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BEDT-TTF organic superconductors: The role of phonons
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We calculate the lattice phonons and the electron-phonon coupling of the organic superconductor
k-(BEDT-TTF)2I3, reproducing all available experimental data connected to phonon dynamics. Low-
frequency intramolecular vibrations are strongly mixed to lattice phonons~LP!. Both acoustic and optical
phonons are appreciably coupled to electrons through the modulation of the hopping integrals (e-LP coupling!.
By comparing the results relevant to superconductingk- and b* -(BEDT-TTF)2I3, we show that electron-
phonon coupling is fundamental to the pairing mechanism.Both e-LP and electron–molecular vibration
(e-MV ! couplings are essential to reproduce the critical temperatures. Thee-LP coupling is stronger, bute-MV
is instrumental in increasing the average phonon frequency.
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Organic superconductors~OSC! have been studied fo
more than 20 years, but the nature of the pairing mechan
is still unknown, and remains one of the most intrigui
problems in this class of materials.1 Like high-Tc supercon-
ductors, OSC are low-dimensional systems characterize
strong electronic correlations. This fact and the proximity
the superconducting phase to magnetically or charge ord
states has brought about the suggestion of exotic pair
mediated, for instance, by spin or charge fluctuations.2 How-
ever, direct experimental evidence for such kind of pur
electronic mechanisms has not been provided. On the o
hand, the OSC phonon structure is very complex, preven
a clear assessment of the role of phonons in the pair
Indeed, scattered experimental evidences of the involvem
of intramolecular phonons,3 of optical intermolecular
phonons,4 and of acoustic phonons5 have been presented
However, all these studies, focusing on a particular type
phonon, failed to offer a comprehensive and convincing p
ture of the phonon mediated mechanism in OSC. The aim
this paper is to provide a unified framework for the descr
tion of the phonon dynamics and of the electron-phonon c
pling in OSC based on bis-ethylendithio-tetrathiafulvale
~BEDT-TTF!. We shall show that all the above types
phonons are coupled to electrons, and cooperate in estab
ing electron pairing.

In molecular crystals, it is convenient to start by disti
guishing between intramolecular and intermolecular vib
tional degrees of freedom, and to consider their interacti
at a later stage. Thus, in the framework of a tight-bind
description of the electrons, intramolecular vibrations mo
late the on-site energy and yield the electron–molecular
bration (e-MV ! coupling, while lattice phonons, mainly in
termolecular in character, modulate the hopping integ
(e-LP coupling!.

Molecular vibrations ande-MV coupling constants are
transferable among different crystalline phases, and ei
computational or experimental methods can be used for t
determination. Indeed, BEDT-TTF molecular normal mod
and e-MV coupling constants are fairly well known.6 The
problem of lattice phonons is much harder to deal with,
cause the experimental characterization of lattice phon
0163-1829/2002/66~10!/100507~4!/$20.00 66 1005
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and of e-LP coupling constants is difficult and subject
considerable experimental uncertainty.4 Moreover, the pho-
non properties are not transferable among different cryst
To overcome these difficulties, we have adopted the qu
harmonic lattice dynamics~QHLD! computational method,7,8

which is known to accurately predict the crystal structure a
the phonon dynamics of complex molecular crystals a
function of pressurep and temperatureT.

As extensively discussed elsewhere,7,8 in QHLD the vi-
brational contribution to the crystal Gibbs energyG(p,T) is
approximated by the free energy of the phonons calculate
the harmonic approximation. The structure at a givenp,T is
determined self-consistently by minimizingG(p,T) with re-
spect to lattice parameters, molecular positions, and orie
tions. The method relies on an accurate intermolecular
tential model, which we have described as the sum
empirical atom-atom potentials, known to be reasona
transferable among crystals containing similar molecules.
have restricted our attention to the (BEDT-TTF)2I3 salts,
which constitute an ideal benchmark for our approach. O
strategy has been to determine and to fix once and for all
needed C, S, H, and I atom-atom parameters on the bas
the crystal structures of the neutral BEDT-TTF and the n
superconductinga-(BEDT-TTF)2I3 salt.8 We have then
applied the method to the phonon structure ande-LP cou-
pling strength of superconductingb* -(BEDT-TTF)2I3
salt.7 Here we illustrate the corresponding results f
k-(BEDT-TTF)2I3. The comparison with the experiment
data for the two superconductingb* andk phases allows us
to validate our approach and to assess the role of phonon
the superconductivity mechanism.

Since both I3
2 and BEDT-TTF present low-frequenc

intramolecular modes falling in the region of the lattic
phonons, the coupling between intermolecular and intram
lecular phonons may be important for the (BEDT-TTF)2I3
salts. To account for this effect, we use the exciton-l
model described elsewhere.7 We stress that lattice phonon
are actually mixed only with low-frequency vibrations~be-
low 300 cm21), and these do not modulate on-site energie6

Thereforee-LP ande-MV couplings can be dealt with sepa
rately.
©2002 The American Physical Society07-1
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At room temperature,k-(BEDT-TTF)2I3 crystallizes in
the monoclinic systemP21 /c, with four molecules per unit
cell. Upon cooling below 150 K, the crystal structu
changes to theP21 system.9 The BEDT-TTF layer is in the
bc plane. The QHLD calculations reproduce both crys
structures, which correspond to two distinctG(p,T) minima.
The calculated lattice parameters are within 3% of the
perimental ones. The results presented below all refer to
low-temperaturek phase.

A comparison withk-(BEDT-TTF)2I3 scanty infrared and
Raman data does not offer a stringent test for the calcul
phonon frequencies, whose number largely exceeds tha
the currently observed bands. We then compare
experimental10 specific heatcp to the calculatedcV , which
depends on the overall distribution of phonon frequenc
vqj : cV(T)5kB(qjF(\vqj /kBT), where F(x)5x2ex(ex

21)22 and the sum is extended to all phonon branchesj and
wave vectorsq. As shown in Fig. 1, the agreement is ou
standing. We stress that there areno adjustable parameter
in our cV(T) calculation.

To calculate thee-LP coupling strength we assume th
the low-frequency phonons, mainly intermolecular in char
ter, couple to electrons only through the modulation of ho
ping integrals:

tKL5tKL
0 1(

j
g~KL;qj !Qqj , ~1!

where tKL is the hopping integral between neighborin
pairs KL of BEDT-TTF molecules, andQqj are the di-
mensionless normal coordinates. Finally,g(KL;qj )
5A\/2vqj (]tKL /]Qqj ) defines the lineare-LP coupling
constants. ThetKL

0 and their dependence on the QHLD eige
vectorsQqj have been calculated by the extended Hu¨ckel
~EH! method.7 The obtainedt0 values are in good agreeme
with those calculated by extended basis set dens
functional methods.11 The t0 are used to describe the ban
structure in a tight-binding approach, adopting the dim
model.12 The resulting conduction bands and Fermi surfa
~inset of Fig. 2! match closely those obtained considering
the four site orbitals within the unit cell.9

FIG. 1. Calculated (cV , full line! and experimental (cp , circles,
from Ref. 10! k-(BEDT-TTF)2I3 specific heat.
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To express thee-LP coupling constants in reciproca
space, we have to introduce the dependence on both e
tronic (k) and phononic (q) wave vectors. We have followed
the approximation scheme adopted forb* -(BEDT-TTF)2I3.7

The k dependence has been accounted for in terms of
dimer model: the coupling constants associated with
modulation of the intradimer hopping integral are assum
independent ofk, whereas the interdimerg’s are assumed to
have the following dependence:g(k,k8; j )5(RgKL(qj )
3(eik8•R2eik•R), where q5k82k and R represents the
nearest-neighbor lattice vectors. For what concerns theq de-
pendence, the optical modes are taken independent oq,
whereas for acoustic phonons we have simply assum
gKL(qj )}Auqu up to the average value calculated at the zo
edges.

Figure 2 shows the frequency dispersion of the acou
modes along representative Brillouin-zone directions,
gether with a pictorial representation of the coupling stren
at the zone edges. The dots diameters are proportional to
squared coupling constant, which are much larger along
Y, Z directions~i.e., theb* , c* axes! than along the diago-
nal. Our results indicate that fork-(BEDT-TTF)2I3 the cou-
pling of acoustic phonons is very anisotropic.

From the coupling constants in reciprocal space a
the QHLD phonon density of states, we calcula
the Eliashberg coupling function:13 a2(v)F(v)
5N(EF)( j^ug(k,k8; j )u2d(v2vqj )&FS , whereN(EF) is the
unit-cell density of states/spin at the Fermi level, and^ &FS
indicate the average over the Fermi surface. Figure 3 c
pares k- and b* -(BEDT-TTF)2I3 Eliashberg functions.
Both curves have been smoothed by a Gaussian of con
width to ease the comparison. Although significant diffe
ences exist, also due to the higher number of phonons for
k-phase unit cell, the most significant peaks are correla
as indicated by the dotted lines. In both salts, the lowe
frequency peak results from the overlap of acoustic a
lowest-frequency optical modes.

The comparison of the computed Eliashberg function w
available experimental data provides a test for thee-LP cos-
tants and QHLD eigenvectors. For theb phase, the calcula
tion compares quite favorably7 with the Eliashberg function
directly derived from point-contact measurements. This k
of measurement is not available fork-(BEDT-TTF)2I3, but

FIG. 2. Dispersion curves ofk-(BEDT-TTF)2I3 acoustic lattice
phonons along the principal directions shown in the inset. In
Fermi surface calculated with the dimer model.
7-2
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we can make reference to the phonon self-energy eff
measured by Raman onk-(BEDT-TTF)2Cu(NCS)2 and
k-(BEDT-TTF)2Cu@N(CN)2#Br.4 A quantitative comparison
is not possible, due to the different counterions. Nevert
less, Fig. 3 shows that the frequency regions~shaded areas a
the bottom! of the few strongly coupled optical phonons4

indeed correspond to the peaks of thek-(BEDT-TTF)2I3 Eli-
ahsberg function. We finally mention that inelastic neutr
scattering onk-(BEDT-TTF)2Cu(NCS)2 ~Ref. 5! evidences
also the involvement of acoustic phonons, in agreement w
our findings.

Although further measurements, such as Raman spe
with excitation in the infrared, are highly desirable to pr
vide further tests, we believe that the above comparison
ready gives confidence to the QHLD eigenvectors, and a
example, we show in Fig. 4 the eigenvector correspondin
the k-(BEDT-TTF)2I3 zone-edge acoustic phonon
21 cm21. As it occurs in several other cases, the coupling
induced by the relative displacement of BEDT-TTF along
long molecular axis, i.e., roughly normal to the BEDT-TT
layers. Moreover, a normal mode coupled to the electron
in general, a mixture of both BEDT-TTF and I3 vibrations.
This mode mixing indicates that also the counterion vib
tions may play an indirect role in the coupling.

FIG. 3. Calculated Eliashberg function ofk-(BEDT-TTF)2I3

~lower curve! andb* -(BEDT-TTF)2I3 ~upper curve, offset for clar-
ity!. The shaded areas at the bottom indicate the position of
most strongly coupled phonons, as detected from Raman dat
otherk-phase BEDT-TTF salts~from Ref. 4!.

FIG. 4. Eigenvector ofk-(BEDT-TTF)2I3 zone edge~Y! acous-
tic phonon at 21 cm21.
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We now proceed to estimate the critical temperatur
From the Fig. 3 Eliashberg function we derive the dime
sionless coupling constantlLP and the logarithmic averag
frequencyv ln

LP :13

lLP52E
0

vmax a2~v!F~v!

v
dv, ~2!

v ln
LP5expS 2

lLP
E

0

vmax a2~v!F~v!

v
lnv dv D . ~3!

The l value depends onN(EF). With our tight-binding
EH calculation we estimateN(EF)55.4 and 3.8 spin states
~eV unit cell!, so that lLP50.59 and 0.65 fork- and
b* -(BEDT-TTF)2I3, respectively. The correspondingv ln

LP

values are 27 and 40 cm21. When these values are inserte
into the Allen-McMillan equation:13

Tc5
v ln

1.2
expF2

1.04~11l!

l2m* ~110.62l!
G , ~4!

assuming the standard 0.1 value for the Coulomb pseudo
tential m* , one obtainsTc50.8 and 1.7 K for k- and
b* -(BEDT-TTF)2I3, respectively, to be compared with th
experimental values of 3.4 and 8.1 K.7,10 Of course, theTc
values depends critically onN(EF), a parameter difficult to
evaluate.14 However, even by taking the maximum curre
estimates, derived from experiment and therefore enhan
by many-body electron-electron and electron-phon
effects,14 the Tc values~2.7 and 3.6 K! remain significantly
below the experiment. Thereforee-LP couplingalone does
not reasonably account for theTc of the two salts.

However, one must not forget high-frequencye-MV
coupled phonons.6,15 By including these phonons into th
calculation ofl and v ln , the above scenario changes su
stantially. We underline thate-MV coupling gives an additive
contribution to the totall, l5lLP1lMV, whereas the con-
tribution to v ln is multiplicative: v ln5vln

LPv ln
MV , wherev ln

MV

5exp„@2N(EF)/Nl#( l(gl
2/v l)lnvl…, with gl thee-MV cou-

pling constants andN the number of molecules per un
cell.15 It turns out that by including thee-MV coupling, l
increases by only;25%, butv ln reaches 60 and 94 cm21

for k- andb* -(BEDT-TTF)2I3, respectively. By using thes
new values in Eq.~3!, keepingm* 50.1, we find that our
tight-binding EH N(EF) estimates, which are within the
range of the currently accepted values,14 account for the ob-
served critical temperatures. In particular, preciseTc match-
ing requiresN(EF)55.2 and 3.9 spin states/~eV unit cell!,
corresponding to a totall of 0.74 and 0.91 fork- and
b* -(BEDT-TTF)2I3, respectively. We finally remark tha
only by using the newv ln , which does not depend o
N(EF), the empirical relation16 connecting this parameter t
the specific-heat jump DCp /gTc yields for
k-(BEDT-TTF)2I3 a jump in nice agreement with exper
ment ~1.7 vs 1.6!.10

In our approach, electron-phonon coupling provides
consistent and plausible explanation of many experime
findings related to the superconducting properties ofk- and

e
on
7-3
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b* -phase BEDT-TTF salts. Besides the just mentionedTc
values and specific-heat jump, the scattered experime
evidences of the involvement of acoustic and optical latt
phonons have been rationalized. The coupling of acou
phonons in thek phase turns out to be strongly anisotrop
likely yielding an anisotropic gap that might confuse t
node search.17 In addition, we have found that the mo
stronglye-LP coupled BEDT-TTF modes imply motions ap
proximately normal to the conducting planes, with count
ion vibrations mixed with BEDT-TTF ones~cf. Fig. 4!. This
finding might well account for the ‘‘interlayer effects’’ de
tected in thermal-expansion measurements.18 Experimental
evidences in favor of the involvement ofe-MV coupled
phonons are mainly related to isotopic effects.3,19 In particu-
lar, the universal inverse deuterium isotope effects~0.25 K!
are likely due to a small increase inv ln . Thee-MV coupling
constants of deuterated BEDT-TTF are not known, but
have verified that very small and plausible changes of
coupling constants with respect to those of pristine BED
TTF ~Ref. 6! may indeed lead to the required increase inTc ,
despite the largedownwardshift of several frequencies upo
deuteration.

The principal conclusion of our paper is that phonons
mainly responsible for the coupling mechanism in BED
TTF based OSC. The role of phonons is complex, or ‘‘e
tangled,’’ in the sense that different kinds of phonons are
important, but contribute in different ways. The acoustic a
optical lattice phonons, modulatingt, give the main weight to
.,
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l, but intramolecular phonons modulating on-site energ
are essential in increasing the averagev ln value. Although
here we vindicate the role of phonons, we also stress
traditional phonon mediated pairingalone cannot give the
reason for all the experimental findings related to superc
ducting properties of BEDT-TTF salts. The proximity of a
tiferromagnetic or charge ordered states in many OSC cle
indicate that electron-electron interactions are importa1

and these cannot be properly accounted for in our effec
single-particle approach. In particular, just consid
the above-mentionedk-(BEDT-TTF)2Cu(NCS)2 and k-
(BEDT-TTF)2Cu@N(CN)2#Br salts. Theirv ln is similar to
k-(BEDT-TTF)2I3, yet their Tc’s are 9.5 and 11.5 K,
respectively.20 We think it is unlikely that the correspondin
increase inl with respect tok-(BEDT-TTF)2I3 can be at-
tributed to a significant change in thee-LP coupling strength
due to the change in counterions. Rather, we believe
electron-electron interactions and/or the proximity of a ph
boundary may lead to an enhancement of the effec
electron-phonon coupling. In other words, we need to a
lyze the role of electron-phonon coupling in low-dimension
strongly correlated materials, still a poorly understo
topic.21 Our work represents the necessary prerequisite
such an analysis in BEDT-TTF-based OSC.
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