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The temperature dependence of the resistivity of the organic metals 
and superconductors {3-(BEDT-TTFhI3, {3-(BEDT-TTFhI2Au and O't(BEDT­
TTFhI3 was measured at ambient and at several isotropic pressures (up to 
2.5 kbar). By the application of a relatively low pressure, it is possible to 
measure the term in the resistivity that is linear in temperature. This term 
is masked by the larger T2 term at ambient pressure. It is shown that in the 
temperature range below 120 K, the external modes are mainly responsible 
for the resistivity, while above this temperature the flipping of the CH2 

groups becomes important. The linear electron-phonon coupling cor­
responds to a value of A between 1 and 1.5. 

Introduction 

At room temperature organic metals usually have electrical conductivity 
(0) values not much larger than 1000 (Q cmrl. This value is at least two 
orders of magnitude smaller than that of good ordinary metals (Cu:o = 
5 X 105 (Q cm)-I). This difference in conductivity is understandable, since 
o can be expressed by 

(1) 

(n = number of carriers/cm3, e = elementary charge, I = mean free path and 
PF = Fermi momentum) and n is about two orders of magnitude smaller for 
the organic metal (:::::1021 cm3), since organic molecules are large compared 
to metal atoms and every molecule usually provides only about one 
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conduction electron. In addition, in the organic metals the mean free path 
I is much shorter. For the quasi-one~imensional organic metal TTF-TCNQ, 
with a typical value of 0 ~ 500 (n cm)-l, the mean free path is I ~ 3 A, 
while in the quasi-two-dimensional ambient pressure organic super­
conductors P-(BEDT-TTFhI3 (1) (Tc = 1.3 K, 0 ~ 20 - 50 (n cm- l», 
P-(BEDT-TTFhI2Au (2) (Tc = 4.5 K, 0 ~ 10 - 30 (n cm)-l» and adBEDT­
TTFhI3 (3) (Tc = 8 K, 0 ~ 10 - 30 (n cmrl) I is only about 0.25 A. Since 
in 1, 2 and 3 the stacking axis of the organic donors is of the order of 3.3 
A, this means that the mean free path I is less than 1/10 of the molecular 
separation. This small value of I would suggest a hopping-type conductivity 
rather than a metallic one. However, the temperature dependence of the 
conductivity and of the susceptibility exhibits a metallic behaviour. The 
susceptibility is temperature independent and has the Pauli value [1, 2]. 
Thus, the exceedingly small value of I in the metallic state is something of 
a mystery. 

In this paper we want to discuss the following questions, which are 
important for the theory of the resistivity of organic metals: 

(a) What are the phonon modes responsible for the resistivity? Are 
these external modes, i.e., librations and translations, or internal modes? 
What is the frequency of these modes? 

(b) Is the electron-phonon coupling linear or quadratic in the phonon 
operators? 

(c) How can we account for the extremely high value of the resistivity 
at ambient pressure and temperature in the organic metals 1, 2 and 3? 

Therefore, we have measured the temperature dependence of the 
resistivity p = 1/0 at ambient pressure of 1, 2 and 3 as well as of 1 at 
isotropic pressures between 1.5 and 2.5 kbar. 

Experimental and results 

Single crystals of 1, 2 and a-(BEDT-TTFhI3 were grown by electro­
chemical methods [3]. Crystals of 3 were prepared by tempering a-(BEDT­
TTFhI3 crystals at 75°C for several days [4]. The conductivity measure­
ments were done by the usual four-point method in the ab plane of the 
crystals. The measurements at 1.5, 2 and 2.5 kbar were carried out in a single 
Cu-Be ice bomb [5]. 

Figures l(a), (b) and (c) show the temperature dependence of the 
resistivity at ambient pressure of 1 (I), 2 and 3 in the temperature range 
4 - 300 K. Figure 2(a) shows the temperature dependence of the resistivity 
for a second sample of 1 (II) at ambient pressure as well as at an isotropic 
pressure of 2 kbar (measured from high temperature to low temperature and 
vice versa), while Fig. 2(b) shows the resistivity of a third crystal of 1 (III) 
in the range 4 - 100 K at ambient pressure as well as at isotropic pressures of 
1.5 and 2.5 kbar. In the temperature range 4 -100 K, the specific resistivity 
p was fitted with the following equation: 
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Fig_ L Temperature dependence of the resistivity at ambient pressure of (a) j3-(BEDT­
TrFhl3 (I); (b) j3-(BEDT-TTFhI2Au; (c) adBEDT-TTFhI3-
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Fig. 2. Temperature dependence of the resistivity in the range 4 - 100 K of (a) P-{BEDT­
TTFhl3 (II) at ambient pressure as well as at an isotropic pressure of 2 kbar. (b) 
P-{BEDT-TTFhI3 (III) at ambient as well as of isotropic pressures of 1.5 and 2.5 kbar. 

(2) 

where Po is the residual resistivity. 
The wide range of measured room-temperature resistivities (20 to 100 

mn cm) is apparently due to crystal imperfections as well as to imperfec­
tions in the contacts (evaporated gold films). In addition, sample 1 (III) 
may have some cracks, which are responsible for its high resistance (see 
Fig. 2(a». On the basis of experience with many more samples of this 
material, we believe that an inherent room-temperature resistivity of about 
50 mn cm and a resistivity of about 4 mn cm at 100 K are the best values. 
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TABLE 1 

Parameters Po. PI and P2 of eqn. (2) for crystals of /3-(BEDT-TTFhI3• /3-(BEDT-TTFhIr 
Au and adBEDT-TTFhI3 at ambient pressure and for the temperature range 4 - 100 K 
(see text) 

Po (pU cm) 
PI (pU cm/K) 
P'l (pU cm/K'l) 

TABLE 2 

300 ± 100 
<1 

1.0 

510 ± 170 
negligible 
0.3 

730 ± 180 
negligible 
1.3 

Parameters Po. PI and P'l of eqn. (2) for /3-(BEDT-TTFhI3 (crystals II and III) at ambient 
pressure as well as at several isotropic pressures for the temperature range 4 -100 K 

Po(pU cm) 

PI (pU cm/K) 

/3-(BEDT-TTFhI3 
(II) 

o kbar: 1500 ± 100 
2 kbar: 150 ± 50 

o kbar: 35 
2 kbar: 5 

o kbar: 1.9 
2 kbar: 1 

/3-(BEDT-TTFhI3 
(III) 

o kbar: 560 ± 50 
1.5 kbar: 180 ± 10 
2.5 kbar: 60 ± 10 

o kbar: 9 
1.5 kbar: 7 
2.5 kbar: 9 

o kbar: 0.25 
1.5 kbar: 0.1 
2.5 kbar: 0 

Tables 1 and 2 show the values of Po, PI and P2 for 1 (1),2 and 3 at ambient 
pressure as well as for 1 (II) and 1 (III) at ambient and several isotropic 
pressures. 

Discussion 

The resistivity of 1, 2 and 3 in the ab plane as a function of tem­
perature at ambient pressure has an S-like shape (Fig. 1). We can distinguish 
three regions: 

(i) T < 120 K. In this region eqn. (2) is valid. The values of Po, PI 
and P2 are given in the Tables. P2 is seen to decrease drastically under 
pressure, being essentially zero at P = 2.5 kbar. Po also decreases significantly 
under pressure. At ambient pressure, PI of samples 1 (1), 2 and 3 is essen­
tially zero, while P I of samples 1 (II) and 1 (III) is unreliable because of the 
large value of Po. This result is in accord with measurements of other groups 
[6, 7). PI of sample 1 (III) under pressure, namely about 10 J,ln cm/K, 
seems to be the most reliable value for this parameter. 
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(ii) 120 K < T < 200 K. In this region p increases steeply. The rise of 
p with T is faster than can be described by a T2 law. 

(iii) 200 K < T. p approaches saturation and in particular above 300 K 
p saturates as a function of T. Yet the pressure dependence of p is very 
strong, dIn p/dP = -30%/kbar. 

From our experience with other organic metals [8], the temperature 
dependence of the resistivity by itself is not sufficient to provide an 
adequate theoretical interpretation. Additional sources of information are 
provided by Raman investigations [9], n.m.r. data about the relaxation time 
of the protons and carbons as a function of temperature [10,11] and point 
contact spectroscopy data [12] providing the Eliashberg function a2(w)F­
(w). A recent determination of the electronic band structure [13] is also 
of some value for the understanding of the mechanism of the resistivity and 
the electron-phonon coupling [14] in organic metals. 

(a) The soft mode 
Direct information about the frequency of the phonons responsible 

for the electrical resistivity is provided by the point-contact spectroscopy 
data [12] on crystals of 1. These provide the Eliashberg function a2 (w)F(w) 
as a function of w. A very high peak in this function is observed at 1 mV, 
a shoulder is observed at 4 mV, and a broad peak is observed around 15 mY. 
Above 25 mV, a 2 F is essentially zero. Thus, the frequency range is that of 
the external modes, though around 15 mV there should be some admixture 
of internal modes as well (I3--stretching mode [9]). In particular, the low­
frequency contribution is to a large extent due to low-frequency librations. 
The mode at 1 mV is particularly soft, and such soft modes have not yet 
been observed in organic metals. 

Since the mode at 1 m V is so soft, the amplitude of thermal motion 

should be extremely large (M being the mass of the molecule and w the 
phonon frequency). This should give rise to anharmonic forces, and the 
amplitude (6R 2) should tend to saturate at high temperature. Also, the 
large value of (6R 2) causes the quadratic interaction of this mode to be 
particularly strong. Pressure should also have a dramatic effect on the 
frequency of this soft mode. In this way we can account for the strong 
reduction of the quadratic term P2 at low pressures, and also account (in 
part) for the saturation of the resistivity at high temperatures. 

We should note that saturation of the resistivity is observed in TTF­
TCNQ under constant volume conditions [15] and is accounted for by 
lattice anharmonicities. Here, because of the softness of the mode, lattice 
anharmonicities are much larger and may account for the saturation 
observed already under constant pressure conditions. 
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(b) The flipping of the CH2 group 
N.m.r. data in the temperature region 4 - 300 K [10, 11] show that 

the CH2 groups at the ends of the BEDT-TIF molecules are frozen below 
120 K and become free above this temperature, with an activation energy 
of about 0.1 eV. The sharp rise of the resistivity in this temperature region 
may thus be attributed to these internal modes. Once the CH2 groups flip 
freely between the two stable positions (chair and boat), the amplitude 
becomes temperature independent, and thus the contribution to the 
resistivity should saturate. This may be another factor accounting for the 
observed saturation of the resistivity. 

The frequency of phonons (at low temperatures, where the configura­
tions are frozen in) corresponding to flipping of a CH2 group in cyclohexane 
is around 300 - 400 cm- I

; in this frequency range, cx.2F was found to be 
negligibly small. Perhaps the frequency of these modes in BEDT-TTF is 
lower than in cyclohexane, or perhaps the coupling of these modes with the 
electrons is quadratic and thus does not show up in the point-contact 
spectroscopy data. 

The disorder of the CH2 groups may contribute to the residual 
resistivity Po; it may be reduced by the hydrostatic pressure, and this may 
account for the decrease of Po with pressure. 

(c) The electronic band structure and its relationship to the electrical 
resistivity 

An electronic band structure calculation [13] indicates that several 
bands overlap near the Fermi level. Some of these bands are broad (-1 e V) 
and some are very narrow (- 0.1 eV). 

This feature may account for the large electronic contribution to the 
McMillan's electron-phonon coupling constant A, where A is given by 

A = <J2)n(EF)/Mw2 

with I the electronic matrix element, and n(EF ) is the electronic density of 
states. For narrow bands, I is usually small (of the order of the electronic 
bandwidth divided by the atomic size) and therefore <J2) n(EF) is small, 
although n(EF ) is large. For broad bands n(EF ) is small. However, several 
overlapping bands, some of which are broad, can give rise to a high value of 
n(EF), together with a large value of <J2). 

The same argument applies to the quadratic electron-phonon interac­
tion. For this the electronic factor can also be large for several overlapping 
bands. Thus, we can account for a resistivity about an order larger than in 
TTF-TCNQ and in the Bechgaard salts. 

In addition, the stacking of the molecules gives rise to an electronic 
band structure that is approximately two dimensional [16]. As a result, 
symmetry allows linear coupling of librons and transverse phonons with the 
electrons [17]. Consequently A is significantly larger than in the one-dimen­
sional TTF-TCNQ and TMTSF 2X materials. 
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The electronic band structure [13] shows the presence of a narrow 
(-0.1 eV wide) virtual state just above EF • Scattering of electrons from the 
itinerant states (i.e., those with a large value of VF) into the narrow, virtual 
state (for which VF is very small) may account for the very high value of the 
resistivity at ambient temperature and pressure by a mechanism similar 
to Mott's two-band model. Such scattering may reduce the mean-free path 
I by a factor nl(EF)/n2(EF), where nl(EF) is the density of states of the 
itinerant band and n2(EF) is the density of states of the nearly localized 
state [18]. From the preliminary band calculation, we estimate nl(EF)/ 

n2(EF ) !" 0.1 to 0.2. This may in part account for the small value of I (about 
0.25 A), which is much smaller than the lattice constant. 

Returning to the questions presented at the beginning, we can say that 
the phonons responsible for the resistivity below 120 K are mainly the 
external modes; above this temperature, flipping of the CH2 groups becomes 
important. Also, tunnelling experiments indicate that phonons in the 
frequency range 15 - 25 meV interact with the electrons. Such phonons 
give rise to a sharp increase of p with T above 100 K; however, the value 
of the measured Eliashberg function cx2F is not sufficient to account for the 
observed rise in resistivity. It is possible that phonons in this frequency range 
also interact quadratically with the electrons, and that this quadratic interac­
tion is responsible for the sharp increase of p with T. The linear electron­
phonon coupling corresponds to A !" 1 to 1.5; this value is estimated from 
the PI term of the resistivity, from the integral 

A = 2 jcx2(w)F(w)w- 1dw 

over the Eliashberg function, and from the value of Te. This value A is about 
an order stronger than in the one-dimensional organic metals, and we under­
stand the cause of this larger value. The quadratic electron-phonon coupling 
gives rise to the P2 term in the resistivity, which is also stronger at ambient 
pressure than in the one-dimensional organic metals. As for the flipping of 
the CH2 groups, we cannot say whether this mode couples with the electrons 
linearly or quadratically. Around 100 K, the amplitude of thermal motion 
(<5R2}ll2 corresponding to a frequency of order 400 cm-1 is about 0.03-
0.05 A, while when the motion becomes free, the amplitude of motion is 
of order 1 A, and such a large increase in amplitude can easily account for 
the increase in resistivity for both linear and quadratic coupling. The very 
high resistivity at ambient temperature and pressure can be accounted for 
by phonon-assisted scattering into a nearly localized state, which has a 
sharp resonance close to the Fermi level. 

Conclusion 

We have shown that by application of a low pressure, it is possible to 
measure the term in the resistivity that is linear in temperature. This term 
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is masked by the larger T2 term at ambient pressure. This linear term is con­
siderably stronger in the BEDT-TTF 2X salts than in TTF-TCNQ and the 
TMTSF 2X salts. This correlates with the higher superconducting transition 
temperature of J3-(BEDT-TTFhI3, J3-(BEDT-TTFhI2Au and ~-(BEDT­
TTFhI3· 
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Note added in proof 

We present here a derivation of an approximate expression for the conductivity of 
ET. 

Consider a stack of molecules a distance d apart, with an average transfer integral t 
between atoms of neighbouring molecules, and several molecular states in the vicinity of 
the Fermi level, with a scattering time Tint between these molecular states. Then, the 
hopping time between molecules is given by [10,14] fl/Thop = (lTintlli, leading to a 
diffusion constant D = d 2/Thop, a mobility Jl = eDn(EF) and a conductivity a = ninteJl = 
ninte2d1n(EF )t1 Tint/Ii 1, where nint is the density of electrons, taking into account the 
several molecular states within h/Tint from EF . Defining 

mext-1 = d1n(EF)t1/h 1 

(an average effective mass for motion between the molecules), we get 

0= ninte2Tint/mext 

Defining 

lint = TintUint 

and 

mintUint = Pint 

where Uint and mint are the velocity and effective mass for motion inside the molecule, 
we obtain 

0= (ninte2Iint/Pint)(mint/mext) 

Estimating nint/next, lext/lint, Pint/Pext and mext/mint all to be about three to five (for 
molecules like BEDT-TTF, possessing approximately 26 atoms), we find that a is about 
10 to 25 times smaller than nexte11~xt/Pext' lext '::'d, the minimum value predicted by 
Mott and the loffe-Regel rules. Moreover, the saturation of lint by the loffe-Regel rule 
leads to a saturation of 0, in accord with experiment. Also, since nint involves several 
electrons per molecule, the Pauli principle applies and gives rise to a Pauli spin susceptibil· 
ity. For smaller molecules like TTF and TCNQ (about half the size of BEDT-TTF), there 
is apparently only one molecular state in the vicinity of E F , consequently intra-molecular 
scattering can be ignored and this analysis does not apply; the resistivity does not saturate 
and the susceptibility approaches a Curie value, as shown in ref. 14. 

This derivation does not apply at low temperatures, where only one molecular state 
is within distance hIT from E F. Above 100 K, there is a sharp rise in the resistivity, above 
the extrapolated T1 behaviour. This rise may be due to a transition from the low-tempera­
ture a = nexte1lext/Pext behaviour to the high-temperature behaviour with the much 
lower value of the conductivity. (This is an alternative explanation to the one attributing 
the sharp rise to flips of the CH1 groups.) 


