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Lattice dynamics and electron-phonon coupling in theb-„BEDT-TTF …2I 3 organic superconductor
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The crystal structure and lattice phonons of the (BEDT-TTF)2I3 superconductingb phase~where BEDT-
TTF is bis-ethylen-dithio-tetrathiafulvalene! are computed and analyzed by the quasiharmonic lattice dynamics
~QHLD! method. The empirical atom-atom potential is that successfully employed for neutral BEDT-TTF and
for nonsuperconductinga-(BEDT-TTF)2I3. The rigid molecule approximation has to be relaxed by allowing
mixing between lattice and low-frequency intramolecular vibrations. Such a mixing is found to be essential to
account for the specific heat measurements, and also yields good agreement with the observed Raman and
infrared frequencies. The crystal structure and its temperature and pressure dependence are also properly
reproduced, though the effect of the mixing is less important in this case. From the eigenvectors of the
low-frequency phonons we calculate the electron-phonon coupling constants due to the modulation of charge
transfer~hopping! integrals. The charge transfer integrals are evaluated by the extended Hu¨ckel method applied
to all nearest-neighbor BEDT-TTF pairs in theab crystal plane. From the averaged electron-phonon coupling
constants and the QHLD phonon density of states we derive the Eliashberg coupling functiona2(v)F(v),
which compares well with that experimentally obtained from point contact spectroscopy. The corresponding
dimensionless coupling constantl is found to be;0.4.
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I. INTRODUCTION

The strength and importance of electron-lattice phon
~e-lph! coupling in the superconductivity mechanism of o
ganic superconductors has always been rather controve
Early numerical estimates based on simplified models g
very low values for the coupling to acoustic phonons,1 and
much more attention was then devoted to electron-molec
vibration ~e-mv! coupling.2 On the other hand, ‘‘librons’’
were also invoked in the pairing mechanism of orga
superconductors.3,4 On the experimental side, most of th
data have been collected for bis-ethylen-dith
tetrathiafulvalene~BEDT-TTF! salts, which are the most ex
tensive and representative class of organic superconduct5

In particular, recent Raman experiments on BEDT-TTF s
pointed out that the intensity6 and the frequency7 of some
low-frequency phonon modes change at the superconduc
critical temperatureTc . Oddly enough, also one intramo
lecular BEDT-TTF mode has been shown to exhibit a f
quency shift atTc .8 Carbon isotopic substitution on the ce
tral double bond BEDT-TTF was claimed to have drama
effects on theTc of one superconducting BEDT-TTF salt9

but subsequent extensive isotopic substitution studies
other superconducting BEDT-TTF salts strongly sugges
that the lattice phonons are likely involved in the superc
ducting mechanism.10 Attempts to take into account bot
e-mv and e-lph coupling have been put forward,11 but the
role and the relative importance of the two types of coupl
in the pairing mechanism is far from being settled.

Whereas extensive studies have been devoted to the
acterization of intramolecular phonons of BEDT-TTF~Refs.
12–14! and to the estimate of the relevante-mv coupling
PRB 620163-1829/2000/62~21!/14476~11!/$15.00
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strength,15 very little is known about the lattice phonon stru
ture in BEDT-TTF salts or in other organic superconducto
Obtaining a sound characterization of BEDT-TTF salts l
tice phonons is not easy, since in general the unit cell c
tains several molecular units, and the phonon modes o
ously differ for different crystalline structures. We hav
tackled the problem by adopting the ‘‘quasiharmonic latt
dynamics’’ ~QHLD! method,16,17 by which we are able to
analyze both the crystal and the lattice phonon structure
terms of empirical atom-atom potentials. Potentials of t
kind have been found to be very successful in describ
molecular and ionic-molecular crystals,18 and are reasonably
transferable among crystals containing the same atoms.
have first obtained C, S, and H atom-atom potential para
eters reproducing crystal structure and lattice phonons
neutral BEDT-TTF.19 Then we have considered the I3

2 salts,
which have only one additional atom to parametrize, a
present several crystalline phases.5 After the successful ap
plication of the potential to the nonsuperconducti
a-(BEDT-TTF)2I3 crystal,20 we present in this paper the re
sults relevant to the extensively studied superconductinb
phases.

b-(BEDT-TTF)2I3 was the first ambient pressure BEDT
TTF based superconductor to be discovered,21 and its unit
cell contains only one formula unit.22 The BEDT-TTF radi-
cals are arranged in stacks, and the stacks form sheets p
lel to the ab crystal plane. The centrosymmetric linear I3

2

anions separate the sheets, forming an insulating layer.
eral variants of theb-(BEDT-TTF)2I3 phase have been re
ported, making difficult a full and detailed characterizatio
The electrochemically preparedb-(BEDT-TTF)2I3 exhibits
ambient pressure superconductivity atTc51.3 K @bL-
14 476 ©2000 The American Physical Society
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(BEDT-TTF)2I3# or at Tc58.1 @bH- or b* -
(BEDT-TTF)2I3# depending on the pressure-temperat
history of the sample. SuchTc increase has been attributed
a pressure induced ordering process of the ethylene grou
the BEDT-TTF cation.23 In addition, thermal treatment o
laser irradiation of thea-phase yields an irreversible tran
formation to a superconducting phase (Tc58.0 K), named
a t-(BEDT-TTF)2I3,6 which was claimed to be similar to th
b phase. On the other hand,b-(BEDT-TTF)2I3 can also be
prepared by direct chemical oxidation @bCO-
(BEDT-TTF)2I3#,24 with Tc between 7.1 and 7.8 K. Recen
x-ray data confirm that thermally treateda-(BEDT-TTF)2I3
is identical tobCO-(BEDT-TTF)2I3,25 but it is still not clear
whether bCO-(BEDT-TTF)2I3 is the same as bH-
(BEDT-TTF)2I3: the possibility of non-stoichiometric
phases has also been put forward as an alternative to
ordering process in causing aTc of about 8 K.26

The paper is organized as follows. We first discuss
some detail the methods we have adopted to calculate
structure, the phonon dynamics and thee-lph coupling
strength ofb-(BEDT-TTF)2I3 salts. The results are then pr
sented and compared with available experimental data.
nally, the possible role of low frequency phonons in the pa
ing mechanism of organic superconductors is brie
discussed.

II. METHODS

A. Quasiharmonic lattice dynamics

The crystal structure at thermodynamic equilibrium
(BEDT-TTF)2I3 salts is computed using quasiharmonic l
tice dynamics~QHLD!. In QHLD16,17 the Gibbs free energy
G(p,T) of the crystal is approximated with the free ener
of the harmonic phonons calculated at the average la
structure (\51):

G~p,T!5F inter1pV1(
qi

vqi

2

1kBT (
qi

lnF12expS 2
vqi

kBTD G . ~1!

Here,F inter is the total potential energy of the crystal,pV is
the pressure-volume term,(qivqi /2 is the zero-point energy
and the last term is the entropic contribution. The sums
extended to all phonon modes of wave vectorq and fre-
quencyvqi . Given an initial lattice structure, one comput
F inter and its second derivatives with respect to the displa
ments of the molecular coordinates. The second derivat
form the dynamical matrix, which is numerically diagona
ized to obtain the phonon frequenciesvqi and the corre-
sponding eigenvectors. The structure as a function ofp andT
is then determined self-consistently by minimizingG(p,T)
with respect to lattice parameters, molecular positions
orientations.

In the case of (BEDT-TTF)2I3 salts, and in particular o
theb phase, the choice of the initial lattice structure is som
what problematic, due to the conformational disorder of
BEDT-TTF molecules. In fact, the x-ray structur
investigations27 indicate thatb-(BEDT-TTF)2I3 at 120 K is
disordered with two alternative sites for the terminal C
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oms, labeled 9a,10a~staggered form! and 9b,10b~eclipsed
form!. On the other hand,ab initio calculations28 for neutral
BEDT-TTF indicate that the ‘‘boat’’ geometry (C2 symme-
try! is more stable than the ‘‘planar’’ geometry (D2 symme-
try! by 0.65 kcal/mole. The ‘‘chair’’ distortion (Cs symme-
try! is slightly more stable than the planar molecule, but s
less stable than the boat one. The BEDT-TTF1 ion is planar,
and in (BEDT-TTF)2I3 crystals we have a statistical mixtur
of neutral and ionized molecules. On the basis of the
symmetry constraints, we observe that neutral molecule b
and chair geometries correspond to the Leung’s configu
tions 9a,10a and 9b,10b, respectively.27 Thus the conforma-
tional disorder observed in most BEDT-TTF salts is read
understood: the energetic cost of deforming the molecule
small with respect to the energy gain among different pa
ing arrangements in the crystals. To investigate at least
tially the effect of conformational disorder on the stability
(BEDT-TTF)2I3 phases, we have performed several calcu
tions starting from different initials molecular geometries,
detailed in Sec. III.

B. Potential model

We have adopted a pairwise additive intermolecu
potential of the form F inter5

1
2 (mn@qmqn /r mn

1Amnexp(2Bmnrmn)2Cmn/rmn
6 # where the sum is extended t

all distancesr mn between pairsm,n of atoms in different
molecules. The Ewald’s method29 is used to accelerate th
convergence of the Coulombic interactionsqmqn /r mn . The
atomic chargesqm relevant to BEDT-TTF0.51 are directly
taken from the PDQ~PS-GVB! results of a recentab initio
Hartree-Fock calculations.30 The parametersAmn , Bmn , and
Cmn involving C, H, and S atoms are taken from our pre
ous calculation of neutral BEDT-TTF.19 Since in the chosen
model31 C-H parameters are computed from C-C and H
parameters via ‘‘mixing rules,’’ the same procedure
adopted here for all the interactions between different ty
of atoms. The iodine parameters have been derived f
9,10-diiodoanthracene, and successfully tested
a-(BEDT-TTF)2I3.20 The complete atom-atom model
given in Table I.

C. Specific heat

The constant volume specific heat as a function ofT is
computed directly from its statistical mechanics express
for a system of phonons

TABLE I. Parameters for the atom-atom potentialVi j (r )
5Ai j exp(2Bijr)2Cij /r6. V is in kcal/mol,r in Å, A,B,C in consis-
tent units. Heteroatom parameters are given byAi j 5AAii Aj j , Bi j

5(Bii 1Bj j )/2 andCi j 5ACii Cj j .

i Aii Bii Cii

H 2868 3.74 40.2
C 71460 3.60 449.3
S 329600 3.31 5392.0
I 642376 3.09 16482.6
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CV~T!5(
qi

kBS vqi

kBTD 2

expS 2
vqi

kBTD F12expS 2
vqi

kBTD G22

.

~2!

As usual in these cases, Eq.~2! is evaluated by sampling
large number ofq vectors in the first Brillouin zone~BZ!.

In our first attempts to computeCV , we sampled over
regular grids in the BZ. We have found that forT<5 K the
statistical noise was still noticeable even after summing o
several thousands ofq vectors; the results were dependent
the sample size. At largeT, on the contrary, statistical con
vergence was quite fast. This pathology can be attribute
the fact that, due to the exponential factor in Eq.~2!, only the
phonons withvqi<kBT give a non-negligible contribution to
CV(T). For very low T, only the acoustic branches of th
phonons withq close to zero have sufficiently small freque
cies. With a regular grid, only a few of these vectors a
sampled, and most of the computer time is wasted over
gions of the BZ that are already well sampled.

To obtain accurate statistics at a reasonable cost, we
used a Monte Carlo~random! integration scheme, biased t
yield a larger sampling probability close toq50. For com-
putational simplicity, we have chosen a three-dimensio
Lorentzian probability distribution L(q)}(11auqu2)21,
wherea is a width parameter. The bias is compensated
using the reciprocal of the sampling probability as t
sample weight. With this scheme most of the computer ef
is spent in the regionq'0, where a denser sampling real
matters. By summing over about 2000q vectors, we have
been able to reach a satisfactory statistical convergenc
the whole range between 0.1 and 20 K. At highT, the results
coincide with those obtained by integrating over a grid.
low T, CV goes asT3, as it should when the acoustic mod
are properly sampled, and does not fluctuate with the sam
size.

D. Coupling with low-frequency intramolecular
degrees of freedom

In most calculations for molecular crystals all intram
lecular degrees of freedom are neglected and the molec
are maintained as rigid units. This rigid molecule approxim
tion ~RMA! is reasonable for small compact molecules, li
benzene, where all normal modes have frequencies m
higher than those of the lattice phonons.

Since for both I3
2 and BEDT-TTF severa

investigations13,14,32suggest that there are low frequency i
tramolecular modes, the validity of RMA fo
(BEDT-TTF)2I3 appears questionable. Therefore, we ha
decided to relax the RMA and to investigate the effects
the intramolecular degrees of freedom. For this purpose
adopt an excitonlike model.29 To start with, it is convenient
to use a set of molecular coordinatesQi describing transla-
tions, rotations, and internal vibrations of the molecular un
in the crystal. To each BEDT-TTF molecule ofN526 atoms
we associate the following 3N coordinates: three mass
weighted Cartesian displacements of the center of m
three inertia-weighted rotations about the principal axes
inertia, and 3N26572 internal vibrations~the normal
modes of the isolated BEDT-TTF molecule!. The I3

2 ion,
which is linear, has three translations, two rotations, and f
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internal vibrations. In order to compute the phonon frequ
cies, we need all derivatives]2F/]Qri ]Qs j of the total po-
tential F with respect to all pairs of molecular coordinat
Qri and Qs j . Here r and s label molecules in the crystal
while i and j distinguish molecular coordinates.

The potentialF is made of intramolecular and intermo
lecular partsF intra and F inter. In the exciton model, the di-
agonal derivatives ofF intra potential are taken to coincid
with those of an isolated molecule:]2F intra/]Qri

2 5v ri
2 .

Herev ri is the frequency of thei th normal mode of ther th
molecule. All off-diagonal derivatives are zero, which mea
no coupling among different normal modes, and no coupl
between normal modes and rigid rototranslations. These
sumptions are correct for the intramolecular potential at
harmonic level~by definition!.

The coupling between the molecular coordinates is giv
by F inter. For b-(BEDT-TTF)2I3 , F inter is described by
atom-atom and charge-charge interactions, which are b
functions only of the interatomic distance. Since the dista
depends on the Cartesian coordinates of the atomsXra the
derivatives ofF inter can be directly computed in terms of th
coordinatesXra , and then converted to molecular coord
natesQri :

]2F inter

]Qri ]Qs j
5(

ab

]2F inter

]Xra]Xsb

]Xra

]Qri

]Xsb

]Qs j
. ~3!

Herea andb label the Cartesian coordinates of the atoms
moleculesr and s, respectively, and the matrix]Xpa /]Qpi
describes the Cartesian displacements which correspon
each molecular coordinateQpi . The displacements corre
sponding to rigid translations and rotations of the molecu
can be derived by simple geometric arguments.29 The dis-
placements associated to the intramolecular degrees of
dom are the Cartesian eigenvectors of the normal mode
the isolated molecule. The atomic displacements, toge
with the intermolecular potential model, determine the co
pling between intramolecular and lattice modes. We rem
that the intramolecular degrees of freedom are taken
account only as far as their effects on the vibrational con
bution to the free energy are concerned. No attempt to
crease the potential energy by deforming the molecule
done.

The above mentionedab initio calculations,13,14indicating
the presence of several low frequency BEDT-TTF intram
lecular normal modes, constitute a very convenient star
point for relaxing RMA in QHLD calculations. We include
the lowest nine BEDT-TTF internal modes which fall in th
same spectral region as the lattice modes~below
;220 cm21),14 and therefore are likely coupled to lattic
phonons. In addition, the symmetric and antisymme
stretchings, and the two bendings of I3

2 , expected at 114
145, 52, and 52 cm21, respectively,41 have been included in
the QHLD calculations. The neededab initio Cartesian dis-
placements of BEDT-TTF were kindly sent us by Liu,42

while those of I3
2 could be determined by symmetry alone,

often it happens for small molecules with high symmetry

E. e-lph coupling constants and the Eliashberg function

In molecular crystals, intramolecular vibrations are a
sumed to couple with electrons through modulation of o



d
n

r
on
tic

t
f

a

l

er

-
ie
u
n.
es

n
ro

-
a

le

ts

-
th

o

g

t

th
tiv
o
e

nd
n-
e
om

-
ell

d
onic

t
ht-

, as
e
s-

er-

he
e
t

ice,
ail-

ing

PRB 62 14 479LATTICE DYNAMICS AND ELECTRON-PHONON . . .
site energies~e-mv coupling!. Lattice phonons are instea
expected to modulate mainly the intermolecular charge tra
fer ~CT! integral, t, the corresponding lineare-lph coupling
constants being defined as

g~KL;q, j !5~]tKL /]Qqj !, ~4!

wheretKL is the CT integral between neighboring pairsK,L
of BEDT-TTF molecules, and whereQqj is the dimension-
less normal coordinate for thej th phonon with wave vecto
q. By relaxing the RMA, as explained above, the distincti
between low-frequency intramolecular modes and lat
modes is at least partially lost. On the other hand,e-mvcou-
pling by the low-frequency molecular modes is expected
be fairly small, as suggested by the calculations available
isolated BEDT-TTF.13,14 Therefore, we have assumed th
the calculated low-frequency phonons ofb-(BEDT-
TTF)2I3, occurring between 0 and about 200 cm21, are
coupled to the CT electrons only through thet modulation.

To evaluate theg(KL;q, j )’s, we have followed a rea
space approach. Adopting the extended Hu¨ckel ~EH!
method, for each pairK,L of BEDT-TTF molecules within
the b-(BEDT-TTF)2I3 crystal we have calculatedtKL as the
variation of the HOMO energy in going from the monom
to the dimer. Such an approach is known to givet values in
nice agreement with those calculated by extended basis
ab initio methods.33 tKL is calculated for the dimer equilib
rium geometry within the crystal, as well as for geometr
displaced along the QHLD eigenvectors. The vario
g(KL;q, j ) are then obtained by numerical differentiatio
We have considered only the modulation of the four larg
t ’s, all lying on theab crystal plane.

In the case ofe-mvcoupling the overall electron-phono
coupling strength is generally expressed by the small pola
binding energy,Esp

mv5( igi
2/v i , where bothgi , the i th e-mv

coupling constant, andv i , the corresponding reference fre
quency, are quite naturally taken as independent of the w
vectorq.15 Also in the calculation of thee-lph coupling we
have assumed the optical lattice phonons as dispersion
and have performed the calculations for theq50 eigenvec-
tors only. Within this approximation, symmetry argumen
show that only the totally symmetric (Ag) phonons can be
coupled with electrons. Thus, the overalle-lph coupling
strength for thej th lattice optical phonon can again be ex
pressed by the small polaron binding energy relevant to
phonon:e j5(KL(gKL, j

2 /v j ). The total coupling strength is
then given byEsp

lp 5( je j .
For the three acoustic branches we must of course c

sider theq dependence of theg’s, the coupling constants
being zero forq50. We have then calculated the couplin
strength (e j

ac) at some representative BZ edges in thea* b*
reciprocal plane. For each branch, we have averaged
found e j

ac , and assumed a linear dependence onuqu. The
latter assumption is correct only in the smalluqu limit.34

The most important single parameter characterizing
strength of electron-phonon coupling in the superconduc
ity mechanism is the dimensionless electron-phonon c
pling constantl.34,35 This parameter is in turn related to th
Eliashberg coupling functiona2(v)F(v):35
s-
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l52E
0

vmaxa2~v!F~v!

v
dv, ~5!

whereF(v) is the phonon density of states per unit cell, a
a2(v) is an effective coupling function for phonons of e
ergy v. The e-lph Eliashberg coupling function can b
evaluated from the QHLD phonon density of states and fr
the electron-phonon matrix elementg(k,k8; j) expressed in
the reciprocal space34

a2~v!F~v!5N~EF!(
j

^ug~k,k8; j !u2d~v2vqj !&FS,

~6!

whereq5k82k,k andk8 denoting the electronic wave vec
tors, andN(EF) is the density of states per spin per unit c
at the Fermi level. In Eq.~6!, ^ &FS indicates the average
over the Fermi surface.

We have calculated theg’s in real space, as detaile
above. In order to introduce the dependence on the electr
wave vectork, as required in Eq.~6!, we have to describe the
electronic structure of theb-phase metal. To get a simple ye
realistic model we make resort of the rectangular tig
binding dimer model,36,37 where the BEDT-TTF dimers in-
side the unit cell are taken as a supermolecule. Actually
in the k phases, in theb phase the BEDT-TTF dimers ar
clearly recognized~in the present nomenclature, they are a
sociated to thetAB CT integral!. In this model there is only
one half-filled conduction band in the first BZ, whose disp
sion relation as a function of thetKL CT integrals is easily
obtained~lettering of the CT integrals as in Ref. 22!:

e~k!5tAB1tAHcos~kx!1tAEcos~ky!1tACcos~kx1ky!.
~7!

The chemical potential is obtained numerically from t
half-filling condition. The resulting Fermi surface on th
a* b* plane is shown in Fig. 1. Although the BZ is differen
from the actual one, being referred to a rectangular latt
the shape of the Fermi surface compares well with that av

FIG. 1. b-(BEDT-TTF)2I3 Fermi surface on thea* b* recipro-
cal plane, calculated on the basis of the rectangular tight bind
dimer model of Eq.~6!.
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FIG. 2. Calculated and experi
mental crystallographics axis
lengths of b-(BEDT-TTF)2I3 as
functions of temperature and pres
sure. Full line: calculations taking
into account the mixing between
lattice and intramolecular modes
Dashed line: calculations within
the rigid molecule approximation
~RMA!. The experimental points
are taken from Refs. 23,27~dia-
monds! and from Refs. 24,25~as-
terisks!.
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able in the literature,22 giving confidence to the use of th
dimer model. Within tight-binding, the dependence in rec
rocal space of the coupling constants associated to the i
dimer ~intercell! hoppings is given by38

g~k,k8; j !52i g~KL;q, j !@sin~k1q!R2sinkR#, ~8!

where R represents the nearest-neighbor lattice vec
(a,b,a1b), andg(KL;q, j ) are the corresponding real spa
intercell CT integrals. The Fermi surface reported in Fig. 1
used to perform numerically the average of Eq.~6!, yielding
the interdimer contribution. The coupling constants asso
ated with the modulation of the intradimer CT integral a
treated as intramolecular coupling constants, and as suc
independent ofk.11,38We finally remark that thee-mvElias-
hberg coupling function is simply given b
@a2(v)F(v)#e-mv5@N(EF)/N#( igi

2d(v2v i), N being the
number of molecules per unit cell andgi being the usual
e-mvcoupling constant,11 so thatle-mv5N(EF)Esp

mv .

III. RESULTS

A. Crystallographic structures

The unit cell ofb-(BEDT-TTF)2I3 contains one I3
2 ion at

the ~0 0 0! inversion site and two BEDT-TTF molecules
generic sites.22,23,27At 4.5 K the two BEDT-TTF molecules
-
er-

rs

s

i-

are

have a boat geometry~with the terminal C atoms in 9a,10
positions! and are interconverted by the inversion.23 At 120
K the lattice is disordered27 and inversion symmetry is satis
fied only statistically, with a mixture of boat and chair mo
ecules.

In Fig. 2 we compare the experimental crystal ax
lengths23–25,27 as a function ofT and p to the calculations
performed first with RMA, and then by allowing for no
rigid molecules with the addition of a subset of intramolec
lar modes, as explained in Sec. II D. It can be seen that
structures are only marginally affected by the RMA. A mo
detailed comparison between the experimental23 and com-
puted structures~with nonrigid molecules! is reported in
Table II. All calculations have been performed by minimi
ing the free energyG with the molecules in their experimen
tal, ordered geometry at 4.5 K.23 To investigate the effect o
small changes in molecular geometry, the structures
b-(BEDT-TTF)2I3 have been recomputed with the 120
geometry27 and ordered molecules~staggered or boat form!.
The effect of the change in molecular geometry is negligib
At all temperatures,b-(BEDT-TTF)2I3 appears to be ther
modynamically more stable thana-(BEDT-TTF)2I3,20 giv-
ing account for the irreversible interconversions
a-(BEDT-TTF)2I3 into b-like phases.

The effect of molecular deformations has also been inv
tigated, within the RMA approximation, by testing sever
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TABLE II. Structural data ofb-(BEDT-TTF)2I3 as a function ofT ~K! andp ~GPa!: experimental~Ref.
23! and computed unit cell axisa,b,c (Å), anglesa, b, g ~degrees!, and volumeV (Å 3). The lattice is

triclinic, space groupP1̄ (Ci
1), with Z51.

T p a b c a b g V

4.5 0 expt. 6.519 8.920 15.052 95.32 96.09 110.44 807
calc. 6.573 9.158 15.086 93.94 95.04 111.83 834.

20 0 expt. 6.543 8.968 15.114 95.34 96.05 110.30 819
calc. 6.573 9.159 15.087 93.94 95.04 111.83 834.

120 0 expt. 6.561 9.013 15.173 95.07 95.93 110.28 829
calc. 6.582 9.178 15.111 93.79 95.01 111.75 839.

298 0 expt. 6.615 9.100 15.286 94.38 95.59 109.78 855
calc. 6.606 9.235 15.180 93.42 94.92 111.55 854.

4.5 0.15 expt. 6.449 8.986 15.034 94.79 96.57 111.29 799
calc. 6.560 9.132 15.063 94.02 95.10 111.83 829.

6.1 0.46 expt. 6.433 8.947 14.927 95.15 96.77 111.40 786
calc. 6.536 9.083 15.020 94.17 95.23 111.83 818.
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model geometries inb-(BEDT-TTF)2I3 as well as in
a-(BEDT-TTF)2I3 phases. The potential energy has be
minimized with the experimental geometries27,39 and with
chair-a, chair-b, boat-a, and boat-b model geometries. The
chair-a geometry is the average of the two chair molecu
in a-(BEDT-TTF)2I3,39 while chair-b is the molecule of
b-(BEDT-TTF)2I3 with all the terminal carbons in 9b,10
positions.27 The boat-a andb geometries are those observ
in the corresponding phases.27,39 For botha and b phases,
the potential energy minimum is found with experimen
geometry of that phase, and the system becomes less sta
any other geometry is used. It should be noticed that
b-(BEDT-TTF)2I3 the boat-b geometry coincides with the
experimental geometry at 4.5 K, and thus yields the low
energy. The difference betweena-(BEDT-TTF)2I3 and
b-(BEDT-TTF)2I3 essentially vanishes if the chair-a and
boat-a geometries are used in theb phase, while the chair-b
and boat-b geometries drastically destabilize thea phase.
This behavior clearly indicates that molecular deformatio
play a crucial role in determining therelative stability of
various (BEDT-TTF)2I3 phases, but have a minor effect o
the crystallographic structurewithin a given phase.

B. Specific heat and phonon assignment

We now turn our attention to the phonon structure. T
number of bands experimentally observed in the low f
quency (10–200 cm21) Raman and infrared spectra o
b-(BEDT-TTF)2I3 is lower than expected, so that vibra
tional spectra do not offer a very stringent test for the cal
lated phonon frequencies. We therefore first make comp
son to the experimental data available for the specific h
which depends on the frequency distribution. Figure 3 sho
that if we calculate the specific heat adopting the RMA, at
K the calculatedCV ~dotted line! is about 50% smaller than
the experimentalCp ~dots, from Ref. 40!. The difference
betweenCV and Cp is usually small for solids, since the
thermal expansion is small. Therefore, we attribute mos
the discrepancy betweenCV and Cp to the intramolecular
modes, which are neglected in the RMA calculation. Fig
3 also shows theCV computed by relaxing the RMA, a
n
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specified in Sec. II D. The agreement between calcula
and experiment is indeed greatly improved. We anticip
that the same kind of result has been obtained
k-(BEDT-TTF)2I3.43 These results clearly indicate tha
RMA must be relaxed in realistic calculations of the low
frequency phonons of BEDT-TTF crystals.

We next move to the characterization and assignmen
individual low-frequency phonons. In theb phase we have
only one formula unit in the triclinic unit cell, and below
220 cm21 we expect Raman activity for eight lattice mode
nine BEDT-TTF intramolecular modes, and one stretching
I3
2 . In infrared we expect six lattice modes, nine BEDT-TT

intramolecular modes, and three I3
2 modes. Of course, the

modes are actually mixed, as RMA is not applicable, but
number ofq50 phonons remains the same. The calcula
frequencies are compared with the experimental ones6,32,44in
Tables III and IV forAu and Ag modes, respectively. The
comparison between calculated and experimental vibratio
frequencies is satisfactory, although not very significa
given the low number of observed frequencies. Since we a
have all the corresponding eigenvectors, we report an

FIG. 3. Specific heat ofb-(BEDT-TTF)2I3 as a function ofT.
Full line: computedCV obtained from coupled lattice and intramo
lecular modes. Dotted line: computedCV due only to lattice modes
within the RMA approximation. The dots represent the experim
tal Cp , from Ref. 40.
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proximate description of the phonons, given for both BED
TTF and I3

2 as a percentage of the lattice~rigid molecule!
and of the intramolecular contributions. Since in some ca
there is a considerable mixing between lattice and molec
modes, a clear distinction cannot be made. Figure 4 rep
the full dispersion curves along theC,V,X, and Y
directions22 and density of states ofb-(BEDT-TTF)2I3. In
order to make the figure more readable, we have limited
highest frequency to 150 cm21. Figure 4 puts in evidence
the complex structure ofb-(BEDT-TTF)2I3 low-frequency
phonons. We have a very dense grouping of modes in
50–100 cm21 region, with several avoided crossings b
tween the dispersion curves, and clear mixing between la
and molecular modes. Only the acoustic phonon branc
contribute to the density of states below;25 cm21, so that
the typicalv2 dependence is observed. On the other hand
energies higher than;140 cm21 the almost dispersionles
intramolecular modes dominate, and the phonon densit
states appears as a sum of deltalike peaks~not shown in the
figure!.

C. Electron-phonon coupling

The e-lph coupling constants for the optical phonons
b-(BEDT-TTF)2I3 are reported in Table IV. As explained i
Sec. II, if one assumes that the eigenvectors are indepen
of q, only theAg phonons can couple to electrons. In Tab
IV for each phonon we report both the individualg(KL; j ,q)

TABLE III. Low-energy Au phonons ofb-(BEDT-TTF)2
1I3

2 .

Approximate description
Expt.a Calc.b I3

2(%) BEDT-TTF2
1~%!

cm21 cm21 lattice internal lattice internal

216 98
173 90
151 26 68

133 148 86 10
130 136 8 88
124 123 48 48

114 8 86
95 112 24 72
91 90 56 40

84 8 13 34 44
74 56 26 12

71 69 22 78
67 8 40 18 36
62 22 44 10 20
57 23 44 28

48 43 55 11 26
33 44 22 30
17 41 22 36

aFrom Ref. 32.
bThe frequencies refer to the minimumG structure at 120 K. We
have chosen this temperature since in this way we can compar
phonon frequencies and eigenvectors for the minimumG and the
experimental structure~Ref. 27!. The frequency differences be
tween the two sets of calculations are quite small, so only
minimum G result is reported.
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@Eq. ~4!# and the small polaron binding energye j . The two
most strongly coupled modes are those calculated at 32
113 cm21. Whereas the former mode has been observe
the Raman spectrum, and together with the lower freque
mode (27 cm21) undergoes a drastic intensity weakening
Tc ,6 the latter has not been reported even in the norm
state.6,44 The reason might be due to the proximity of th
very intense, resonantly enhanced band at 121 cm21, due to
the symmetric stretch of the I3

2 anion. One band a
107 cm21 has been observed below 6 K for 488 nm laser
excitation.45 On the other hand, a band at 109 cm21, whose
intensity varies with sample and irradiation, has been att
uted to the splitting of the I3

2 stretching mode,44 as a conse-
quence of the commensurate superstructure reported in
x-ray investigation at 100 K.39 Certainly the 100–130 cm21

spectral region deserves further experimental scrutiny w
the latest generation of Raman spectrometers. A second
servation is that whereas the 113 cm21 mode involves only
the BEDT-TTF units, and is mostly a lattice mode, t
32 cm21 one is a mixing between rigid I3

2 motion and
‘‘flexible’’ BEDT-TTF vibrations. This finding suggests a
not marginal role of the counterion sheets inb-type BEDT-
TTF salts.

As shown by Table IV, the coupling of individual optica
modes with electrons is in general not particularly strong,
on the whole the strength ofe-lph coupling, as measured b
the sum of thee j , is appreciable, around 45 meV, to whic
we have to add the contribution of the acoustic phonons.
the sake of comparison, we give also thee j

ac for the three
acoustic branches, calculated as average over several p
at the BZ edges. In order of decreasing phonon freque
~see Fig. 4! the eac are 2.3, 3.3, and 18.2 meV, respective
The coupling strength of the lowest acoustic branch at
zone edge is comparable to that of the most strongly coup
optical phonons. Thus the overalle-lph coupling strength is
of the same order of magnitude as that due toe-mvcoupling,
about 70 meV.15

We can make a more direct connection with superc
ducting properties by calculating the Eliashberg function a
the dimensionless electron-phonon coupling constantl. As
seen in Eq.~6!, the absolute value of the Eliashberg functio
depends on the electronic density of states at the Fermi
ergy N(EF). Experimental estimates of this critical param
eter are problematic, since the measured quantities alre
include or thel enhancement factor, or the Coulomb e
hancement factor, or both. The available theoretical e
mates forb-(BEDT-TTF)2I3 are all based on the EH tigh
binding method. It is known that this method underestima
the density of states. In particular, fork phase BEDT-TTF
superconducting salts the EH density of states is about
times smaller than that obtained by more sophistica
calculations.37 We adopt the EH valueN(EF)52.1 spin
states/eV/unit cell,46 keeping in mind that this constitutes
lower limit. To our advantage, we can compare the cal
lated a2(v)F(v) with that derived from normal state
current/voltage measurements at a point contact junction4,47

This kind of experiment is rather difficult to perform on o
ganic crystals such asb-(BEDT-TTF)2I3, since one has to
be careful about pressure effects at the point contact. The
of a contact between twob-(BEDT-TTF)2I3 crystals made

the

e



equilib-

PRB 62 14 483LATTICE DYNAMICS AND ELECTRON-PHONON . . .
TABLE IV. Low-energyAg phonons and coupling constants ofb-(BEDT-TTF)2
1I3

2 .

Approximate description
Expt.a Calc.b I3

2(%) BEDT-TTF2
1(%) Coupling Constants~meV!c

cm21 cm21 lattice internal lattice internal g(AB; j ) g(AC; j ) g(AE; j ) g(AH; j ) e j (meV)d

214 207 90 21 21
179 172 92 21 21

165 16 84 3 2 21
149 144 16 80 21 2 1 22

131 12 86 26 1
121 120 89 23 1 1 21

113 58 32 213 7 3 21 16
111 90 24 1 21 3

91 87 10 50 36 2 3 4
81 48 48 21 21 21 25
73 8 88 2 2 1
64 78 22 24 6 23 3 9
60 33 18 50 1 23 24 5 7

53 51 25 50 22 4 26 3 10
49 20 66 14 4 23 21 2

39 44 33 60 21 22 22 2
32 32 56 16 24 6 22 25 1 17
27 29 10 76 10 24 4 2 2 11

aFrom Refs. 6,44.
bSee note b of Table III.
cThe modulated hopping integrals between dimers are labeled according to Ref. 22. The calculated
rium values are:tAB50.22 eV, tAC50.08 eV, tAE50.10 eV, tAH50.06 eV.

dOnly values larger than 5 meV are reported.
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the current-voltage characteristics rather stable, from wh
the a2(v)F(v) function reported in the upper panel of Fi
5 was obtained.47 We have changed the scale on the ordin
axis to maintain the same energy unit (cm21) throughout. It
is clear that the spectral resolution of the experiment is lar
than ;10 cm21, and probably increases with energy. I
deed, no spectral detail is visible beyond 240 cm21, where
the contribution of e-mv coupled modes should b

FIG. 4. Dispersion curves and density of statesF(v) of
b-(BEDT-TTF)2I3 low-frequency phonons. The zone edges are
beled according to Ref. 22.
h

e

er

-

FIG. 5. Upper panel: the Eliashberg function as measured f
point-contact tunneling experiments~adapted from Ref. 47!. Lower
panel: the calculated contribution toa2(v)F(v) from low fre-
quencye-lph coupled phonons.
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detectable.5 Therefore, to make easier the visual comparis
with the experimental data, we have smoothed the calcul
a2(v)F(v) ~Fig. 5, lower part! by a convolution with a
Gaussian distribution. We have also assumed that the Ga
ian distribution width increases linearly withv ~from 0.1 to
20 cm21 in the 1 –200 cm21 interval!.

Figure 5 puts in evidence the very good agreement
tween experiment and calculation. The absolute scale
a2(v)F(v) turns out to be almost the same, even if bo
experiment and calculation are affected by the abovem
tioned uncertainties. The three main peaks observed in
experiment are well reproduced and are identified as du
the most strongly coupled phonon branches, namely,
lowest frequency acoustic branch and the optical phonon
32 and 113 cm21. The calculated frequency of the prom
nent peak due to acoustic phonons is higher than the ex
mental one~22 vs 10 cm21). This discrepancy might be du
to the fact that the experiment refers to thebL-
(BEDT-TTF)2I3) phase, whereas our calculation refers to
perfectly ordered phase such as theb* -(BEDT-TTF)2I3.47

We also remark that, at variance with traditional superc
ductors, the Eliashberg function is remarkably different fro
the phonon density of states~Fig. 4!. For instance, the pea
around 120 cm21 in F(v) is due to the dispersionless I3

2

stretching mode, which is completely decoupled from
electron system, whereas the broad peak ina2(v)F(v) is
due to the nearby (113 cm21) ‘‘lattice’’ mode of the BEDT-
TTF molecules. Due to the complex phonon structu
a2(v) is not nearly constant, but varies rapidly with th
frequency.

The dimensionless coupling constantl obtained by inte-
gration of a2(v)F(v)/v up to 240 cm21 turns out to be
around 0.4. The contribution tol from e-mv coupled
modes,15 computed byle-mv5N(EF)Esp

mv , is instead around
0.1. Thus in the McMillan picture11 the overall l of
b-(BEDT-TTF)2I3 is ;0.5, which may well account for the
observedTc58.1 K.47

IV. DISCUSSION AND CONCLUSIONS

The computational methods we have adopted to ana
the crystal and lattice phonon structure, and the electr
phonon coupling strength ofb-(BEDT-TTF)2I3 are empiri-
cal or semiempirical. The form of QHLD atom-atom pote
tials has no rigorous theoretical justification, and t
corresponding parameters are derived from empirical fittin
Also the EH method we have used to characterize
b-(BEDT-TTF)2I3 electronic structure is semiempirical, a
beit with an experimental basis far wider than QHLD.
view of the obvious limitations of empirical or semiempiric
methods, the success achieved in the case
b-(BEDT-TTF)2I3 is even beyond our expectations, al
considering thatnoneof the empirical parameters has be
adjusted to fitb-(BEDT-TTF)2I3 experimental data.

Indeed,all the availableb-(BEDT-TTF)2I3 experimental
data have been accounted for. The crystal structure, an
variation with T and p, is correctly reproduced~Fig. 2 and
Table II!. Useful hints about the relative thermodynamic s
bility of a andb phases has been obtained, as well as so
indications on the effect of BEDT-TTF conformation on th
phase stability. The specific heat~Fig. 3! and the few de-
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tected Raman and infrared bands have been accounted f
including the coupling with low-frequency molecular vibra
tions. Finally, the point contact Eliashberg spectral funct
has been satisfactorily reproduced~Fig. 5!.

Despite the success, it is wise to keep in mind the QH
limitations. First and foremost, conformational disorder
the crystal structure is not included. This is not a limitati
of the QHLD method only, but it is a serious one particula
for b-(BEDT-TTF)2I3 salts, where disorder plays an impo
tant role even in the superconducting properties. It is in f
believed that a fully ordered structure is at the origin of t
higher Tc (8.1 K) displayed byb* or bH phases with re-
spect tobL-(BEDT-TTF)2I3 ~1.5 K!.23 Furthermore, even if
the QHLD method is able to follow theT andp dependence
of the crystal structure, phase transitions implying sub
structural changes may be beyond its present capabili
even for fully ordered structures. The relative stabilities
the phases can indeed be reproduced only at a qualita
level. For what concerns the electron-phonon coupling c
stants, one has to keep in mind that these depend on QH
phonon eigenvectors, which are obviously more prone to
accuracies than the calculated phonon energies. Finally,
tension to other BEDT-TTF salts with counterions differe
from I3

2 is not obvious, requiring additional atom-atom p
rameters.

Once the above necessary words of caution about
method are spelled out, we can underline what in any c
we have learned from the present QHLD calculations. So
in the lack of any description, no matter how approximate,
the phonons modulating the CT integrals, only speculat
discussions about their role in the superconductivity could
put forward, catching at best only part of the correct pictu
One of the most important indications coming out from t
present paper is the need of relaxing the RMA. So from o
hand we cannot try to focus on the isolated molecule
tramolecular vibrations presumably modulating the C
integral,28 and on the other hand referring to ‘‘librations’’ o
the rigid molecules4 lacks of precise meaning. In othe
words, there is no simple or intuitive picture of the phono
modulating the CT integrals. Our results, and the ove
mode mixing, suggest that also the counterions vibrati
might play some role in the coupling.

The results presented here definitely assess the very
portant role played by the low-frequency phonons in the
perconducting properties of BEDT-TTF salts.Both acoustic
and optic modes modulating the CT integral are involve
The overall dimensionless coupling constant is;0.4, much
larger then that due toe-mv coupled phonons (;0.1). Of
course, a mere numerical comparison of the twol ’s is not
particularly significant, since one has to keep in mind t
very different time scales~frequencies! of the two types of
phonons. The phonons appreciably modulating the CT in
grals fall in the 0 –120 cm21 spectral region~Table IV!,
whereas those modulating on-site energies have frequen
ranging from 400 to 1500 cm21.15 Applicability of the Mig-
dal theorem to the latter appears dubious: nonadiab
corrections48 or alternative mechanisms such as polar
narrowing49 have been suggested. For these reasons we
not get involved into detailed discussions about the rela
role of e-lph and e-mv coupling in the superconductivity
mechanism. We limit ourselves to state that phonon me
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ated coupling can well account for the observed critical te
perature of the orderedb-(BEDT-TTF)2I3 phase, given
plausible values of the other fundamental parameter,
Coulomb pseudopotentialm.11,47

The results of the present paper suggest that phonon
diated mechanism is responsible for the superconductivit
BEDT-TTF-based salts. Analogous conclusion was reac
on the basis of the solution of the BCS gap equation fok
phase BEDT-TTF salts,36 and high resolution specific hea
measurements have been interpreted in terms of strong
pling BCS theory.50 On the other hand, evidences are a
accumulating towards nonconventional coupling mec
nisms in organic superconductors such as spin-fluctua
mediated superconductivity.51 Similar apparently contrasting
experimental evidences are also found for cuprates,52 point-
ing to a superconductivity mechanism whereboth electron-
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phonon coupling and antiferromagnetic spin correlations
taken into account.
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