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Magnetoresistance of the organic superconductor his-tetramethyltetraselenafulvalenium
perchlorate [(TMTSF)2C104]: Kohler's rule
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We report a study of the magnetoresistance of the organic superconductor bis-tetramethyl-

tetraselenafulvaleniurn perchlorate f(TMTSF)2C104] from 1.8 to 20 K in fields up to 79 kG, for current

flow both parallel and perpendicular (c ) to the highly conducting a axis. For the latter, Kohler's rule is

obeyed and the results can be understood in terms of standard theory for an open Fermi surface. We ar-

gue that a is not exactly a principal axis of the conductivity tensor. Then the field dependence of the lon-

gitudinal conductivity can be understood within the same picture. For slowly cooled samples there are de-

viations from Kohler's rule which can be attributed to magnetic breakdown of superlattice gaps.

There is currently much interest in novel conduction
mechanisms in quasi-one-dimensional conductors. One
fundamental question in this field is whether the electrical
conductivity of these unusual materials can ever be under-
stood in terms of the Boltzmann-equation approach
developed for the usual three-dimensional metals. ' A
consequence of the latter is that the magnetoresistance
obeys Kohler's rule (KR), which states that the increase in
resistivity in a magnetic field 0, relative to the zero-field
value po, is a universal function of H/po,

~p/po=f (H/po),

at all temperatures T and fields H.
Although the magnetoresistance of linear chain conduc-

tors is often large, there have been few attempts to see
whether KR applies to this class of material, and as far as
we know, until now no evidence for its validity was
discovered. '

The organic conductor bis-tetramethyltetraselenafulvalen-
ium perchlorate (TMTSF) 2C104 shows metallic p ( T )
behavior and becomes superconducting at 1.2 K. Recently
it was shown that slowly cooled, relaxed (8 ) samples un-

dergo a phase transition at 2S K, ' ~here the lattice period
doubles along b (Ref. 8) due to ordering of the noncen-
trosymmetric C104 anions. Rapidly quenched (Q ) sam-

ples do not show this ordering; they form a spin-density-
wave state below 4.2 K, '9 and superconductivity is
suppressed. ' Recent band-structure calculations" indicate
that the Fermi surface (FS) remains open in R samples at
all T and in Q samples above 4.2 K. There is experimental
support for this from, for example, measurements of sus-
ceptibility anisotropy. '

In this work we report a study of magnetoresistance for
current flow parallel (p~~) and perpendicular (pj) to the
conducting chains for both R and Q samples. We pay espe-
cial attention to KR and to what extent our results can be
understood in terms of classical magnetotransport concepts
and the proposed FS." Other related studies of
(TMTSF)2C104 have focused on p~~ (Ref. 5) and more on
its high-field behavior. ' ' Also they have not made such a
detailed comparison with FS theory at low fields.

Conventional experimental techniques were used, four
electrical contacts being made to the crystals with silver
paste. Crystal dimensions were typically S &0.5 &&0.3 mm'
for p~~, while for pz they were cut to approximately 0.3 mrn

along the a axis. Their orientation was subsequently
checked by x-ray diffraction. For the p q samples this
showed that the current contacts were along the (Ol1) direc-
tion. Taking the known anisotropy, ' the sample dimen-
sions, and the shape of the equivalent isotropic sample'
into account we conclude that our measured values of pq
correspond to p +. This is confirmed by the high room-

temperature value 5 0 cm and the agreement between our

p q ( T ) data in Fig. 1 and independent measurements of

p, (&)."
Measuring currents of 10 and 10 A were used for p~~

and pq samples, respectively; they had room-temperature
resistances of about 1 and 200 0 with resistance ratios in
the range 100-400. The results given here refer to the
orientation at which Ap/p was a maximum at 70 kG and 4.2
K, i.e., approximately Hll c" for p~~ and Hll b' for pq. The

Q state was obtained by allowing the sample to cool rapidly
(30 s) from 40 to 10 K. Because of annealing processes, '
measurements on Q samples were restricted to 12 K or
below.

Figure 1 shows the overall T dependence of p~~ and pq
obtained in these experiments for both 8 and Q states. The
phase transition at 25 K is even more clearly visible in pq of
8 samples than it was in p~~(T), '' and there is evidence
for a second small anomaly near 4.2 K. Corresponding data
for p ~~(T) are shown in the lower part of Fig. 1. In the re-
gion where there are no sharp jumps in resistance due to
microcracks (down to 180 K) a good T' law is obeyed.
Below 20 K p ~~ approximately follows the law 3 +BT .

Figure 2 shows the magnetoresistance data for pq in the
form of Kohler plots. The upper plot shows the most
surprising and striking result of the present work. We find
that for R samples p j (p») follows KR over a wide range

of fields and temperatures, 1.8 to 22 K and up to 78 kG for
hp/p values up to 60. There is an H~ dependence up to
b,p/p=4. The right-hand part of Fig. 2 shows Kohler plots
for Q samples; the results for the 8 state are represented by
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the dashed line. It can be seen that the results for Q and R
samples overlap above about 5 K. Below 5 K Q samples
show increasing deviations from KR. This is qualitatively
what is to be expected for a spin-density-wave state in Q
samples below 5 K.

In contrast to Fig. 2, Fig. 3 shows that KR is not obeyed
for 8 samples when current flows along the a axis. But in
fixed fields a type of KR is obeyed in that Apjpc is propor-
tional to po up to 20 K. This law is also obeyed by in-
dependent data. ' The deviation at 78 kG and 2 K is prob-
ably due to the threshold field, "which is believed to mark a
transition to a spin-density-wave state. ' Above 5.5 K the
Q sample does obey KR, and there is also a tendency for R
samples to approach the Kohler line of Q samples at fields
of approximately 70 kG and also as T is increased above
about 12 K. These points will be explained below in terms
of standard theory' for the conductivity tensor o- of three-
dimensional metals.

The FS is described by the energy dispersion law"

b~= —2tii cosk a —2ti cosk b —2ti cosk c

with t ii
—10ti —100tj . We approximated the actual tri-

clinic structure by a similar monoclinic one with
a ( b =70' and a =3.63 A. For H ll c', the leading terms
in the low-field limit have the form

1 10 &00 T(K)
FIG. 1. Overall view of magnetoresistance results for

(TMTSF)2C104. Sketches of contact geometry are also shown.
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FIG. 2. Kohler plots of the transverse resistivity of
(TMTSF) 2Cl04.

FIG. 3. Kohler plots for the parallel resistivity of (TMTSF)~C104,
the lines of slope 2 correspond to a 1/pc law at fixed H
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and

rr «(H) =(r «(0)+(r, (0)o ««(0)RrrH

In these formulas the larger cyclotron frequency
Qb = eb cos20v, H/tc', where e is the electronic charge, t is
Planck's constant, c' is the velocity of light, and v, is the
Fermi velcoity along a, cob = II br'/rii, r is the relaxation
time, and Rg the low-field Hall constant. All other com-
ponents of o- are equal to their zero-field values. For
Hll b', similar formulas apply, but with b(b') and c(c')
interchanged, the cos20 factor omitted, and a. «(0) =0. At

high fields a- ~, does not saturate but goes as

1/(1+ II,'r').
As usual the magnetoresistance must be determined by

inverting o(H ) -while taking account of the sample

geometry. With use of the formula for R~, it transpires
that our measured values of pq (H), along (011), are dom-
inated by 1/o. ««. The above equations will thus account

for the field dependence of hpq/pq, its magnitude, and KR,
provided that 0,~=1 for R samples at 10 kG and 2 K.
This in turn requires that v, v is 1400a, i.e. , 700 times its
room-temperature value. Such a value corresponds well to
the resistance ratios observed for both p ~~ and p J.' '
Therefore we conclude that at low T and K electron trans-
port along c ' can be understood within the classical
coherent three-dimensional picture, which is not widely ap-
preciated, but has been suggested recently" on other
grounds.

In view of the recent controversy'" regarding a super-
conducting fluctuation contribution to the conductivity, it is
important to see whether our results for p~~(H) can be un-

derstood in the same way. At first sight they cannot be-
cause t b /(re )2 is about 300," and thus the above equations
give Apb/pb a factor 300c'/b 900 s=maller than Ape/pj
for the same r. Experimentally this ratio is about 25 for Q
samples above 6 K, and for R samples it fails from 25 to 4
as K is reduced from 70 to 10 kG. However, a crucial point
is that due to the low symmetry o,'b(0) is not ze. ro. When
the conductivity tensor is inverted to obtain Ap~~/p~~, the
latter contains a o««(H) term. We . find that this term

goes as (6b«) 0 r / ~b, , where v « is the b' component of

the Fermi velocity and the average is over the positive
sheet(s), k, & 0, of the FS. By itself the above dispersion
formula gives too small a value of v to account for Fig. 3.
However, if one takes into account the usual condition that
the FS intersects the zone boundary at right angles, larger
values of ~ + are obtained, and they can easily be high

enough to give /bpb/p~~
—Qbr /10, in agreement with ex-

periment. Thus the magnetoresistance in the Q state and
the KR behavior are understood nearly as well as for pq.

In the R state the doubling of the b lattice parameter in-
creases Ab by a factor of 2b/cos20. If the gaps introduced
by the superlattice are small compared with tq, then v +

averaged over both FS sheets, " and hence o-, (0) will not

be altered. Thus the R samples should have 4.5 times
larger b,pb/pb than Q samples at constant r. As shown in

Fig. 3, this is approximately the case at the lowest fields.

However KR is not obeyed for R samples as it should be in
terms of the above picture. We propose that this is due to
magnetic breakdown across the superlattice gap. As H is
increased above a few kilogauss, magnetic breakdown be-
comes progressively more important, leading to deviations
from KR. At high fields, —70 kG, the influence of the su-
perlattice gap is negligible and this is why the results for R
and Q samples overlap on Kohler plots, as shown in Fig. 3.
If the superlattice gap is large compared with kT and T in-
dependent, then at a fixed field the measured magnetoresis-
tance will be a certain constant combination of the Q and
low-field R values. Thus it should go as 7' or I/po, as is
observed experimentally, Fig. 3. Note that the measure-
ments of pq, which are dominated by I/a. ««(H), will not

be affected by magnetic breakdown, because in this case we
had H II b', and this is why KR is obeyed for pq of both R
and Q samples.

In our case, the usual condition for breakdown becomes,
for Hll c', and an energy gap Eg along b' (NAbt~~)' &Et.
With Qb given as above, taking 2b rather than b, we find
that a field of 70 kG will cause breakdown across a gap
Eg=9.4X10 t~~

—300 K. This is of the required order of
magnitude, namely, kT ( Eg & t q, for the whole discussion
given here to be self-consistent. Magnetic breakdown could
also play an important role in inducing the transition to a
magnetic state " in R samples at about 80 kG, because in
the absence of superlattice gaps the FS nesting wave vector
has been shown" to be nearer commensurability with the
lattice. However more theoretical work is needed to see
whether the above formula does indeed describe breakdown
between two different types of open orbits because it is usu-
ally applied in situations where the high-field orbits are
free-electron-like.

In summary we believe that most of the magnetoresis-
tance measurements reported here for single crystals of
(TMTSF)2C104 at temperatures between 1.8 and 22 K and
fields up to 78 kG can be understood in terms of classical
theory for an open Fermi surface in the relaxation-time ap-
proximation. For current flow perpendicular to the conduct-
ing chains (c'), the magnetoresistance is relatively straight-
forward provided the electron mean free path along the
chains is as high as 1500 lattice constants at 2 K. There are
complications for current flow along the chains; in our pic-
ture, the magnetoresistance is only large because of the low
crystal symmetry. Furthermore, in the relaxed state there
are deviations from Kohler's rule which may be due to mag-
netic breakdown.
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