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Abstracl. We have measured the temperature (T) dependence of lhe resistivity p of the p 
and I( phases of (BEDT-TTF)zI) from 300 K dawn 10 Tc (- 1.3 K and - 4 K for the p and Y 

phases, respectively). Between 100 K and 20 K, p c( T 2 .  Below 20 K. the resistivity falls 
below the T 2  law. We calculate the resistivity due to electmn-electron scattering and find 
that h i s  conlribution is far ulo small lo account for the measured resistivity. besides being 
inCOnSiStent with the freereout below 20 K. We suggest that the nsistivity is due 10 electrob 
phonon scattering. described by a novel mechanism that has k e n  proposed for the high-); 
cuprates. We also suggest that this mechanism accounts far the Tz law observed in materials 
such as TiSz, Nb-doped SrTiO,, and intercalated graphite. 

1. Introduction 

In many organic metals, the electrical resistivity p is proponional to T2. In quasi-ID (QlD) 
organic metals, such as TTF-TCNQ [1,2] and TMTSF2PF6 [3], we are concerned with the 
resistivity along the chains. In quasi-ZD (QZD) organic metals, such as ( B E D T - m ) & h  we are 
concerned with the resistivity in the a-b plane [4,5]. In some of these materials, the T2  law 
holds from temperatures below 20 K to temperatures above 300 K, and over a resistivity 
range in excess of I C 0 1  in TMTSF2PF6 [6], and of about 1OooO:1 in fi-(BEDT-TTF)& [41. 

A p 0: T2 law is also observed in some inorganic systems. In TiS2. it holds up to 
400 K, i.e. over nearly four decades of resistivity [7]. In intercalated graphite (for example 
CsK), p a + b T  +cT2, with the T2 term being rather large [SI. In Nb-doped SrTiO3, the 
T2 law holds except for some contribution from optical phonons at high temperatures [91. 

The origin of this T2 law has not yet been definitely established, in spite of considerable 
work. 

Early theories tried to account for this law by electron-electron [ IO]  scattering [7. 1 I]. 
For a one-band model, this mechanism requires Umklapp processes in order to deliver 
momentum to the lattice [12]. In Q l D  metals, such processes are impossible if 4kp c Zrrla, 
the smallest reciprocal lattice vector. A similar problem exists for QZD Ti&, because of the 
small value of kF [131. 

An alternative approach was to try to account for the T2 law by electron-phonon 
scattering. For Ti&, a wide distribution of phonon frequencies, with a form that gives a 
T2 law from about I O  K to 400 K, was suggested [13]. For m - T C N Q ,  a wide variety of 
theoretical models was proposed [14-18]. Specifically, one theory proposed a second-order 

5 On leave: Racah Institute of Physics. Hebrew University, Jerusalem, Israel. 
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coupling between electrons and librons, suggesting that the first-order coupling is inhibited 
because of symmetry, and the second-order coupling is particularly strong because it is 
unscreened, the libron modes being transverse to the chain (conducting) axis [191. 

A key factor that can allow us to discriminate between the two types of mechanism is the 
possibility of freezeout of the electrical resistivity at low temperatures. For electron-electron 
scattering. there is no freezeout of the p a T2 behaviour even at the lowest temperatures. 
For electron-phonon scattering, there is a freezeout at temperatures of about (a-+) o p h .  

Bulaevskii etnl (201 measured the resistivity of p-(BEDT-m)213 between 2 K and 20 K, 
and observed a T 2  law there: on the basis of this finding, Bulaevskii 1211 suggested that 
there is no freezeout, and therefore the resistivity is due to electron-electron scattering. He 
also carried out theoretical estimates of the magnitude of the resistivity, which suggested 
that this mechanism is strong enough to account for the observed resistivity. In contrast. 
in the present work we find experimentally a freezeout at 20 K and also show theoretically 
that the electron-electron scattering mechanism is far too weak to account for the observed 
resistivity. 

2. Measurement of the resistivity of 

The resistivity of the ,3 and K phases of (BEUT-TTF)213 was measured from T, (which is 
about 1.4 K for the B phase, and 4 K for the K phase) up to about 300 K. Some curves of 
p versus T and p versus T Z  are shown in figures 1-3. 

Single crystals of ~-(BEUT-ITF)~IJ and K-(BEDT-m)& were prepared by the usual 
electrochemical preparation as described in the literature [22,23]. In the case of the crystals 
of K-(BEUT-lTF)Z13 we used only tetra-n-butylammonium triiodide ((BuN4)13) as electrolyte 
salt in contrast to the preparation described by Kajita et al [24] who used in addition a 
small amount of (BuN4)Aul2. In our case we obtained high-quality crystals with a ratio for 
the resistivities p(300 K)/p(lO K) up to 3 x IO3 for the hest crystals. The resistivities were 
measured by the standard four-probe method with DC and lock-in techniques. The contacts 
were obtained by evaporation of gold with a mask and connected to gold wires with gold 
paint. 

Figure l(a) 
shows the resistivity versus the temperature for a K-(BEDT-TTF)~~) crystal. The ratio 
~ ( 3 0 0  K)/p(lO K) is about 3.5 x IO3 for this crystal. Figure l (b )  shows a plot of the 
resistivity versus T 2  up to 100 K. The linear part of the plot is given by p (T)  = po + a T 2  
with PO = 4.1 x 51 cm and a = 2.9 x 51 cm/T2. Io figure l(c) we see an 
analogous plot but now only in the range up to 20 K. Now the slope is totally different 
and PO = -3 x IO-’ 51 cm and a = 7.3 x (Note that the value 
extrapolated to T = 0 is negative!). In figures 2(a)-(c) and 3 ( a H c )  analogous curves 
are presented for a second K-phase crystal (p(300 K)/p(lO K) = 400) and a p-phase 
crystal ( ~ ( 3 0 0  K)/p(lO K) N 300). For the K-phase crystal, between 20 K and 100 K 
the resistivity is given by po = 7.1 x 51 cm/T2, and below 
20 K po = I .5 x 51 cm/T2. For the p-phase crystal, between 
20 K and 100 K, po = 1.7 x S2 cm/T*. and below 20 K, 
po = 6 x 

The data show clearly that the p a T 2  law is obeyed above 20 K to a rather high 
accuracy, but below 20 K, the resistivity falls below the p a T2 line, i.e. there is a 
freezeout of the resistivity below 20 K. 

Over the limited temperature range 2-20 K, it is possible to fit the resistivity to a T 2  law, 
in agreement with the results of Bulaevskii et a/ [ZO]. But the slope of the curve is much 

and K-(BEDT.TTF)~I~ 

We present results on two K-phase crystals and one p-phase crystal. 

51 cm/T2. 

S2 cm, a = 7.9 x 
51 cm, a = 1.8 x 

51 cm, a = 1.2 x 
51 cm, a = 2.6 x 51 cm/T2. 
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/ ' , K ! ,  1 I h ,  

Figure 1. The resistivity of a sample of Y-(BEOT- 
m)2h as a function of temperature. ( a )  P versus 7, 
up to 300 K ( b )  I, versus T 2 ,  up to 100 K (c) p v e n w  
T 2 ,  up to 20 K. 

Figure 2. The resistivity of another sample of u-(eeor 
m ) 2 l 3  as function of temperature: (a),  ( b )  and (c) as 
in figure 1. 

larger than that of the p versus T 2  curve above 20 K. Since the temperature and resistance 
range of these low-temperature data is small (the resistance range is just 2 1  [ZO], or at most 
5: I (this work)!), we doubt whether this approximate TZ fit is an inherent physical law. 

3. Difficulties associated with the electmnslectron scattering mechanism 

A p 0: T2 law was originally proposed by Baber [IO], based on electron-electron scattering. 
In that model, s electrons are scattered by d electrons, and deliver their momentum to them; 



the d electrons are in turn relaxed very rapidly by the phonons. Therefore, no Umklapp 
processes must be inyoked. Because of the large density of states of the d states, the 
scattering cross-section is large, and the contribution to the resistivity is significant. This 
mechanism is discussed in detail by Ziman [12], who also considers a one-band situation 
where Umklapp processes are essential. This mechanism was proposed to account for the 
T 2  law in T~F-TCNQ by Seiden and Cabib [ I  I], and more recently, to account for the T Z  
law in &(BEDT-TrF)213 by Bulaevskii [21]. 

The expresslon for the resistivity by this mechanism is given by Ziman [12]: 

Pee(T) = C2(kFUo)[[ez/&~(o)I/UFEF)(keT/EF)2 

where UF is the Fermi velocity, EF the Fermi energy, and E&) is the dielectric constant of 
the background in which the conduction electrons are immersed (not the dielectric constant 
&(q, 0 )  of the conduction electrons themselves, EO = E,, + &in-- + qat,iee. but without 

[El). G Z ( k p n ~ )  is the Umklapp factor; Umklapp processes are necessary (in a one- 
band model) for the electrons to deliver momentum to the lattice. For normal d-state metals, 

For (BEDT-TrF)&, the dielectric constant of the insulating u-phase is about 15-20 [25]. 
The Bohr radius a0 is about 2-3 A, and k~ 2 2 x IO' cm-l [26]. Thus, k p ~ o  E 0.5, which 
is close to the value for 'normal' metals and in any case is not smaller than that for d 
electrons. Therefore, the Umklapp factor is not larger than that for 'normal' d metals, i.e. 
10-2-10-3. Thus, for EF E 0.2 eV, UF E IO' cm s-' we find peC 2 x T 2  R cm K-z. 
about five orders of magnitude smuller than the measund value (p  2 2 x IO-' R cm K-' 
(4,201). Therefore, we believe that this mechanism cannot account for the resistivity of 
( B E M - T T F ) ~ ~ ~ .  

c2(kpoo) E 10-3-10-2. 
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A different conclusion was reached by Bulaevskii [21]. who obtains a value of pee five 
orders of magnitude larger. The difference lies in the value of a0 = h2&o f mre2 employed 
by Bulaevskii. Using his parameters EO = 1, m’ = 5m0, one obtains a0 = 0.1 A, and 
thus: kFa0 z= 0.02 (i.e. r, 5 100). This value is an order of magnitude beyond the 
value that gives rise to a Wigner or a Moa transition. When one introduces this value of 
kfao ‘mechanically’ into the formulas that apply to the metallic state, one obtains highly 
anomalous results. namely the electron-electron scattering rate is increased by two to three 
orders of magnitude, and the Umklapp factor is about one (instead of 10-2-10-3), leading 
to a five-order enhancement of the resistivity. 

We believe that the value of no N 0.1 A is inappropriate for several reasons. 

(i) no is approximately the size of the molecular orbital, which is the size of the 
‘heterocyclic’ region of the molecule (i.e. the two fivefold rings, without the saturated 
sixfold rings outside). i.e. about 2-3 A. This follows from band calculations [26.27] and 
is substantiated by measurements of spin density by NMR [28]. 

(ii) The value of the background dielectric constant E&) 15-20 was determined 
experimentally [251, leading to the ‘appropriate’ value of no. 

(iii) When aokF IT 0.02, we are so far into the insulating (Wigner-lattice) state that we 
cannot use a ‘metallic’ formalism. 

(iv) If a0 N 0.1 A, and the separation between the electrons is approximately 6 A, 
the overlap is so small that the effective mass (even in a one-electron picture) is virtually 
infinite, and not 5m0. 

Regarding (ii), the dielectric constant is measured at microwave frequencies. At optical 
frequencies, we expect the dielectric constant to be much smaller. in particular, the measured 
plasma frequency of 0.6 eV [29] corresponds to a dielectric constant of E&) 1 at this 
frequency. The fonnula for the resistivity prr assumes that the electrons can be described 
by Fermi liquid theory; thus the relevant frequency for the electrowlectron scattering is 
ksT ,  i.e. not too far above the microwave frequency; thus the dielectric constant measured 
at microwave (rather than optical) frequencies is the relevant one. 

In addition to these considerations, we believe that by invoking the electron-electron 
scattering mechanism to account for the resistivity of the BEDT-ITF radical salts (and other, 
similar organic metals), we encounter the following difficulties. 

(a) This mechanism requires Umklapp processes to give rise to a resistivity. In ID 
metals such as TMTSF2PF6 where k p  = $./a. Umklapp processes are impossible. Yet the 
resistivity follows the T 2  law and is comparable to that of the BEDT-TTF radical salts. 

(b) Experimentally, the resistivity of organic metals is extremely strongly pressure 
dependent [30]. The dependence of the electronic band width, plasma frequency, etc on 
pressure is far too weak to account for this strong pressure dependence. Also, under a 
pressure of 2.5 kbar, the p 0: T 2  law changes into a linear dependence p 0: T in ~ ( B E D T -  

[5]. The pressure dependence was also invoked by Klipstein et a1 [I31 to reject the 
elecmn-electron scattering mechanism for Ti&, where there is also a T 2  law. 

(c) There is a freezeout of the resistivity below 20 K (which corresponds to the measured 
phonon frequencies). This freezeout, the data for which we present in the present work. is 
inconsistent with the electron4ectron scattering process. 

4. Resistivity due to electron-phonon scattering 

Electron-phonon scattering was proposed as the dominant mechanism for the resistivity of 
organic metals a long time ago [14,19, 151. The dilemma with this mechanism is the T 2  law. 
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Cooper suggested that the resistivity should be measured at constant volume, rather than at 
constant pressure; but the T 2  law is also observed below 100 K, where the constant-volume 
and constant-pressure resistivities are nearly identical. (Also, the constant-volume resistivity 
is in general not linear in T [311.) Gutfreund and Weger [I91 suggested an inherent second- 
order mechanism involving the molecular librations. However, the T Z  law is observed in 
several other systems, such as Tis2 [13], NbSe2 (below 50 K) [32], intercalated graphite 
[8]. Nb-doped SrTiO3 [9], etc where we cannot invoke molecular librations. 

One of the features favouring the electron-phonon scattering mechanism is the strong 
pressure dependence of the resistivity. Phonon frequencies of organic molecular crystals 
depend strongly on pressure, and the resistivity due to the ‘standard’ electron-phonon 
mechanism is proportional to l/w$. Early measurements on ITF-TCNQ showed that the 
pressure dependence of the resistivity at ambient temperature is about twice as strong as 
that expected from p cx wG2 [30]. However, at low temperature ( T  = 100 K) the pressure 
dependence is considerably weaker. It was suggested that p 0: wG4 for the second-order 
process. If we attribute the resistivity to a first-order electron-phonon process, we must 
invoke some other (i.e. electronic) mechanism that increases the pressure dependence of the 
resistivity at ambient temperature, and reduces it at low temperatures. 

Recently, a novel mechanism involving an anomalous density of states with a minimum 
at EF (that takes into account electron-electron interactions) was invoked to account for 
the resistivity of the cuprates as well as that of organic metals [33]. We present a heuristic 
description of this model in section 5. In this mechanism, n ( E )  0: IEl (E measured from 
E F ) ,  therefore I / r ( E )  cx IEl, the velocity u ( E )  cx 1 / I E (  and therefore the mean free path 
[ ( E )  has a sharp maximum at E = 0, leading to p = A + BT for elastic scattering by 
impurities and defects (where the matrix element is temperature independent). For scattering 
by phonons, where (for T > fwphr roughly) the number of scatterers is proportional to T ,  
we obtain p = C T 2 .  Thus, when both defect and electron-phonon scattering are present, 
p = A + B T + C T 2 ,  as observed in intercalated graphite [81, in the cuprates. and in irradiated 
or ‘low-quality’ (BEDT-T~T)~II [34]. In good crystals of the organic compound, A and B 
are particularly small because of the high quality of the sample, and we obtain the T 2  law. 

The magnitude of the resistivity is also in accord with a reduction in the scattering 
below the ‘normal’ elastic scattering or electron-phonon (i.e. Bloch) process, in accord 
with experiment. 

Conceming the absolute value of the resistivity, at ambient temperature the measured 
resistivity (of the K-phase sample of figure 2. i.e. 0.008 cm) is not too far from the 
‘standard’ theoretical value p = m’/ne2rq where 11s = 21rAk~T/fr .  with the electron- 
phonon coupling constant A N 1-2. However, since p 0: T 2 .  the measured resistivity at 
low temperatures falls considerably below this standard theoretical value. (Since the lowest 
phonon frequency in BEm-ITF radical salts is approximately 4 meV [35]. the standard 
theoretical formula should hold down to about 20 K.) 

A test for this novel mechanism is that the hopping resistivity pc in the c direction, 
increases with increasing temperature, and the anisotropy pc/p.b 5 I / T a ,  with (I being 
between 0.5 and 1, approximately. This behaviour is observed in cuprates, in ITF-TCNQ 

In this novel mechanism, the minimum in n ( E )  at E F  (which was clearly seen by 
spectroscopic methods in some I D  organic metals [38]) is caused by a maximum in the 
velocity there. This sharp maximum is due to an anomalously high background dielectric 
constant &o(q.w) at q = 0, w = 0. This background dielectric constant is due to states 
excluding the conduction band [391. The sharp maximum of E O ( q ,  w )  is expected to broaden 
under pressure, when the material becomes more metallic (i.e. further away from the Mott 

[36,33], in C8K [E] and Cz4BF4 [37]. and in B-(BEDT-TTF)?I3. 
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transition). This gives rise to a pressure dependence of the resistivity in addition to that 
caused by the pressure- dependence of the phonon frequencies. We illustrate this effect 
in figure 4. At low temperatures, i.e. temperatures below the width of the velocity peak, 
broadening of the peak as a result of pressure lowers the velocity U. thus the conductivity 
(which is propoltional to U*) is lower than we would expect for constant (i.e. pressure- 
independent) velocity. However, pressure increases the phonon frequencies, and thus 
decreases the scattering matrix element which is proportional to l/w& Thus, U cx IJ'U;~ 

and may either increase or decrease under pressure, depending on whether the decrease 
of U' is larger, or smaller, than the increase of mih, In any case, because of the partial 
cancellation of these two factors, the effect of pressure on U at low temperatures is reduced. 
At high temperatures, i.e. temperatures higher than the width of the velocity peak, the 
broadening of the velocity peak under pressure increases U*, thus the increase in uZ and in 
w& under pressure reinforce each other, giving rise to a very large pressure dependence of 
the resistivity, as observed experimentally. 

Figure 4. Carrier velocity " ( E )  (where E is measured 
f" the FemU level) ( U )  and u(E)~ph (wph  is the 
phonon frequency) ( b )  at ambient pressure (P = 0) 
and under pressure ( P  # 0) (schematic). The pressure 
dependence of "(0) may be stranger (curve i) or weaker 
(curve ii) than thal of c+. thus the low-T resistivity 
may either increase or decrease under pressure. but in 
my ease. the effect is we&. The ambient-temperature 
resistivity falls with increasing pressure much fater 
*an the increase of a$. 

! - I ~~ ~ ~~ ~~ 

WO W 

Figure 5. Illustration of the energy dependence of the 
Coulomb selfenergy I: for an electron gas imbedded 
in a background with a dielecuic function EO(") that 
falls significanlly at a frequency wg ('m << E*). There 
is a cross-over from screening by the ionic polarization 
((U < 4. m screening by the conduction electrons 
(w z 00). 

When the peak becomes broad, the resistivity changes from a TZ to a T law, as observed 

For these reasons, we believe that the 'anomalous' electron-phonon mechanism can 

(1) the p 0: TZ law; 
(2) the freezeout of the resistivity below 20 K (which is about half the lowest optical 

(3) the magnitude of the resistivity; 
(4) the extremely strong pressure dependence; 
( 5 )  the changeover to a p cx T law under pressure; 
(6) analogy with several inorganic systems; and 
(7) no need to invoke Umklapp processes. 

in ~ - ( B E D T - T F ) ~ I ~  at a pressure exceeding 2.5 kbar [51. 

account for the following observations: 

phonon frequency); 
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S. Physical origin of the dip in the density of states 

In a normal metal, scattering of electrons by phonons gives rise to a p cx T law. Here 
we suggest that in several systems, scattering by phonons gives rise to a p 0: T2 law. 
This rather different behaviour is attributed to a deep and sharp minimum of the electronic 
density of states at the Fermi level. This dip is in tum attributed to a sharp maximum of 
the velocity at the Fermi surface (FS) (figure 4). Such a velocity maximum was predicted 
by Hartree-Fock theory for an unscreened electron gas 1401, but was shown (using the RPA) 
to be absent when screening is taken into account [41]. We claim that in organic metals, 
BS well as in several other systems, this velocity peak is present even if screening is taken 
into account. 

The cause for this unusual behaviour is the dielectric function E&J) of the background 
(i.e. not considering the dielectric function of the conduction-band electrons). For several 
ionic crystals, EO/&- is very large. ( E -  refers to a frequency substantially higher than the 
phonon frequencies.) This large value is due to the Coulomb forces beween the ions [42]. 
In metals, E O / € -  is usually close to one, because the Coulomb forces are screened by the 
electron gas. In several systems that are metallic, but very close to the Mott transition, 
it is found that E ~ / E -  is large; the density of the conduction electrons is not sufficient to 
effectively screen out the ionic potential. Specifically, in ff-(BEDT-TTF)z13, EO 20 1221, 
while E- 1 [29]. EO is apparently not much smaller in the other phases of (BEDT-TTF)2X. 
which are metallic at low temperatures [43]. 

For electronic states very close to the Fs,  the Coulomb interaction is given by e2/~0r12, 
which is very small because of the large value of E ~ .  Thus, these states are very effectively 
screened by the background ionic polarization. Therefore, they behave like a non-interacting 
electron gas. In contrast, states that are removed from the FS by an energy ho in excess 
of the frequency WO at which EO(O) falls significantly, are not screened by the background 
(since the ionic polarization is unable to follow the high frequency), therefore the Coulomb 
interaction between these states is given by e2/~00r12,  which is very large; since we are 
near the Mott transition, the Coulomb energy is comparable with the kinetic energy Ep. We 
illustrate the self-energy C due to the Coulomb interaction, as function of the distance h a  
from the Fermi level, in figure 5 .  We plot C ( k ,  o) along the physical line o = o ( k ) .  i.e. we 
vary k as well as o. We see that C(o) - C(0) (for o larger than the phonon frequencies, 
at which EO(W) falls sharply) is large; it is somewhat smaller than, but of the order of, Ep. 
Therefore the slope dC/do at the origin is very large, of the order of E p I ~ p h .  This slope 
may be as large as IO. The electronic energy is given by ho = h@(k - kF) + C (U: is the 
unrenormalized Fermi velocity, i.e. the velocity obtained when the Coulomb interaction is 
neglected). Thus, the electronic group velocity a o l a k  is enhanced over U: by a factor of the 
order of IO. An explicit calculation shows that the width of this velocity maximum is about 
a factor of four less than the frequency % at which the background dielectric function falls 
by a factor of two [44]. This frequency in ~ ( B E D T - T I T ) ~ ~ ~  is about 4 meV [43], therefore 
the width of the velocity peak is expected to be about 1 meV, i.e. considerably less than 
the temperature of 20 K where the resistivity starts to freeze out. 

6. Conclusion 

We find experimentally that the resistivity of 8-  and K-(BEM-TIT)~I~ follows a p cx T2 law 
between I 0 0  K and 20 K: below 20 K the resistivity falls below the TZ law (freezes out). 
This behaviour contradicts the theoretical behaviour expected from the electron-electron 
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scattering mechanism, but is in accord with scattering of electrons by phonons, possessing 
a frequency of about 4 meV. 

We also consider the theory of the resistivity due to electmn4ectron scattering, and 
point out that the background dielectric constant EO must be introduced into the appropriate 
formula, and the scattering rate is proportional to 80’. This dielectric constant was measured 
and found to be about 20. This reduces the scattering rate. as well as the Umklapp factor, 
by two to three orders of magnitude, giving a total effect about five orders of magnitude 
smaller than necessary to explain the observed TZ behaviour. 

Resistivity due to scattering of electrons by phonons accounts for the freezeout below 
20 K, the pressure dependence of the resisitivity, and its value at 300 K but would predict 
a linear p 0: T law. A novel theory that takes Into account electron-electron interactions 
predicts a modification of the dispersion E ( k )  of the electrons very near the Fermi surface. 
This modifies the density of states n ( E )  very close to Ep and accounts for the change 
from a p 0: T to a p 0: T z  law. This modification also causes the effective mass m’ 
to possess anomalously low values close to the Fermi level: such anomalous values were 
found recently by de Haas-van Alphen measurements [451. and indeed attributed to electron- 
electron interactions. 

We point out analogous behaviour in several other systems, such as dichalcogenides, 
intercalated graphite, Nb-doped SrTiO,, and in some respects, high-T, cuprates. 
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