKcient tensors. The conductivity and
thermopower are related to the transport coefTicients L
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FIG. 3. Temperature sweep of the longitudinal ther-
mopower S~~ and the Nernst efFect S „under 10.5 kbar of
pressure at the same magnetic fields as in Fig. 2.

The I tensor is the conductivity tensor o. as given
above. The L tensor is the thermoelectric tensor given

hy L' = y f Ch (
— s* ) (s —tr)e(r), where f(s) is the

Fermi function. In the FISDW states the Fermi level
is always between filled and empty Landau bands. We
therefore take the conductivity and thermopower ten-
sors for the integer QHE case and add the contribu-
tions from the excitations. For the pure integer QHE
case the only nonvanishing component of L' and I is
I „=cr» ——ne /h. We then have
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where b(T) = Ao(1 —T/T, ) / near the transition tem-
perature T, and A, 8, and ( are the normal state o, 0'zz

and Hall conductance.
In testing the model, a phase diagram similar to that

of the experiment was first generated. The gap functions
were then chosen to have a BCS-like form with an ad-
justable prefactor [i.e. , not set by 2b. (0) = 3.52k&T, ].
The conductivity tensor elements are constrained by the
condition that the normal state resistivity be recovered
in the metallic state. By varying the gap structure, fair
agreement with the experiment can be reproduced. The
results are shown in Fig. 4. Comparing this figure with
the experiments we see that for n ) 0 the only qual-
itative difference is that the longitudinal resistance de-
creases much less rapidly than expected. This would tend
to indicate the presence of some parallel conductance (at
least in o&z) which is increasing with decreasing temper-
ature.

The other major difference is in the behavior of the
n=0 state. It should have a diverging resistance and
thermopower as temperature is lowered reflecting the in-
sulating behavior expected. The resistance increases and
then levels off at a value about three orders of mag-
nitude higher than the normal metallic state while the
thermopower looks surprisingly like the n ) 0 states.
It is the vanishing thermopower in a supposedly in-
sulating phase which is the most unexpected feature.
Even though it is theoretically possible to coincidently
have zero thermopower in a semiconductor from exact
electron-hole symmetry, in virtually all semiconductors
the thermopower is large and temperature dependent and
usually strongly sample dependent. The vanishing ther-
mopower in the n=0 state has been observed on all three
samples we have measured under pressure.

Since the temperature dependence of the thermopower
in the n=0 state is identical to the other FISDW sub-
phases, it is tempting to ascribe the behavior in the n=0
state as a consequence of a collective nature of the state
as in the other subphases. In such a case, some novel
type of collective excitation, instead of QHE-like behav-
ior, may be responsible for the vanishing thermopower
for the n=0 state.

The vanishing thermopower in the n=0 state may also
be a consequence of a parallel channel of conduction per-
haps due to the open-orbit edge states. A system con-
sisting of FISDW transport in the bulk and a shorting
parallel resistor, that exhibits metallic properties (includ-
ing a small, finite thermopower), can result in a large but
finite magnetoresistance and a vanishing thermopower in
the n=0 state at low temperature. Unlike bulk states,

edge states do not participate in SDW transitions since
the states with which they would pair are outside the
sample. States within a magnetic length (4th/ku, )b from
the edge (parallel to the chain direction) do not undergo
FISDW transitions. For a typical sample, the edge states
would consist of roughly one-thousandth of the sample at
20 T. The resistance jump at the n=0 transition of two
to four orders of magnitude and the weakly magnetic-
field-dependent resistance at higher field suggest such a
small metallic parallel short.

For a system with two parallel components of resis-
tance and thermopower, the resulting conductivity and
thermopower is simply

Ototal —&edge + OFISDW ~
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FIG. 4. Calculated transport properties (from top down,
longitudinal and Hall resistance, thermopower and Nernst co-
e%cient) from the model presented in Eq. (7) for a BCS-like
gap with zero-temperature values 8.5, 6.1, 4.3, and 3.2 K for
the n=o, 1, 2, and 3 states, respectively. The dashed curves
are for the parallel short (edge state) model given by Eq. (9).
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where o'edse(nF&sDw) and Sedge(SF&sDw) are conductivity
and thermopower contributions from the edge (FISDW)
channel of conduction. Since the size of the edge state
orbit varies inversely with magnetic field, we have mod-
eled the edge states' magnetoresistance as p, ds, (H, T) =
po + aIIT, where a is a constant. In Fig. 4 the dashed
curves show the calculated behavior for the n=Q state in
the presence of a parallel resistance along the z direc-
tion (as distinct from a parallel bulk conductance along
z). The parallel resistance has virtually no effect on the
n g 0 states.

Another interesting feature of the data which is not
reproduced in the transport model given in Eqs. (3)—(7)
is that S & is larger than S by at least a factor of 50.
This is surprising since the ratio of S &/S is even larger
than ratio p~&/p =tan OH, where eH is the Hall angle.
One simple explanation may be that the thermopower is
much less sensitive to crystal imperfections and geometry
than resistance. Thus, the conductivity Hall angle may
be less reliable. Another possibility is a parallel metallic
edge short which reduces the measured voltage along the
z direction of the sample but not along the y direction.

The persistence of this behavior in a variety of sam-
ples leads us to the conclusion that the vanishing ther-
mopower is an intrinsic property of the n=Q state. The
anomalous vanishing thermopower, combined with the
insulating behavior in resistance, sets the n=0 state
apart from other FISDW states. The other FISDW sub-
phases in (TMTSF)qPFs are semimetallic and the low-

temperature thermopower vanishes due to the QHE.
Recently, a thermoelectric power experiment was re-

ported on a related salt (TMTSF)gC104. A strong de-
viation from the standard model predictions is observed
in the C104 salt. Instead of an n=0 state after n=l,
there exists a semimetallic state that displays a reentrant
behavior in the phase diagram, ~ followed by a newly
identified semiconducting phase. Based upon Hall ef-
fect measurements, a possible "n = s" fractional QHE
has been proposed for the reentrant semimetallic state. i5

A vanishing thermopower is observed in this "n =
state, consistent with the collective nature of the state.
Furthermore, a divergent thermopower in the semicon-
ducting phase above 27 T allowed for the identification
of the new phase with an energy gap.

It has been speculated that this semiconducting phase
is a candidate for the missing n=0 state in C104.
However, the low-temperature thermopower in the n=Q
state in (TMTSF)2PF6 and the high-field phase in

(TMTSF)&C104 are very different even though both
phases are semiconducting: divergent in the Cl04 insu-
lating state and vanishing in the PF6 n=0 state. Thus,
the dissimilar thermopower between the two semicon-
ducting phases is the strongest argument that the high-
field phase in (TMTSF)2C104 may not be the n=0 state
and may be categorically different from the other FISDW
states.

In Fig. 5 the Hall effect and thermopower measure-
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FIG. 5. Hall effect, longitudinal thermopower, and trans-
verse thermopower under 8.5 kbar of pressure at 0.5 IK.

ments of another sample at 8.5 kbar is presented. The
qualitative feature of the data is similar to that of Fig.
1. The most interesting feature of the data is the pres-
ence of so-called "rapid" oscillations in thermopower.
These magneto-oscillations are typically observed for all
magnetic-Geld ranges in other Bechgaard salts. The os-
cillations in (TMTSF)2PFs have been of some interest
due to their detection only in the n=0 state. Our ther-
mopower results show that the "rapid" oscillations also
exist below the n=0 state. Similarly pronounced oscil-
lations have been previously observed in thermopower
measurements in (TMTSF)qC104. s

In summary, we have performed magnetothermopower
measurements on (TMTSF) 2 PFs . Zero thermopower in
the FISDW states suggests collective, QHE-like trans-
port. Most surprisingly, we observe an unexpected prop-
erty of the semiconducting n=0 state: the vanishing of its
thermopower at moderate temperatures. We suggest one
possible explanation in terms of open-orbit edge states.
Finally, rapid oscillations are also observed below the
n=0 state in (TMTSF)2PFs.

We would like to thank Larry Rubin, Bruce Brandt,
and the staff of the Francis Bitter National Magnet Lab-
oratory for their hospitality. We are grateful to V.M.
Yakovenko for useful discussions. This work is supported
by the NSF under Grant No. DMR 88-13724.



45 MAGNETOTHERMOPOWER STUDY OF {TMTSF)qPF6 {WHERE. . . 13 571

J.R. Cooper, W. Kang, P. Auban, G. Montambaux, D.
Jerome, and K. Bechgaard, Phys. Rev. Let t. 63, 1984
(1989).
S.T. Hannahs, J.S. Brooks, W. Kang, L.Y. Chiang, and
P.M. Chaikin, Phys. Rev. Lett. 63, 1988 (1989).
D. Poilblanc, G. Montambaux, M. Heritier, and P. Lederer,
Phys. Rev. Lett. 58, 270 (1987).
P.M. Chaikin, J.S. Brooks, S.T. Hannahs, W. Kang, G.
Montambaux, and L.Y. Chiang, in The Physics and Chem-
istry of Organic Superconductors, edited by G. Saito and S.
Kagoshima (Springer-Verlag, Berlin, 1990), p. 81.
D. Jerome and H. J. Schulz, Adv. Phys. 31, 299 (1982); R.L.
Greene and P.M. Chaikin, Physica 1268, 431 (1984).
See, for example, Lou Ditnensional Conductors and Super-
conductors, Vol. 155 of NATO Advanced Study Institute,
Series B: Physics, edited by D. Jerome and L. G. Caron
(Plenum, New York, 1987).
L.P. Gor'kov and A.G. Lebed, J. Phys. Lett. 45, L-433
(1984); P.M. Chaikin, Phys. Rev. B 31, 4770 (1985); M.
Heritier, G. Montambaux, and P. Lederer, J. Phys. Lett.
45, L-943 (1984); K. Yamaji, J. Phys. Soc. Jpn. 54, 1034
(1985); M. Ya Azbel, Per Bak, and P. M. Chaikin, Phys.

Lett. A 117, 92 (1986); K. Maki, Phys. Rev. B 33, 4826
(1986).
H. Obloh, K.v. Klitzing, and K. Ploog, Surf. Sci. 142, 236
(1984).
P.M. Chaikin, C. Weyl, G. Malfait, and D. Jerome, Rev.
Sci. Instrum. 52, 1397 (1981).
R.B. Laughlin, Phys. Rev. B 23, 972 (1986).

"M. Jonson and S.M. Girvin, Phys. Rev. B 29, 1939 (1984);
P. Streda, J. Phys. C 16, L369 (1983).
M. Ya. Azbel and P.M. Chaikin, Phys. Rev. Lett. 59, 582
(1987).
R.C. Yu, L. Chiang, R. Upasani, and P.M. Chaikin, Phys.
Rev. Lett. 65, 2458 (1990).
M.J. Naughton, R.V. Chamberlin, X. Yan, P.M. Chaikin,
S.Y. Hsu, L.Y. Chiang, and M.Y. Azbel, Phys. Rev. Lett.
61, 621 (1985).
R.V. Chamberlin, M.J. Naughton, X. Yan, L.Y. Chiang,
S.Y. Hsu, and P.M. Chaikin, Phys. Rev. Lett. 60, 1189
(1988).
K. Machida and Y. Hori (unpublished).
W. Kang and D. Jerome, J. Phys. I (Paris) 1, 449 (1991).


