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The transverse magnetoresistance of the Bechgaard salt (TMTSF)2PF6 has been measured for various
pressures, with the field up to 24 T parallel to the lowest-conductivity directionc* . A quadratic behavior is
observed in the magnetic-field dependence of the spin-density-wave~SDW! transition temperatureTSDW. With
increasing pressure,TSDW decreases and the coefficient of the quadratic term increases. These results are
consistent with the prediction of the mean-field theory based on the nesting of the quasi-one-dimensional Fermi
surface. Using a mean-field theory,TSDW for the perfect nesting case is estimated as about 16 K. This means
that even at ambient pressure whereTSDW is 12 K, the SDW phase of (TMTSF)2PF6 is substantially sup-
pressed by the two dimensionality of the system.

DOI: 10.1103/PhysRevB.64.052405 PACS number~s!: 75.30.Fv, 72.15.Gd, 74.70.Kn

I. INTRODUCTION

The Bechgaard salts~TMTSF!2X, where TMTSF denotes
tetramethyltetraselenafulvalene andX5PF6, AsF6 , ClO4,
etc., have a rich phase diagram exhibiting spin-density-wave
~SDW!, metallic, superconducting, and field-induced SDW
~FISDW! phases depending on pressure or anion kind.1 The
stacking of the TMTSF molecules provides a highly aniso-
tropic Fermi surface only consisting of open sheets. For
(TMTSF)2PF6, the SDW transition occurs at 12 K at ambi-
ent pressure. With increasing pressure, the SDW phase is
suppressed and the superconducting phase is induced at 1.1
K above the critical pressure of 0.8 GPa.

The phase diagram of the metallic-SDW and FISDW tran-
sitions for the PF6 salt is well explained by the mean-field
theory based on the nesting of the slightly warped, quasi-
one-dimensional Fermi surface. When the magnetic field is
applied to the SDW state suppressed by the imperfect nesting
of the Fermi surface, the total energy of the SDW is lowered
by the quantization of the closed orbits near the Fermi level.
This corresponds to the fact that the one-dimensional char-
acter of electron band is recovered in the magnetic field. It
has been predicted thatTSDW increases nearly quadratically
with the field in low magnetic fields and shows a saturation
behavior to the transition temperature for the perfect nesting
case in high magnetic fields.2 The magnetic-field dependence
of TSDW is quite sensitive to the degree of the one-
dimensional character of the electron band, i.e., the imperfect
nesting of the Fermi surface. Accordingly, the behavior of
the SDW phase in the magnetic field gives important infor-
mation about the stabilization mechanism and the character-
istic energy of the SDW state.

In this paper, we present the results of resistivity measure-
ments for the SDW phase of (TMTSF)2PF6 under pressure
and strong magnetic fields. We discuss an applicability of the
mean-field predictions and estimate the characteristic energy
of (TMTSF)2PF6 from the data using the mean-field theory.

II. EXPERIMENTS

Single crystals of (TMTSF)2PF6 were synthesized by the
standard electrochemical method. Resistance measurements
along the conductinga axis were carried out using a standard
four-probe dc method. The typical size of the sample was
130.130.1 mm3. Electric leads of 10mm gold wire were
attached with silver paint onto gold evaporated contacts. The
current contacts covered the whole areas of both ends of the
sample for a uniform current. The temperature was measured
using a Cernox CX-1050-SD resistance thermometer cali-
brated by a capacitance sensor in magnetic fields. The
sample was mounted inside a beryllium-copper clamp cell
with Daphne 7373 oil as a pressure medium. It is known that
the pressure decreases with decreasing temperature and the
pressure reduction from 300 K to 4.2 K is approximately
0.15 GPa, irrespective of the initial pressure at 300 K in the
present experimental configuration.3 The measurements re-
ported here were carried out on two samples in fields to 24 T
~sample 1) in a hybrid magnet at the High Magnetic Field
Laboratory, IMR, Tohoku University and in fields to
16 T ~sample 2) in a superconducting magnet at Hokkaido
University.

III. RESULTS AND DISCUSSION

The temperature dependence of the transverse resistance
in (TMTSF)2PF6 for various pressures is shown in Fig. 1.
For every pressure, the resistance shows a steep increase
associated with the metal-SDW transition. The SDW transi-
tion temperatureTSDW is determined from the peak position
in the derivative of the logarithm of these data with 1/T. The
peak height atTSDW decreases with increasing pressure. Al-
though the transition width, which is estimated from the peak
width in the derivative curve, is broadened with decreasing
TSDW, the peak is fairly sharp at every pressure. The tem-
perature and pressure dependencies of the resistance are con-
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sistent with previous results.4 More detailed behaviors of the
resistance will be discussed later.

Figure 2 shows the temperature dependence of the trans-
verse magnetoresistance with the fieldB parallel to the
lowest-conductivity directionc* at 0.48 GPa. In each field,
the resistance shows a steep increase, associated with the
SDW transition, with decreasing temperature. From this fig-
ure, it is clear that the transition is shifted towards higher
temperatures as the field is increased. We determineTSDW
from the peak in the derivative of the logarithm of the resis-
tance with 1/T, which is also shown in Fig. 2. The field
dependence ofTSDW is shown in Fig. 3. At 0.48 GPa,TSDW
increases from 9.8 K in zero field up to 11.4 K at 24 T. This
field dependence ofTSDW is well described by the quadratic
behavior as

TSDW~B!5TSDW~0!1CB2, ~1!

with a constantC. The solid line in Fig. 3 is the best fit of the
quadratic function to the experimental data. The observed
result forTSDW is well described by a quadratic behavior and
there is no saturation even at 24 T.

Figure 4 shows the magnetic-field dependence ofTSDW
for various pressures. With increasing pressure,TSDW de-
creases and the coefficientC of the quadratic term increases.
These results are qualitatively consistent with the prediction
of the mean-field theory.2 The solid line in Fig. 4 is also the
best fit of the quadratic function to experimental data. We
obtain the coefficientC from the fitting and summarize the
relation betweenTSDW and the coefficientC in log-log scale
in Fig. 5. We also plot the earlier data for (TMTSF)2PF6 for
comparison.5–7 There is good agreement between the present
result and previous ones, although a slight scatter is seen in
the high pressure.

From the observed curvature of the coefficientC of the
quadratic term as a function ofTSDW for various pressures,

we can determine several important parameters for the SDW
transition in a mean-field theory.8–10 The dashed line in Fig.
5 is the fit of this theory to the experimental data under low
pressure and the agreement is good. The fit givesTSDW cor-
responding to the perfect nesting case asTSDW0

516 K and

Fermi velocityvF51.033105 m/s, with a lattice parameter
along theb8 axis of 7.7310210 m. From these parameters,
we can determine the imperfect nesting parametere0 /D0
wheree0 is the energy parameter characterized by the devia-
tion from perfect nesting andD0 is the SDW order parameter
at T50 K for e050. At ambient pressure whereTSDW is 12
K, we obtaine0 /D050.8 for (TMTSF)2PF6. Although the
value ofe0 /D0 is somewhat large in comparison with previ-
ous estimates,4 this parameter is consistent with the value
estimated from the analysis of the scanning turnel micro-
scope ~STM! spectroscopy.11 We summarize the value of
TSDW ande0 /D0 obtained from this fit for various pressures
in Table I. It should be noted that even at ambient pressure
whereTSDW is 12 K, the SDW phase of (TMTSF)2PF6 is

FIG. 1. Temperature dependence of the transverse resistance in
(TMTSF)2PF6 for various pressures. Data are for sample 2. The
straight lines show the apparent activation behavior.

FIG. 2. ~Top! Temperature dependence of the transverse magne-
toresistance in (TMTSF)2PF6 at 0.48 GPa in a constant field along
the c* axis as indicated.~Bottom! Logarithmic derivatives of the
data. Data are for sample 1.
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substantially suppressed by the two dimensionality of the
system.

According to a more general description for the SDW in
the magnetic field based on the mean-field theory,8,9 the
magnetic-field dependence ofTSDW is described by

lnFTSDW~B!

TSDW0
G. (

l 52`

`

Jl
2S «0

vb
D

3H ReCS 1

2
1

i l vb

2pTSDW
D2CS 1

2D J , ~2!

whereJl andC are Bessel and digamma functions, respec-
tively, vb5vFeb8B is the cyclotron frequency along theb8
axis, ande is the electron charge. The dashed line in Fig. 3 is
the curve calculated from Eq.~2! using the above param-
eters. The experimental results are well reproduced by the

mean-field calculation, indicating that the values obtained for
these parameters are reasonable. The mean-field calculations
nicely account for the field-induced increase ofTSDW and
explain the absence of saturation behavior in the present ex-
perimental range of magnetic field as shown in Fig. 3. Al-
though the value of Fermi velocity is somewhat small in
comparison with a previous estimatevF51.53105 m/s
from the resistance measurements, which assumed that
(TMTSF)2PF6 at ambient pressure was the perfect nesting
case,4 these parameters are consistent with the fact that there
is no deviation from the quadratic behavior ofTSDW up to 28
T at ambient pressure.5,7

Finally, we discuss the temperature and pressure depen-
dencies of the resistance. As shown in Fig. 1, the transverse
resistance roughly shows an activation-type temperature de-
pendence belowTSDW, however, the situation is much more
complex than in the usual activated insulator. The slope of
the resistance against 1/T that corresponds to the apparent
activation energy slowly decreases fromD522.6 K at
0.5TSDW to D510.0 K below 2 K under 0.21 GPa. These
results are consistent with previous results.7 Usually, one
would expect that the activation energy is simply given by
the minimum value of the gap, asDM5D02«0. With
TSDW0

516 K, e0 /D050.794, and the mean-field BCS rela-

tion for the weak-coupling limit as 2D053.5kBTSDW0
, we

obtain the direct gap 2D0556 K andDM55.6 K for 0.21

FIG. 4. Magnetic-field dependence of the SDW transition tem-
peratureTSDW for various pressures. The full line is the best fit of
the quadratic function.

TABLE I. SDW transition temperatureTSDW and imperfect nest-
ing parametere0 /D0 at five different pressures.

P ~GPa! TSDW ~K! e0 /D0

0.21 11.7 0.794
0.48 10.0 0.889
0.57 8.8 0.935
0.66 6.9 0.979
0.75 4.9 0.997

FIG. 3. Magnetic-field dependence of the SDW transition tem-
peratureTSDW at 0.48 GPa. The full line is the best fit of the qua-
dratic function. The dashed line is the fit using mean-field theory.

FIG. 5. TSDW vs coefficient C of a quadratic term for
(TMTSF)2PF6, together withC for previous results~Refs. 5 and 6!.
The dashed line is the fit of mean-field theory.
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GPa. Although the value of 2D0 is somewhat small in com-
parison with a previous estimate from an optical measure-
ment, where 2D05101 K,12,13 this value is consistent with
the value estimated from the analysis of the STM spectros-
copy, where 2D0558;67 K.11 The value ofDM is much
smaller than the obtained value from the resistance at
0.5TSDW. The activation-type temperature dependence with
the minimum value of the gap is correct only well below the
temperature corresponding to the activation energyDM .
Above and around this temperature, the temperature depen-
dence of the resistance is better defined by considering the
geometrically averaged activation energy of the state
density9 as

DG5AD0
22«0

2. ~3!

From this definition, we obtain the geometrically averaged
activation energyDG517 K for 0.21 GPa. This value is
close to the value of the apparent activation energy around
0.5TSDW. The slow decrease of the apparent activation en-
ergy with decreasing temperature can be explained by the
crossover from the geometrically averaged activation energy
DG to the activation energyDM . With increasing pressure,
the apparent activation energyD at 0.5TSDW decreases from
22.6 K for 0.21 GPa to 5.5 K for 0.75 GPa. These results are
also consistent with previous results.4 With increasing
pressure, the ratio of the apparent activation energy at
0.5TSDW to DG becomes large as shown in Fig. 6. According
to the mean-field theory, the temperature dependence of or-

der parameter becomes stronger with increasing two dimen-
sionality of the electron band and an increase in order pa-
rameter with decreasing temperature gives a steep decrease
in the number of electrons activated across the gap.10 As a
result, the apparent activation energy modified by the tem-
perature dependence of the order parameter increases with
increasing pressure and the pressure dependence of the ratio
of the apparent activation energy at 0.5TSDW to DG can be
explained by this temperature dependence of the order pa-
rameter. Finally, the temperature dependence of the resis-
tance belowTSDW is successfully explained by the mean-
field theory with the same parameters as in the discussion for
TSDW.

IV. CONCLUSION

We have measured the resistivity in the SDW phase of
(TMTSF)2PF6 under various pressures and magnetic fields
parallel to thec* axis. The SDW transition temperature in
zero field decreases with increasing pressure. When the mag-
netic field is applied to this SDW phase suppressed by the
pressure,TSDW recovers its value. The field dependence of
TSDW is described by a quadratic behavior and the coefficient
of the quadratic term increases with increasing pressure.
These results are consistent with the prediction of the mean-
field theory based on nesting of the Fermi surface. We have
determined the SDW transition temperature for the perfect
nesting case asTSDW0

516 K and the imperfect nesting pa-

rametere0 /D050.8 for (TMTSF)2PF6 at ambient pressure.
This means that the SDW phase of (TMTSF)2PF6 at ambient
pressure, whoseTSDW is 12 K, is suppressed by the two
dimensionality of the system. The temperature and pressure
dependencies of the activation energy in the SDW phase of
(TMTSF)2PF6 are also well explained by the mean-field
theory using the same characteristic energy in the SDW state
by taking into account the geometric average of the state
density.
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FIG. 6. Pressure dependence of the apparent activation energy at
0.5TSDW (d) and the geometrically averaged activation energyDG
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