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Résumé. 2014 Nous proposons dans cette lettre un nouveau mécanisme de diffusion pour la résistivité,
basé sur l’existence de collisions entre électrons et modes collectifs (du type ondes de spins). Ce
mécanisme est d’une efficacité toute particulière dans TTF-TCNQ compte tenu de la proximité
de l’ordre magnétique (U/4 t~ ~ 1). Il conduit à une loi de dépendance de la résistivité à axe b constant
en fonction de la température qui est quasi linéaire et à une connexion entre propriétés de conduction
et propriétés magnétiques dans TTF-TCNQ ainsi que dans les composés dérivés.

Abstract. 2014 We propose a new scattering mechanism for the resistivity based on electron low-
lying collective mode (spin wave like) collisions. This scattering is particularly efficient in TTF-
TCNQ as magnetic ordering is nearly achieved in this material under ambient conditions (U/4 t~ ~ 1).
Also it provides a theoretical quasi-linear temperature dependence at constant b-axis together with
the essential connection noticed between conductivity and magnetism in TTF-TCNQ and all deri-
vative compounds.

LE JOURNAL DE PHYSIQUE - LETTRES TOME 38, 15 DECEMBRE 1977,

Classification

Physics Abstracts
72.20 - 72.15N - 72.80L

1. Introduction. - No generally accepted picture
has yet emerged for the electronic properties of the
charge transfer salt TTF-TCNQ in the metallic region
above 60 K. There exist several different and some-
times mutually exclusive points of view [1, 2].

i) Heeger [3] and co-workers have attributed the
anomalous optical properties, the strong temperature
dependence of the static susceptibility (a factor 2
decrease from 300 to 100 K) and the temperature
dependence of the C 13 Knight shift to a pseudo gap
in the quasi-particle density of states brought about
by strong 1-D charge fluctuations which exist between
a high mean field Peierls transition temperature
and a low 3-D ordering temperature. The DC conduc-
tivity was ascribed to a collective electron-phonon
effect.

In contrast Thomas et al. [4] consider that there
is no need to invoke collective current carrying
excitations to account for the observed conductivity.
The nearly quadratic temperature dependence of the
resistivity in many organic conductors has been

attributed to electron-electron scattering by Seiden
and Cabib [5].

ii) More recently, Conwell [6] has proposed an
explanation of the resistivity by scattering of the
carriers against optical molecular phonons, whereas

Gutfreund and Weger [7] have suggested that the
scattering occurs against the rigid rotations of the
molecules (librations).
The work of Rashba et al. [8] and Madhukar and

Cohen [9] on thermally induced localization might
be appropriate for TTF-TCNQ, since at room tempe-
rature the electronic mean free path as deduced
from the conductivity is of the order of the b-axis
lattice spacing. This indicates that near room tempe-
rature and above conductivity should probably be
treated as diffusive. Consequently the conductivity
would be limited by hopping between localized
states rather than by scattering from one extended
state to another.

iii) Another school (Torrance et al. [10], Jerome
et al. [11]) believes that the on-site Coulomb repul-
sion U might play an important role in metallic

charge transfer salts. The possibility of U being
about the same size as the electron bandwidth 4 tll has
been supported by a wide spectrum of data obtained
at Orsay [12], for which high pressure technique
has proved to be indispensable, in particular the
pressure dependence of the susceptibility [13]. In

attempting to clarify the situation a great deal of
attention has been paid to the measured tempe-
rature dependence of Fermi level properties in the
region 60-300 especially the conductivity and magne-
tic susceptibility.

In particular it has recently been shown by Cooper
and Jerome [14] that the temperature dependence
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of the resistivity can be very misleading due to the
combined effects of the large b-axis thermal expansion
and the fact that all Fermi level properties are anoma-
lously pressure (i.e. volume) dependent [15]. The
corrected temperature dependence of the resistivity
(at constant b-axis) has been derived in reference [14].
As a result the intrinsic behaviour (constant

b-axis) of the resistivity is quasi-linear in tempe-
rature instead of the T 2.3 temperature dependence
at constant pressure [16].

In section 2 we shall discuss the constant b-axis

resistivity in connection with various resistivity
models. A new model for the resistivity, based on
the scattering of charge carriers off spin collective
modes is proposed in section 3. This model supports
the intermediate U picture proposed for TTF-

TCNQ [11]. Finally in section 4 we show how this
new model establishes the connection between conduc-

tivity and magnetism in TTF-TCNQ and all deri-
vative compounds.

2. Constant b-axis resistivity : consequences. 2013

The intrinsic temperature dependence of the constant
b-axis resistivity is shown on figure 1 following a
procedure similar to the of reference [14].
Other properties also show substantial changes

under pressure : the transverse conductivity [17],
the spin susceptibility [13], the NMR relaxation
rate [18] and the ESR linewidth [19]. Therefore
we feel that the actual constant b-axis T dependence
of these quantities should be reduced by this correction.
The particular case of the susceptibility will be the
subject of a separate publication [20]. Recent experi-
ments of elastoresistance on TTF-TCNQ [21] have
shown that the influence of a strain on the b-axis

conductivity is about 10 times larger when the stress
is applied along the b direction than along a trans-
verse direction. Therefore we feel justified in consi-
dering the b-axis conductivity to be sensitive to

deformations of only the b-axis when a single crystal
is put under hydrostatic pressure. Taking into account
the strong volume dependence and the T-like tempe-
rature dependence of the resistivity at constant b-axis

FIG. 1. - a) Experimental b-axis resistivity of TTF-TCNQ bet-
ween 60 and 300 K ; b) Corrected to constant b-axis.

it appears that the resistivity mechanisms based on
scattering against optical molecular phonons [6],
or against librations [7] cannot explain the constant
volume data. Scattering by librations gives a T2
temperature dependence at constant volume instead
of the linear dependence found experimentally. How-
ever the effect of thermal expansion is likely to

increase the exponent of the power law above 2,
since COlib must drop as the volume increases. Any
process based on scattering against acoustical phonons
seems to have to be discarded as well. Such processes
could produce a linear temperature dependence at
T &#x3E; 0~ (~ 100 K). However, the pressure depen-
dence can be related to the pressure dependence of
the electron-phonon coupling constant, A,

High pressure studies of the Peierls transition have
given

in contrast to observed

in TTF-TCNQ. The value of the electron phonon
coupling constant has been derived from the Peierls
temperature [17] namely /) ~ 0.2. This value of À,
together with Hopfield’s relation [22] and the plasma
frequency COp = 1.3 eV would lead for TTF-TCNQ
to a value of the room temperature resistivity which
is roughly 10 times lower than what is observed.
As far as phonon-localization is concerned we

believe that this theory could very well account for
the behaviour of the conductivity in compounds
where static disorder is important such as systems
like D + (TCNQ2) - [23] where D is a non-symmetric
donor molecule, but not for the case of weakly
disordered systems such as TTF-TCNQ. The pressure
(temperature) dependence of 7 = ne2 T/M* can be
decomposed into a pressure (temperature) depen-
dence of n/m* and T. The ratio ~2* can be directly
related to the plasma frequency

Let us first look at the pressure dependence at
300 K.
The density of carriers available for conduction

in the 1-D metal at 300 K and l/m* is proportional
to the charge transfer p and the bandwidth 4 t~I.

Therefore, from eq. (1)
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A volume dependence of kF/b* has been noticed in
X-ray scattering experiments from the so called
4 kF reflections [24, 25]. The position of the 4 kF
scattering shifts towards larger values of p at low
temperatures.
Assuming that kF is sensitive to the b-axis only

and equivalence between high pressure and thermal
contraction we derive :

The slight increase of Dp noticed under pressure
in optical reflectance experiments [27]

is consistant with the pressure dependences of charge
transfer and bandwidth (see equation 2)

to within the accuracy of the Drude fits.
The interpretation of temperature dependences

is not straight-forward since the transverse conducti-
vity undergoes a diffusive to coherent transition

at low temperature [12, 18]. Although this transition
is not actually observed in TTF-TCNQ where a
lattice distortion occurs first at 53 K in cooling,
pretransitional effects have been observed, especially
in the Hall constant below ~ 150 K [28]. For this
reason temperature dependences of n, m* and there-
fore COp are not simply related to the temperature
dependences of kF and tll .
However, small temperature dependences of (Dp

have been observed in TTF-TCNQ between 300 K
and 80 K,

according to various authors [29].
It becomes now clear that the main temperature

and pressure dependence of o- are provided by r.

3. A model for the resistivity. - The possibility
that the on-site Coulomb repulsion U may be of the
same order as the electron bandwidth 4 tp is suggested
by the enhancement and by the temperature depen-
dence of the spin susceptibility, by the enhancement
of the T1 proton relaxation and by very large pressure
dependences of these two quantities. Obviously,
the T1 and X pressure dependences cannot be explained
solely by the band broadening occuring under pres-
sure, since in TTF-TCNQ [13, 18].

whereas

The possibility that TTF-TCNQ may exhibit some
features characteristic of the large U limit, for example
a soft phonon at 4 kF and spin-wave modes at 2 kF
has been proposed by Torrance [10, 30] following
the Hubbard model calculation of the excitation

spectrum of Coll [31]. Emery pointed out also the
effect of the correlations as the origin of the 4 kF
scattering [32].

In addition, Torrance [10] has proposed a des-
cription for TTF-TCNQ based on antiferromagnetic
Wigner waves and Hubbard [33], after calculation
of the various Coulomb interactions, explain the
CDW in terms of Wigner localization of strongly
correlated electrons.
However TTF-TCNQ exhibits may specific fea-

tures that a U = 0 (or small U) model would predict.
The most specular being the existence of Bragg
satellites ± 2 kF away from the main Bragg spots
on X-ray diffraction patterns and a soft phonon
mode at 2 kF. It should also be kept in mind that the
method of approximation used in the interpretation
of 7~ in TTF-TCNQ [18] is in essence a small U

approximation; although the final result we arrived
at was U ~ 4 t~~ . It is for all these reasons that we
took the intermediate U picture for TTF-TCNQ.
So far no appropriate theory exists, for the des-

cription of the intermediate coupling. In particular
it is probably not even right to speak in terms of
Fermi surfaces in a strongly correlated system such
as TTF-TCNQ. We shall now propose an approach
to the problem of the resistivity which is obviously
approximate, but which contains much of the physics
that an exact theory should include. A year ago [11] ]
we suggested a model for the intra chain electron
scattering based on the existence of scattering of
charge carriers by spin fluctuations. However the
agreement between the erroneous T2 temperature
dependence (only true in 3 D) and experiment was
fortuitous since the effect of thermal expansion
was not taken into account.

In I-D conductors the only processes leading
to resistivity involve a momentum transfer of ~ 2 kF
(back scattering). As long as a single band is concerned
electron-electron scattering leads to a 1/r ~ T law
only for a half-filled band (Umklapp processes).
Quasi-elastic collisions between an incident electron
at the Fermi level, with momentum k1 = kF and a
target electron of momentum k2 must satisfy the
momentum conservation law :

(4 kF = Reciprocal lattice vector).
Since the collision is quasi elastic k2 = kF (imposing

a Fermi factor T/TF in 1/r)
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In 1-D, the final states k~ = k~ = - kF are entirely
defined by the momentum relation (1) in contrast
to 3-D where the number of allowed final states

introduces another T/TF factor.
Therefore, electron-electron scattering varying

linearly with T is a property of I-D Fermi surfaces
(as already mentionned by Gorkov and Dzialoshins-
kii [34]).

Since TTF-TCNQ is not a half-filled band charge
transfer salt, intraband weakly correlated e-e scatter-
ings cannot explain the resistivity.
One may also consider e-e scattering between

carriers belonging to two different bands (interband
process). Such a mechanism is however very unlikely
since under ambient conditions the electrons are

confined to a given chain for a duration about
1000 times larger than the scattering time [18].
The excitation spectrum of the 1-D Hubbard

model has been calculated by Coll for a band filling
less than unity [31]. The existence of a non zero
on-site Coulomb repulsion shifts the softening of the
particle-hole excitations from the 2 kF value at U = 0
to 4 kF. Moreover it gives rise to low lying collective
excitations associated with incommensurate anti-

ferromagnetism. The exact solution for the excitations
of a 1-D correlated electron gas has not been produced
yet. But the excitation spectrum can be expected
to show softening of the particle-hole excitations
at 4 kF and at 2 kF, together with some low lying
collective modes similar to the spin waves of Coll’s
model.

Tentatively one can describe the excitation spec-
trum of the intermediate U situation as the super-
position of U = 0 and U &#x3E; 0 spectra, figure 2. In

following this precedure it is implicitly assumed that

FIG. 2. - A schematic excitations spectrum expected for the
intermediate U situation. It includes the free-electron spectrum
with a soft mode at 2 kF and the correlated spectrum derived from
Coll’s calculation [31] with a soft mode at 4 kF and low-lying

collective modes for (C//4 ~ - 1).

coupling between single particle and collective modes
is neglected.
The scattering of an electron at kF off the collective

mode at 2 kF transfers a momentum 2 kF from the
charge carrier system to the collective mode. Then,
momentum 2 kF decays easily to the lattice through
a collective mode-lattice interaction. A spin flip
of the electron occurs during the scattering pro-
cess [35].

Quite generally the scattering time becomes

where S (q) is a scattering amplitude, expressing
the amount of order in the spin system, and Tj is
the characteristic temperature of the collective mode
excitations (A;7j ~ J).

It has been shown [36] that the scattering amplitudes
increase logarithmically with falling temperature for
electrons with momenta close to ± kF. The scattering
amplitude can be derived in the Hubbard model
with U &#x3E; 0, using the so called parquet diagram
approximation and develops a pole at low tempe-
ratures. Actually an exact 1-D treatment of the

scattering amplitude should depress the pole to zero
temperature, because of the large fluctuations. At

high temperature however, when short range order
has not been established it is reasonable to approxi-
mate the exact scattering amplitude by its mean-
field value in the Hubbard model

The electron-collective mode scattering time becomes

provided that r/7j ~ 1

and the volume dependence of 1/r reads

It is clear from eq. (4) that the volume dependence
of the conductivity depends critically on the value
of Un(EF).

Using

and F(2 kF, 300) = 1.36 we derive from (4)

in TTF-TCNQ at 300 K.
From eq. (3) we see at once that the enhancement

factor for the resistivity [1 - Un(EF) F(2 kF, 300)]’~
is ~ 100 at room temperature. So far we have consi-
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dered only charge fluctuations at 2 kF scattered by spin-
waves at 2 kF and consequently a value of the scatter-
ing rate has been derived. However, other pictures
could have been used, for instance charge fluctuations
at 4 kF scattered by a spin wave at 4 kF or 2 spin
waves at 2 kF. But we do not believe that these scatter-
ing channels are likely to give scattering rates signifi-
cantly larger than those proposed above. We wish
to reemphasize that a fully satisfactory model of
the resistivity of TTF-TCNQ requires a correct

treatment of the 1-D ( U ~ 4 (11) electron gas, which
is beyond the scope of this paper.

4. Discussion of the model and conclusion. - A
consequence of the magnetic model for the resistivity
is its extreme sensibility to the b-axis lattice constant.
A 100 % variation of the enhancement factor, (the
difference between constant pressure and constant

b-axis) (see Fig. 1) is afforded by only a 5 % change
of Un(EF) F(2 kF, T), corresponding to a band

broadening

between 300 and 80 K.
The derived value of the band broadening is in good

agreement with the pressure dependence of the

plasma frequency, section 2. In this article we have not
made any distinction between the 2 different chains.
This approach seems justified since Un(EF) derived
from the enhancement of susceptibility, NMR and
the pressure dependence of X is ~ 0.7 in very good
agreement with 0.66 derived from resistivity in this
work.

By analogy with spin disorder resistivity in nearly
magnetic metals [37] we can rewrite the magnetic
resistivity as :

with

apart from factors of the order of n or 2 where

EF = ~2l zF, with the assumption that the ratio of

conducting to magnetic electrons is equal to unity.
In eq. (6), G is the coupling between collective mode
and single particle excitations.
With the usual set of parameters for TTF-TCNQ

TF = 1000 K, Tj - 300 K, Wp = 1.38 eV,

we derive from (5) and (6) Gn(EF) ~ 0.2. This means
that the coupling between single particle and collec-
tive mode excitations around 2 kF is quite signifi-
cant [38]. Otherwise no resistivity is expected from
our model. But this fact indicates clearly that the whole
picture (in particular figure 2) is not self-consistent
and that an improvement of the theory is needed in
a proper treatment of the mode coupling.
The strongly correlated electron system exhibits

three characteristic energies.

i) the exchange energy, J N 300 K,
ii) the coupling between collective mode and single

particle excitations, G ~ 1 300 K,
iii) the on-site Coulomb repulsion, U N 4 000 K.

Actually in Coll’s model [31] J and U are related
since for p = 0.59 el/molecule, J = 1.3 ~/~7, leading
again to U/4 tll ~ 1. The finding of a quasi-linear
law for the constant b-axis temperature dependence
of the resistivity is somewhat puzzling (Fig. 1), when
eq. (3) is taken into account. The scattering amplitude
at constant b-axis depends logarithmically upon

temperature in the mean-field approximation.
However a proper one dimensional derivation of

S(q) should provide a divergence only at zero tempe-
rature and a temperature dependence presumably
much weaker than that given by the mean-field

approximation, justifying therefore the data of figure 1.
Actually, the fact that the scattering amplitude is
not diverging at low temperature indicates the limit
of validity of the mean-field approach. This approxi-
mation becomes probably inadequate for the des-
cription of 1-D spin fluctuations in TTF-TCNQ
below, say, 150 K.
Another problem is the behaviour of the resistivity

in the vicinity of the resistivity minimum

(60  T  100 K).
Between 60 and 100 K the thermal expansion

along the b-axis is at most ~ 0.26 % [39], corres-
ponding to a pressure effect of ~ 500 bars [40].
From our early study of TTF-TCNQ [15] this

pressure effect would result in a 3 % decrease of the
resistivity for a constant b-axis behaviour. Conse-

quently, we may say that the thermal expansion
correction considered above is negligible below 80 K
and that constant pressure or constant volume

resistivity are similar. It is thus apparent that the
quasi-linear temperature dependence observed
between 100 and 300 K does not extend down to 60 K.
The temperature dependence of the resistivity below
80 K follows a power law p ~ 7~ with A &#x3E; 2 for

samples exhibiting resistivity ratios p(300)/p(60) larger
than 10 approximately.
Although we are aware that this temperature

dependence below 80 K may be of great importance
as far as the properties of TTF-TCNQ are concerned
we believe that new and better experiments are needed
in order to give a definite conclusion.

In summary, we have proposed in this article a
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resistivity mechanism for TTF-TCNQ which explains
the large volume dependence of the scattering time.
The model is based on the scattering of particles
against spin wave-like collective modes. This new
mechanism satisfies the requirements of the particular
resistivity properties of TTF-TCNQ, namely an

extreme sensitivity to the bandwidth 4 tll and a quasi-
linear temperature dependence at constant b-axis.
Moreover, this model has introduced the essential
correlation existing between conductivity and magne-

tism in TTF-TCNQ and also among derivative

compounds [20].
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