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The family of organic conductors (TMTSF)2X, where TMTSF is tetramethyltetraselenaful-
valene and X =PF6, AsF6, SbF6, NO3, or BF4, has been studied using electron-spin-
resonance techniques. Linewidth, g-tensor, and susceptibility data, as functions of temperature
and orientation, are reported. The results imply an overall similarity among the members of the
family, but some striking differences in detail are observed. %e introduce a phenomenological
model which explains some of the features of the linewidth anisotropy and temperature depen-
dence. The paper includes a discussion of the metal-insulator transitions in terms of a spin-
density-wave description.

I. INTRODUCTION

The family of materials (TMTSF) 2&, where
TMTSF is the organic donor tetramethyl-
tetraselenafulvalene and X is an inorganic anion such
as PF6, AsF6, SbF6, NO3, or BF4, is proving to
be a remarkable series of organic conductors.
Room-temperature conductivities' are of the order
103 0 'cm ', with a two-orders-of-magnitude in-

crease on cooling. The metal-insulator transition
temperatures' are relatively low, lying in the range
10—20 K (except the BF4 compound which changes
phase at 38 K). Superconductivity has been ob-
served' ' at 1 K under pressure of order 10 kbar.
There is a growing body of evidence6 ' that the na-

ture of the metal-insulator transition, at least in the
hexafluorophosphate, may not be, as initially as-

sumed, a Peierls instability, but rather has some mag-
netic origin such as a spin-density wave.

A comprehensive study of this series of com-
pounds is particularly appealing because of the
number of members, differing only in the anion.
Although a complete set of crystal structures is not
yet available, the similarity of external morphology,
of electrical conductivity, of thermopower and of the
ESR spectra reported here strongly suggest that the
materials are more or less isostructural. In the PF6
complex there is known' " to be only one chain of
organic TMTSF molecules within the unit cell. This
structural feature persists in the other cases, ' and
the analysis of data should be much simpler than for
the two-chain organic conductors. " The different
inorganic counterions can be expected to lead to rela-
tively subtle'changes in intrachain spacing (i.e.,
bandwidth), interchain spacing and setting angle (i.e.,

transverse hopping integral and Coulomb interac-
tion), polarizability (i.e., screening), and molecular
symmetry (i.e., lattice dynamics). Thus, while we do
not wish to imply that organic metals are in any way
"simple, " it might be possible perhaps for the first
time, to explore in a systematic way, the effects of
various kinds of interaction (intrachain and inter-
chain Coulomb, electron-phonon, transverse hop-
ping) on the one-dimensional electron gas.

In this paper we report the ESR spectroscopy of the
family of materials (TMTSF) 2X where X =PF6,
AsF6, SbF6, NO3, and BF4 . The temperature
dependence and anisotiopy of the ESR linewidth, g
factor, and susceptibility have been obtained. The
gross spectral features of all the materials are similar,
but, as expected on the basis of the discussion in the
preceding paragraph, there are many differences in
detail. While there are still insufficient other data
available to permit a systematic analysis, our results
indicate that it will fruitful to study the series of ma-
terials as a whole and not to concentr'ate on individu-
al members of it.

The paper is arranged as follows: in Sec. II we out-
line the experimental method and the data analysis,
including a discussion of Dysonian line shapes in
quasi-one-dimensional conductors; the results of the
experiment are given in Sec. III, beginning with a
description of the generalities then passing to the
features which seem peculiar to a given material or
subset of materials; Sec. IV is a discussion and in-
cludes an analysis of the linewidth, its temperature
dependence and anisotropy on the basis of a new
phenomenological approach; there is also a compar-
ison of the behavior near the respective metal-
insulator transitions; finally, in Sec. V, we give a
summary, our conclusions and some conjectures.
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II. EXPERIMENTAL

A. Sample preparation

Single crystals of the (TMTSF) 2X compounds were
obtained by the following procedure: A 10 3M solu-
tion of gradient-sublimed TMTSF (Ref. 14) in dry
deoxgenated spectrograde CH2C12 containing the ap-
propriate supporting electrolyte (R4NX) in 0.1—0.5M
concentration was oxidized at a platinum anode at
constant current (5 pA, 0.25 cm2 Pt) in a sealed cell
to approximately 70% conversion. The resulting
black crystals were harvested, ~ashed twice with cold
CH2C12 and vacuum dried. No special precautions
were taken to protect the crystals except to store
them in sealed containers. Microanaiysis (C,H, N) in
all cases indicated perfect 2:1 stoichiometry.

S. ESR spectroscopy

Spectra were obtained by using a home-built X-

band homodyne spectrometer of standard design.
The klystron frequency (-9,4 6Hz) was stabilized
using an independent high-Q cavity in the wave-

meter mode, and was measured with a Hewlett-
Packard model 5245I frequency counter. Stability
and precision were on the order of 10 kHz. The
double-arm spectrometer was tuned for absorption, a
condition which simultaneously minimizes klystron
amplitude noise. The maximum power which could
be delivered to the sample cavity was on the order of
200 m%. The sample cavity was a Brucker B-
ER400XUR Universal Resonator, in its TEip2 mode
with a Q of order 7000. Hence, the maximum radio-
frequency field at the sample was Hi '" -0.4 6,
Normal operating levels were —30 to —10 dB from
the maximum, which has only used to make satura-
tion studies.

Samples were mounted on a nylon holder inside a
standard 4-mm spectrosil quartz ESR tube and sur-
rounded by 1-atm He exchange gas. Cooling and
temperature control were achieved using an Oxford
Instruments ESR9 continuous-flow. helium system.
This apparatus uses an iron: gold-Chromel thermo-
couple which was cheeked using a Curie-like dilute
spin system and found to be accurate to within 1 K at
20 K provided that a sufficient helium-flow rate was
maintained. The sample was located at the central
antinode of the Hi field in the cavity. Hi was verti-
cal and the static field Hp horizontal. The sample
could be rotated round a vertical axis using a
homemade goniometer.

The static field was obtained with a ovarian 6-in.
magnet and V2200A power supply, and controlled
with a Varian Fieldial Mark 1 (Hall effect) regulator.
The absolute magnitude of the magnetic field at the
sample position was obtained by observing the reso-

nance of a diphenylpicrylhydrazyl (DPPH) sample, and
using the frequency counter. For the most accurate
g-value determination the sample and a DPPH mark-
er were put simultaneously into the cavity.

The magnetic field was modulated at 1400 Hz us-

ing the coils attached to the Bruker cavity. Standard
lock-in detection methods were employed and the
first derivative signal, S(H) was recorded and digi-
tized (1024 points) with a Nicolet model 1170 signal
averager. The digital data were subsequently
transmitted to a Prime 400 computer for analysis.

The data were fit in general to the expression for
the derivative of a Lorentzian absorption line

—2w (H -H, )r'
[(H-H )'+r']' '

where A is the amplitude, I" is the width, and H, is
the center field. At high temperatures, where all
lines were broad ( &100 6) it was necessary to in-
clude a-sloping baseline in the fit. Such a fit was
found to lie within the noise to fields (H H, ) up t—o
10 (at 300 K) or 20 (near 20 K) times the linewidth.

The susceptibility results given below were ob-
tained as the product A I'. The absolute magnitude
of each room-temperature susceptibility was mea-
sured by direct comparison with tetrathiofulvalene-
tetracyanoquinodimethane (TTF-TCNQ) (Refs. 15
and 16) which also has a Lorentzian line. ""

C. Asymmetric line shapes

In all measurements with the static field, Hp, paral-
lel to the highly conducting axis, and in some sam-
ples with a transverse field at low temperature an
asymmetric, i.e., Dysonian, ' line was observed.
Such behavior is easily understood in terms of the
eddy currents which circulate in the plane perpendic-
ular to the radio frequency field, Hi, and hence sam-

ple two components of the conductivity tensor. If
the conductivity is sufficiently high the currents will

shield the rf radiation and a skin-depth picture must
be used. In this section we shall show that the con-
ductivity tensors of the (TMTSF)2X family are such
that the spin motion may be neglected (i.e., the time
for an electron to diffuse through the skin depth, TD

is very long compared to the relaxation time, T2) and
that the signal is therefore proportional to a linear
combination of the real and imaginary susceptibili-
ties. '9

Consider the electromagnetic radiation incident on
the sample shown in Fig. 1. Hp is along the z axis,
Hi along x and we consider separately the radiation
fields having electric vectors polarized along the y
and z axes. The penetration of the wave with z polar-
ization is determined by the conductivity o,. (%e as-
sume for simplicity that the conductivity tensor is
aligned with the system of axes chosen. ) Hence the
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the signal to the form
H

24

S = (ox'+bX"),

,
H)

~~ E(i)
where X' and X" are the real and imaginary suscepti-
bilities associated with a Lorentzian absorption pro-
file.

E

III. RESULTS

FIG. 1. Sample and field geometry used in the discussion
of Dysonian line shapes.

skin depth for propagation in the +y direction, (cgs)

h.~
= c /( 2 wa, co) ' (2)

On the other hand, the time for an electron to dif-
fuse through this skin depth is determined by the
conductivity 0-~. For a "worst case" analysis, the dif-
fusion, is via band motion with scattering and there-
fore the shortest diffusion time

A. Temperature dependence of the linewidth

In this subsection, as in the other parts of this sec-
tion, we shall describe first the features which are
common to all-members of the series. Then we shall
point out the details in which they differ.

The temperature dependence of the linewidth,
I'( T), for all five compounds is shown in Figs. 2—4.
The room-temperature widths are all in the range
150—300 G. Below room temperature the widths de-
crease, approximately linearly with temperature down
to about 100 K, at which point there is a knee and
below which the temperature dependence is faster,

Tp = Xy/Dy = ne c /2n op o, ru Wy (3a)
I l l

I
I I I I

Tp =ne c /2n'ohio, ruW,
g

(3b)

where D~ is the diffusion constant and 8'~ is the
bandwidth for propagation in the +y directions. (Use
of the Einstein relation gives a longer diffusion time. )
Similarly for the wave polarized along y
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AsF
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To estimate this time when the z axis is that of
highest conductivity and y is next highest, take
o, =10' 0 'cm ', o~=10' ft 'cm ' (their highest
values, "0attained at 20 K in TMTSF2PF6) and
8', =1 eV. Then TD &10 'sec. The minimum

linewidth is of order 5 0, hence T2 10 ' sec.
Therefore, we conclude that the condition TD » T2
is very well satisfied over the entire temperature
range of measurement.

The static spin (or Bloembergen2') limit of
Dyson's skin-depth theory' therefore applies. In this
situation each electron sees an H~ with a phase which
is constant in time but spatially varying through the
sample. The effect on the spectrometer signal is to
mix the real and imaginary parts of the susceptibility.
Since the rf field is also attenuated within the sample
the magnitude of the signal is lowered by an amount
which depends on the geometry of the sample and its
depolarization factors. Since it is impossible to solve
in full the boundary-value problem for an arbitrarily
shaped crystal'~ (most samples were needles of irreg-
ular cross section) we have chosen to treat the signal
amplitude as an additional fitting parameter, i.e., to fit
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FIG. 2. Linewidth of three of the compounds studied.
The field Ho was transverse to the needle (highly conduct-
ing) axis. The inset is an expansion of the low-temperature
region.
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but still decreasing with decreasing T. The width
then seems to level off in the temperature range just
above the metal-insulator transitions.

The most striking difference in behavior among the
various materials occurs in the region of the respec-
tive metal-insulator transitions ( Tisr~). In the case of
the hexafluorides (PF6, AsF6, and SbF6 in Figs. 2
and 4) the linewidth increases abruptly, a factor of
order 10, as the temperature is lowered by 1 or 2 K.
The linewidth in the nitrate (Fig. 3) shows no
dramatic behavior in the neighborhood of its metal-
insulator transition. Finally, at the much higher tran-
sition in the perfluoroborate the linewidth falls sharp-
ly within a few kelvin below T~l, to a limiting value
of 2 0, i.e., —,0 th of its value just above T~f.

Thus, already from the linewidth we can see that,
while the overall features at high temperature are
quite similar, there are distinct differences among the
materials, especially in the region of their transition
temperatures.

FIG. 3. Linewidth of (TMTSF)2NO3 for three field orien-
tations. The a direction is the conducting axis. "s2" is the
direction normal to the broad face of the crystal.
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B. Linewidth anisotropy

It is clear from Figs. 3 and 4 that there is consider-
able anisotropy in the linewidth. We decided to ex-
amine the two materials shown there (the NO3 and
PF6 complexes) in more detail. The linewidth of
(TMTSF)2NO3 versus the static-field direction in the
plane transverse to the conducting axis is shown, for
various temperatures, in Fig. 5. Our data for the
hexafluorophosphate, which has similar behavior,
have been published previously. 6
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FIG. 4. Linewidth of (TMTSF)2PF6 for parallel and per-
pendicular field orientation. The linewidth for H llc is
roughly midway between the extrema in the perpendicular
plane. {SeeRef. 6.)
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FIG. 5. Linewidth anisotropy of (TMTSF)2N03 in the
perpendicular plane.
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The anisotropy may be summarized as follows: the
linewidth for static field along the highly conducting
axis is 30% to 50% less than that in the perpendicular
plane; comparison with the g-tensor data (to be dis-
cussed below) shows that, in the transverse plane,
the linewidth is largest for the same direction the g
shift is largest; the temperature dependence of the
relative anisotropies are rather weak, i.e., all com-
ponents of linewidth have roughly the same tempera-
ture dependence, including the region of the transi-
tion. .

C. Susceptibility
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The absolute magnitudes of the room-temperature
susceptibilities are given in Table I. These values
were measured, as discussed in Sec. IIB, by compar-
ison with TTF-TCNQ. The temperature dependences
of the susceptibilities, Xss&( T), of all five materials
are shown in Figs. 6 and 7, the absolute magnitudes
being obtained by normalization to the room-
temperature value of each material. To within exper-
imental accuracy the susceptibility is isotropic in
static-field orientation. The data shown are for field
directions transverse to the conducting axis.

Well above the metal-insulator transitions the gen-
eral behavior is for the susceptibilities to increase
rather weakly with temperature, in the manner of
most of the highly conducting, nondisordered,
segregated-stack organic metals which have been
studied to date. ' ' lt is worth commenting that,
in this temperature range, the static susceptibility
(corrected for core diamagnetism) of (TMTSF)2PF6
follows precisely Xssa(T), and, therefore, we con-
clude that the ESR signal corresponds to the entire
conduction-electron susceptibility. The similar

~ ~t i s t I i i i i l

loo 200
TEMPERATURE (K)

300

FIG. 6. ESR susceptibilities of four of the compounds.

overall behavior for the other materials strongly sug-
gests that the same holds true for them, but this is a
question which remains to be conclusively proved.

In the case of the nitrate, hexafluoroarsenate, and
antimonate there is a gradual roll-off of the suscepti-
bility between about 40 K and TMI. This is the same
region in which the line shape, even in the transverse
plane, is becoming asymmetric in these materials.
The reduction should, therefore, be attributed to
skin-depth limiting of the radiation field within the
sample (see Sec. IIC) and not to intrinsic effects.

At the metal-insulator transitions, as obtained by
independent transport measurements, the ESR inten-
sity disappears very rapidly for all the materials.
Note that this is not merely a consequence of reduced
signal due to the increased breadth of the line; the ESR

TABLE I. Properties of the various members of the (TMTSF)2X family. TMI" is identified as

the midpoint of the rapid decrease in ESR intensity. The bandwidth is calculated assuming a Pauli

susceptibility. The given range reflects the temperature dependence of the susceptibility in the me-

tallic state.

Anion

XEsR(300 K)

(10 cm /mole)

y ESR
MI

XEsR(rM, )

xEsR(300)

Bandwidth

(eV)

PF,—

AsF6

SbF6

NO3

BF4

2,3 +0.2

4.5+0.4

6.0 + 0.5

2.5+0.3

6 +2

18+2

15

15

10

40

0.50+ 0.05

0.85 + 0.05

0.65 + 0.05

0.65 + 0.05

0.60 + 0.05

0.25—0.50

0.13-0.15

0.10—0.15

0.23—0.35

0.1-0.2
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FIG. 7. ESR susceptibility (normalized to its room-
temperature value) of (TMTSF)2BF4. The absolute uncer-
tainty in XEsR is rather large for this compound. (See Table
r.)
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The principal components of the g tensor for all
materials are typical of those for the TMTSF radical
cation. ' As an example we show the data for
(TMTSF)2NO3 in Fig. g. We have shown previous-
ly, 6 for (TMTSF)2PF6 whose crystal structure is
known, that the principal axes of the g tensor are
aligned, to within our accuracy, with the molecular
axes. The values for the hexafluorophosphate (at
room temperature) and for the nitrate are summa-
rized in Table II, and are comparable to the values
obtained on other TMTSF salts by %alsh et al."
The largest g value corresponds to the long axis of
the organic molecule, which is rotated 26' from the
c' axis of the PF6 structure. '" The intermediate g
value lies along the short axis of the molecule. The
minimum g is perpendicular to the molecular plane
and hence (nearly) along the conducting direction.
In (TMTSF)2NO3 g,„occurs when Ho is perpendicu-
lar to the largest flat face of the lathelike crystal.
Therefore, we are led to conclude that the crystal
packing of the nitrate is different from that of the
phosphate, the molecular axis being parallel to a ma-
jor direction of the reciprocal lattice.
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susceptibility which we discuss is the integrated inten-
sity (i.e., the product A I'). The width of the transi-
tion region, i.e., the temperature range over which

XEsR drops from its relatively constant high-
temperature value to zero, is of the order of 1—2 K,
the same range over which the linewidth increases in
the hexafluorides, and decreases in the perfluoro-
borate. The center of this range is used to define a

T~g as given in Table I.
Again, there are small differences in detail among

the susceptibilities of the various materials. The ratio
of the susceptibility just above the transition to that
at room temperature varies from 50% for the phos-
phate to 85% for the arsenate. Indeed the latter ma-
terial is unusual in that it has a broad minimum in its
susceptibility near 100 K. Since the linewidth of the
BF4 compound decreases below its metal-insulator
transition we were able to follow it to very much
lower temperature (Fig. 7). The signal never com-
pletely disappears but rather gradually evolves into a
Curie tail. The perpendicular g value although show-

ing a distinct minimum near 40 K, varies continuous-
ly and only by a few parts in 103 throughout the en-
tire temperature range indicating that the paramag-
netic defects reside on the TMTSF cations.
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FIG. 8. Temperature dependence of the principal com-
ponents of the g tensor of (TMTSF) 2N03. Solid symbols
are data analyzed according to Eq. (1), open symbols Eq.
(2).
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NO3 VF,
—

g max

gint

gmin

2.047(2)

2.036(2)

1.994(1)

2.043 (2)

2.027(2)

1.989{1)

TABLE II, Comparison of the principal components of
the g tensors of (TMTSF)2NO3 and (TMTSF)2PF6.

with increasing temperature. Such behavior, in addi-

tion to the variation from material to material, is
clearly in contradiction with the idea of a g tensor
which is uniquely defined by the molecular species.

The temperature variation of the g values is more
pronounced in the transition region of each material
(see Figs. 8 and 9 and especially, Fig. 10). Some
components turn up and some down on cooling
through T~l', as far as we can tell at the moment,
there is no systematic trend in this variation. It does,
however, reveal the development of sizable local
magnetic fields at the transitions, especially those of
the hexafluorides.

Our (somewhat less accurate) measurements of the

g tensors of the other members of the series show
that there is some variation between compounds in
the values of the components.

IV. DISCUSSION

A. General features

E. Temperature dependence of g
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It is clear from the data of Fig. 8 that the g values
for (TMTSF) 2NO3 are, within experimental accuracy,
not dependent on temperature. The PF6 material,
shown in Fig. 9, has all components of g decreasing

The phenomenon of conduction-electron-spin reso-
nance in organic metals has, in the past, provided
some useful insight to the electron dynamics in this
class of materials. At the same time, many unsolved
problems of interpretation still remain because there
is, as yet, no complete theory for the g-value and re-
laxation rate. The pioneering work of Overhauser, '
Elliott, and Yafet, who gave theories for isotropic
conductors, has been frequently used as a starting
point in the discussion of one-dimensional (1D) met-
als. Several important points have emerged from the
consideration of their theories: the matrix element
for one-dimensional backward scattering (kF to kF)—
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FIG. 9. Temperature dependence of the g factors of
(TMTSF)2PF6 in three mutually perpendicular directions.
The principal directions in the plane transverse to a are 40'
away from the directions shown (see Ref. 6),

FIG. 10. Temperature dependence of a transverse g value
for (TMTSF)2SbF6 showing particularly clearly the variation

near T~q.
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accompanied by a spin-flip vanishes because of time-
reversal invariance"; the relaxation process is there-
fore dominated by interchain motion which is rela-
tively slow and hence leads to narrow lines in 1D
metals relative to 3D systems with comparable spin-
orbit interaction; this interchain motion is, however,
fast enough to average the different g factors in two-
chain organics, ' and, therefore, to allow the decom-
position of the susceptibilities on each chain.

In this section we shall address ourselves particu-
larly to the following features of the data: the sus-
ceptibility; the linewidth in the metallic phase of each
compound, its magnitude, temperature dependence
and anisotropy; and the metal-insulator transition as
it is revealed in the behavior of the linewidths, g
shifts, and susceptibilities. A subsection is devoted
to each of these topics.

B. Spin susceptibilities

The room-temperature spin susceptibilities of all
five compounds lie in the range of 2—6 x10~
cm3/mole.

In a simple one-electron picture the spin suscepti-
bility is inversely proportional to the bandwidth. As-
suming (as in the PF6 structure) two organic
molecules per unit cell, but with a uniform transfer
integral, t~~, and one electron the molar spin suscepti-
bility is

xz = 2 Ng g4s/7l'r~~

where p, g is the Bohr magneton and N~ is
Avogadro's number. The susceptibilities may thus be
used to compute the bandwidths as given in Table I.
Clearly, the values obtained are much less than those
given by thermopower' and plasma frequency' data
(4t~~ —1 eV for all compounds) implying that some
magnetic enhancement mechanism is operative.

The weak metallic-phase temperature dependence
of the spin susceptibility, common to all five materi-
als, is a phenomenon which has been observed in

many of the "best" organic metals, """" ' "
especially those with symmetric organic donors and
conductivity on both cation and anion chains. . The
origin of this temperature dependence has been a
subject of considerable controversy in the past, ' hav-

ing been attributed to one-dimensional antiferromag-
netic correlations, "the appearance of a Peierls-
Frohlich pseudogap, " the consequence of interchain
transfer' or Coulomb interactions, and a type of
motional narrowing in the density of states. ' Since it
is apparent that the metal-insulator transition, in at
least the PF6 and AsF6 (Ref. 9) derivatives, is not
the simple Peierls type, it would seem that the pseu-
dogap explanation" is inapplicable in this case, espe-
cially since 2k~ diffuse x-ray scattering is absent. In
these one-chain materials, interchain transfer cannot

lead to a hybridization gap as it does in two-chain
conductors. Hence this mechanism' may be im-
mediately ruled out.

The motional narrowing argument is harder to deal
with. In the analysis given by Marianer et al. 4' the
bandwidth is reduced by a factor which depends on
the mean free path, I, namely, t,ff rffexp( —all)
where a is the lattice spacing along the chain. Since
the magnitude and temperature dependence of the
conductivities of all five compounds are similar we
would expect similar behavior for the susceptibilities.
Examination of Figs. 6 and 7 and Table I shows that
although the qualitative behavior is indeed rather
similar, there are significant quantitative differences.
In particular, the compounds with the largest room-
temperature susceptibilities (AsF6 and SbF6 ) show
the smallest relative changes (15 and 35'/o, respec-
tively) on cooling. This is the opposite behavior to
that expected from dynamic band narrowing where
the room-temperature enhancement arises from a
very short mean free path.

Although it is tempting to attribute the susceptibili-
ty enhancement and temperature dependence to the
same mechanism in all materials, we are not able to
rule out the possibility that different effects are seen
in different materials. It has been shown "' that
the metal insulator in one or more of the TMTSF
compounds is magnetic in origin. Therefore, it is na-
tural to assume that magnetic correlations in the me-
tallic phase are at least partly responsible for the sus-
ceptibility behavior.

C. Spin relaxation in anisotropic
conductors: Line~idth

The problem of ESR linewidths and relaxation
rates in organic conductors has been one of the most
unyielding. Some of the difficulty may be attributed
to the variation in behavior among the various ma-
terials studied: in TTF-TCNQ and most of its deriva-
tives"' the linewidth above the metal-insulator
transition is a decreasing function of temperature; the
TTF halides ' and pseudohalides, 44 the (TMTTF) qX
family" and the (TMTSF)qX family discussed in the
present paper all have linewidths which increase with
temperature; NMP-TCNQ (Ref. 45), TMTTF-TCNQ
(Ref. 42), and TMTSF-DMTCNQ (Ref. 42) (NMP
is N-methylphenazinium, TMTTF is tetramethyl-
tetrathiafulvalene, DMTCNQ is dimethyl TCNQ) ex-
hibit behavior which is a nonmonotonic function of
temperature throughout the conducting temperature
range. Clearly, there must be a variety of relaxation
mechanisms to consider, and different materials fall
into different regimes. Tomkiewicz has discussed the
roles of Peierls fluctuations, ' changing density of
states4~ and dipolar interactions. 43 In the (TMTSF)qX
family the data of Figs. 2 and 6 show that the
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linewidth variation is much more dramatic than the
density of states. Moreover, in such a highly con-
ducting material dipole broadening will be completely
narrowed out by the rapid electronic motion. There-
fore, one must look for another mechanism to ex-
plain the linewidth behavior.

In the following paragraphs we shall examine the
roles of the spin-orbit interaction and interchain hop-
ping from a somewhat unconventional but, we

hope, useful point of view. Our model is entirely
phenomenological and appeals more to physical intui-
tion than to mathematical rigor. Nevertheless, it pro-
vides suggestive results and we hope that it might
serve to stimulate a more detailed discussion of re-
laxation in anisotropic metals.

Consider first, the high-temperature regime:
kT ) taoD, t~, where aoD is the Debye frequency and t&

is the transverse hopping integral. (For simplicity we
shall assume isotropy in the plane perpendicular to
the chain direction. ) Motion along the chain is band-

like, whereas transverse motion is diffusive. The
electrons are therefore best described by quantum
numbers (k„ij) where k, is the momentum along
the chain (a) direction and i and j label the chains.
Scattering events for electrons with k, = +kF are
therefore of four types: forward and backward
scattering with and without an interchain hop. If the
electron stays on the same chain, the initial and final
moments are precisely (anti)parallel. Since the
relevant matrix elements will involve ( ki "kf~ [see, for
example, Eqs. (19.4) and (19.5) of Ref. . 30], forward
and backboard scattering on the same chain do not
contribute to spin relaxation.

For interchain scattering we take a phenomenologi-
cal point of view. During the scattering event the
electron wave packet has orbital angular momentum
about some scattering center, and the resulting orbi-
tal moment interacts with the spin via the spin-orbit
interaction. One may think of the orbital motion
creating an effective magnetic field, H, ff, which acts
on the spin. ' Since the same interaction gives rise to
the g shift, Sg, of the electron from the free-spin
value, one obtains

H ff (~g/g)(~/~s)

where b, is a typical molecular-orbital energy differ-
ence and p,~ is the Bohr magneton. Note that the
magnitude of H, ff is of order megagauss, and, since
initial and final momenta are parallel to the chains,
H, ff is always in the transverse plane. Moreover, H, ff

will depend on the component of the g shift in the
same direction in which it acts.

This enormous field only acts for a short time,
namely, the "transit time" of the electron through
the scattering region: a/u» —g/t p where v» is the
Fermi velocity and t~~ is the overlap integral along the
chain. Call the mean interval between scattering
events v~, then the mean-square amplitude of the

field is

(h') =H,'ff (h/rgt p)

This is the quantity which enters the Redfield '
theory of relaxation:

Ti ' = y,' (h„'+ h»') f( our. )

T2
' =y, (h, )f(0) +y, (h„+h» )f(raL)

(sa)

(sb)

where f(cu) is the spectral density of the fluctuating
field, h, and y, is the electron gyromagnetic ratio.
Since the Larmor frequency coL « it/tp,

f (eL, )=f(0) =g/tp, i.e., we are in the motionally
narrowed regime.

Since the axes x,y, z are tied to the external field
Hp, there are two distinctly different cases: (i) Hp II a:
then i = b, y = c and

T& t(II) =2y (h )g/rp=2Tp (9a)

T (II) =T (9b)

T2'(x) =-, Tp' (lob)

Two extremely important points immediately em-
erge: in neither case is T~ equal to T2, and Tj and

T2 are anisotropic, independent of the g tensor.
In order to compare these results with experiment,

it is necessary to estimate the scattering time 7~. This
may be done from the transverse conductivity,
which in the diffusive regime is given by

o; = ne2r;2/kTr j

with r& the lattice constant in the i direction. For
(TMTSF)2PFp o —10 ' 0 'cm 'and o. ~ —10 '

0 'cm ' at room temperature, giving ~q-10 '—
10 ' sec. From the linewidth

1 J ( 3 y, Tp) ' —y, Herr (g/tp) ( 1/rg) —200 6 (12)

and using b -4tt( 1 eV one obtains Tg 10 ' sec
in reasonable agreement with the above independent
estimate. Further, the observed anisotropy in the
linewidths f'(x)/I'(ll) —1.3—1.5 are in good agree-

ment with the model prediction of —,. The discrepan-

cies can easily be explained on the basis of the ob-
served anisotropic g shift in the transverse direction
and with anisotropic scattering rates. In particular
note that the first term of Eq. (Sb) implies a contri-
bution to the linewidth which is proportional to
square of the g shift for the same orientation of ap-

where Tp
' = y, H, rr(h/t p) (1/rj, )'and we still ignore

any anisotropy in the (h', c") plane. (ii) Hpxa then,
e.g. , x=a, i=e, y =b, and

(10a)
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plied field. This is qualitatively what is observed:
compare, for example, Figs. 5 and 8 . However,
since the scattering rate ~~ will also be anisotropic, we
feel it is unreasonable to try to extract more detailed
information on the basis of such a simplistic and
phenomenological model.

Insofar as the transverse conductivity is tempera-
ture independent between 300 and 100 K (o in-

creases by a factor of 3, o ~ decreases by —,) Eqs.
1

(9)~(11) predict that the linewidths vary linearly with
temperature, as observed. This is the temperature
dependence which is expected for phonon-induced
interchain hopping, since for kT )0'em~ the phonon
density is linear in temperature.

At a lower temperature the transverse motion is
believed to become more bandlike and so a different
behavior can be expected. The electron wave packet
now propagates freely with momentum (k„k i,k «).
Further, in the absence of Kohn-anomalous 2kF pho-
nons, the density of phonons with momentum suffi-
cient to give backward scattering will be greatly re-
duced below the Debye temperature. The low-

temperature limiting behavior will then be propor-
tional to T'"+' where n is the power of the momen-
tum dependence of the scattering matrix element';
i.e., Mq, ~+~

—q". The data do display a stronger tem-
perature dependence below 100 K with T to T'
behavior depending on the range over which the
power law is fit. Since there is no unique description
of the data and since there is no fully quantitative
theory for scattering in an anisotropic band structure,
it is not fruitful to press further on this point.

D. Metal-insulator transitions

The behavior of the ESR properties in the neigh-
borhood of the metal-insulator transition tempera-
ture, T~g, may be summarized as follows: the spin
susceptibilities drop very sharply, the g tensors
change, the linewidth variation is different for dif-
ferent materials increasing for PF6, AsF6, SbF6,

- remaining constant for NO3 and decreasing for BF4
as the temperature is lowered. These phenomena are
in marked constrast to the behavior which is ob-
served in the two-chain compounds TTF-TCNQ,
TSeF-TCNQ (TSeF is tetraselenafulvalene), etc. , '3

which are known to undergo Peierls transitions. For
them the linewidth decreases below T~I (Refs. 16,
31, and 42) the susceptibility rolls off smoothly with
a temperature dependence characteristically activat-
ed'5 ~3 ~4 (E„,—3kT~I) and any g shift is attribut-
ed' """~' to changing relative susceptibilities on
the two chains.

The assumption that T~g represents a Peierls tran-
sition in each of these materials must, therefore, be
examined more critically. Germane to this discussion

are two additional measurements which have been
made on (TMTSF)qPF6. there is no evidence of dif-
fuse x-ray scattering at 2kF at any temperature down
to 12 K in spite of the large form factor of the Se
atoms; static susceptibility data ' ' ' show that the
low-temperature phase is magnetic, i.e., that the spin
susceptibility does not vanish at zero temperature as
it does for a Peierls semiconductor. These facts have
led to the suggestion that Tyg is a spin-density-
wave (SDW) transition rather than a Peierls or
charge-density-wave (CDW) transition.

T'he ESR data in the PF6, AsF6, and SbFq com-
pounds tend to support this hypothesis. The large g
shift and abrupt linewidth increase at T~g indicate the
development of local internal magnetic fields as ex-
pected when a magnetic moment localizes in each
unit cell. The disappearance of the ESR signal can
then be explained in terms of either a very broad line
characteristic of a one-dimensional antiferromagnet
well below its mean-field temperature or a shifted os-
cillator strength to an antiferromagnetic resonance
(AFMR) as in a three-dimensional ordered antifer-
romagnet. It is difficult to make quantitative any part
of this description, since there are no available ESR
(or AFMR) data in the low-temperature phase.
However, using typical values for the relevant ex-
change J —t'(U —1000 K, and dipole anisotropy
D —p, s'/a3 —10 ' K which enter the AFMR fre.-

quency, eo~FMR and spin-flop fields, H,f

g~AFMR P BHIf (13)

yields H,f -10"G. This is the same order of magni-
tude as the onset of nonlinearity which is seen in the
static susceptibility"0 (6 kG) and implies that one
branch of the field-dependent AFMR ought to be ac-
cessible. Whether it is visible in a standard cavity ab-

sorption experiment depends on its width.
A possible hypothesis for the appearance of the

two distinct transitions seen in our samples at 17 2
K in transport measurements' and ESR and at 11.5
K in the static susceptibility is then as follows. The
higher temperature represents the onset of a one-
dimensional spin-density wave due to the localization
of some fraction of a magnetic moment at each site.
There is no long-range magnetic order, but there is
still a true phase transition because of the 4k~ CDW

' which accompanies the 2k~ SDW. Since 4kF =a" the
structural transition is not visible in x-ray scattering
as a superlattice, but corresponds rather to the redis-
tribution of charge within the original unit cell. The
exchange potential, with periodicity 2k~, opens a
single-particle gap at the Fermi surface for both up
and down spins and causes the semiconducting trans-
port behavior. ' The ESR line broadens beyond ob-
servability but the change in the static susceptibility is
small, proportional to the amplitude of the SDW.

Within this hypothetical picture the 11.5 K transi-
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tion would be identified as the 3D ordering tempera-
ture of the magnetism: T~. Below T~ the magnetic
response is nonlinear due to spin-flop behavior.

A problem arises because of the different behavior
observed in other laboratories. Chaikin et al. ' ob-
serve a resistive anomaly at 13 K, compared to the
15—19 K range seen by Bechgaard et al. ' Walsh
et al. initially reported the disappearance of the ESR
line below 15 K, but, in more recent work" with
presumably purer samples now quote 11 K. Tom-
kiewicz and co-workers54 find the metal-insulator
transition to be at 12 K and to rise rapidly on alloying
with TMTTF. Clearly then the properties of
(TMTSF)2PF6 are extremely dependent on the pres-
ence of defects, impurities and/or slight non-
stoichiometry. The question of whether the existence
of an intermediate phase, as we have observed, is
stabilized or suppressed by such imperfections must
remain open until more systematic study has been
performed.

V. SUMMARY

The family of organic conductors (TMTSF) ~X has
been found to possess generally similar ESR proper-
ties'. a g tensor typical of the TMTSF cation, a
linewidth which increases monotonically with tem-
perature in the metallic phase, an intensity which is
weakly temperature dependent above T~~ and van-
ishes below it. There are, however, several very dis-
tinct differences in detail among the various
members of the family. The hexafluorides have a
temperature-dependent g tensor, even in the metallic
state; their linewidths increase sharply on cooling

. through T~g ~hereas no rapid changes are seen in
the nitrate linewidth and that of the perfluoroborate
decreases. These differences lead us to believe that
while the materials are generally similar there are
subtle differences in bandwidth, electron-electron in-

teractions, electron-phonon interactions, and inter-
chain coupling. Hence the family provides a series of
crystalline materials which may be used to examine
the predictions of the various theories of the 1D Fer-

mi gas. 5'

The anisotropy in the linewidth I'q/I'~~ —1.3—1.5
can be understood semiquantitatively in terms of a
phenomenological model of interchain hopping and
spin-orbit coupling. This model predicts a difference
between Tj and T2 in such anisotropic metals, as well
as different ratios Tt(ll)/Tt(z) and T2(ll)/T2(l). It
will be amusing to explore these predictions in suit-
able one-dimensional materials (i.e., those with nar-
rower ESR lines than those reported here).

The metal-insulator transition [especially in
(TMTSF) 2PF6] has been discussed in terms of a
spin-density-wave instability. Many features of the
data are at least quantitatively explained by such a
description, whereas a Peierls (or CD%) transition is
almost certainly ruled out. Recent theoretical
work' ' has shown that a quasi-1D Fermi gas which
has moderate interchain hopping is the most likely
candidate for a SDW instability. The optical proper-
ties' of (TMTSF) 2PF6 and the modest pressures re-
quired to stabilize the metallic state' imply that the
transverse bandwidth is indeed significant in this ma-
terial. Whether these same material parameters im-.

ply that the superconducting state is triplet" "in na-
ture is an intriguing question.

Another area which requires further examination is
whether the nature of the metal-insulator transitions
is the same for all materials. The PF6, AsF6, and
SbF6 compounds certainly appear to be similar, but
the static susceptibility behavior remains to be
checked. The different temperature dependence of
the linewidth for NO3 and BFq is puzzling in view
of the equally rapid disappearance of ESR intensity.
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