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Electron states and electron-phonon coupling in the BEDT-TTF-based organic superconductors
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The electronic structure and the coupling of electrons to the vibrational modes of a diiggle
(ethylenedithig-tetrathiafulvalend BEDT-TTF) molecule, the building block of a class of organic supercon-
ductors, are studied from quantum chemical calculations. We find that the molecular orbital structure near the
Fermi energy can be described with a simple tight-binding model involving only the out-of-plargtals on
the carbon and sulfur atoms in the central part of the molecule. Just three of the vibrational médes of
symmetry couple strongly to the electron states resulting in a frequency shift of typically 10% for these modes.
The high-frequencyAy(11) mode is predicted to be broadened the most by the coupling, by an amount of
~8%. The calculated electron-phonon coupling constant in the Sotid).4, is strong enough to produce a
superconducting transition temperatliie-3—10 K as estimated from McMillan’s formula, indicating that the
superconductivity in the BEDT-TTF compounds can be explained within the standard BCS electron-phonon
coupling theory.

I. INTRODUCTION in either the so-called “A” or the “B” conformatiorf. How-

. . : ' . ever, this slight alteration in the atom positions between sol-
Since the introduction of the first organic s;uperconductor§dS does not introduce any essential change into the

in the early 1980s by Bechgaard and co-workeaspumber molecular-orbital scheme. In view of this, we have chosen

of organic superconductors have been synthesized so far. Trﬁ%re a symmetric form of the molecule wiby,, symmetr
more recent sulfur-based catiois (ethylenedithig- y h SY y

tetrathiafulvalendBEDT-TTF) (ET, for shorf) has produced for detailed study.
a series of quasi-two-dimensional compounds with steadily

increasing superconducting transition temperatures. The ET HOMO (b3,)
series includes theB phase compound®-(ET),X (X~ 015 e on o8
=I37, IBr,”, etc), the x phase compounds-(ET),X(X"~ H S._.02_$ §_-02 S H
=1,", CUNCS),, etc), and thed phase compounds such HQ?/ i Nos [/ ~¢” \T{‘H
as #-(ET),l;. Of the ten or so superconductors found in the H—c (": /C—.O,S\ ll; c—H
ET series so far, the compound(ET),CUN(CN),]Br has TN\ s T2 § S02~s” h
the highesfr,, of 11.6 K at ambient pressure. b o ' 015

The ET superconductors consist of layers of ET molecules 2h T_‘ z N
and layers of anions alternately stacked. The ET layers are y Ci Si Cm So Co

the metallic layers and the anion layers form the insulating

layers in a manner somewhat analogous to the Rhigh-
copper-oxide superconductors. In this paper, we analyze the
electronic structure of a single ET molecule and examine the

strength of the electron-phonon coupling to determine Ag(1) Ag(4)
whether it is a plausible mechanism for superconductivity in

the ET solids. : :

Il. ELECTRON STATES
Ag(11)

The structure of the ET molecule, chemical formula of
Ci10SgHg, is sketched in Fig. 1. The molecule is roughly  FiG. 1. Sketch of the ET molecule and the calculated HOMO
planar except for the hydrogen atoms which are attached t@ave function. The amplitude contributions of thg atomic orbit-
the tetrahedral p®) bonds on the terminal carbons. The als to the HOMO wave function are indicated next to each atom.
individual atom positions vary slightly from solid to solid The bottom part shows the thrég vibrational modes that couple
and the terminal carbons occurring slightly off plane can bestrongly to the HOMO.
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sulfur py /p, orbitals, or a similaisp® orbital on the neigh-
boring G, atom. The strong interaction causes the bonding
and the antibonding states to be removed away fEgrwith

the result that neither the outer carbony) @or the hydrogen
atoms have any significant contribution to the MO wave
functions neak; . Similar strong interactions remove the C-
sp? orbitals and the remaining sulfyr,, p, orbitals away
from E;. We are then left with the out-of-plarg, orbitals

on the inner and the middle carbon atoms as well as on the
sulfur atoms. Now, the sizablep interaction between the
py orbitals on the adjacent, ©r C,, pairs of atoms causes the

%aff_'bw ppm* states to be shifted up in energy. These in fact form
the lowest unoccupied molecular-orbif@UMO) states(of
% oMo HOMO symmetrybiy, b,g, anda,), leaving thepp hybrid orbit-
A b (99%) X als on the Cor Cm.atoms plus the St_JIfu;nx orbitals to form
§ or —/b:; (98%) 3 the highest occupied molecular orbitaldOMOQO’s).
o bay (97%) byg This picture of chemical bonding in the molecule is veri-
w =4§;'g 82;; _ :i'fb, fied by the results of our MNDO calculations. The symme-
by ;g%i Bpg tries of the calculated MO's are consistent with the above
25~ \gi'g 95% aubyg analysis. As seen from Table |, where we have listed the
a;"\_—<8§; X irreducible representations spanned by various orbitals, the
sl 3 bau (98%) o px orbitals on the ¢ C,, §, and § atoms together span
Bag 1{,’123 (07%) ‘;29 the 3b,4+4byy+3a,+4bs, representations of the,,
b§;/—§gu 518:53 o group. These orbitals may be identified around the HOMO-
Pau” g;ﬂ (98%) LUMO gap in the molecular-orbitals scheme. Of these, the
b _/EZE (7 three two-centered carbgp=* orbitals span thé; 4+ b,
ﬁg:>=<b§g {(7%) +a, representations and they form the first three LUMO’s as
by, anticipated. The projected density-of-states shown in Fig. 3,
-10 Dyy — where we have broadened the individual MO’s by a finite-

energy width for clarity of presentation, confirms again the
picture that thep, orbitals on the §S,,C;, and G, atoms
form the MO’s around the HOMO-LUMO gap. The calcu-
lated HOMO-LUMO gap from the MNDO technique is usu-
ally too large and we estimate a gap value of about 3.0 eV in
the compound based on a tight-binding fit to the energies of
the HOMO's as discussed below.

In Fig. 2 we show the molecular-orbital scheme obtained Since the MO’s near the HOMO-LUMO gap were found
from calculations using the quantum-chemical modified neto be made almost exclusively from the out-of-plgmgor-
glect of differential overlagMNDO) technique’ This tech-  bitals on the §, S, G, and G, atoms, it is useful to ob-
nigue has been successfully used on a wide variety of contain a simplified tight-binding Hamiltonian with a minimal
pounds and yields reasonable results for molecular orbitaldasis set of the 14, orbitals, each located on one of the
vibrational frequencies, relative energies, molecular strucatoms. Thus we have the simplified, @44 tight-binding

FIG. 2. The calculated MO scheme from the MNDO metkad
and from the model tight-binding Hamiltonigh). Percentages in-
dicate the contribution of the, orbitals on the ¢, C,,, S, and
S, atoms, taken together, to the MNDO wave functions.

tures, and other physical quantities. Hamiltonian
We find that the molecular orbitaléMO’s) around the
Fermi energyE; are made up of out-of-plang, orbitals of _ o N
the carbon and sulfur atoms in the middle part of the mol- H_Z 8i|'><'|+%> Vii([iXil+e.c), @

ecule, i.e., neither the terminal carbon atomsn@r the hy-

drogen atoms contribute significantly to these MO’s. To un-where|i) denotes thep, orbital on theith atom andi,j)
derstand the MO scheme, we note as indicated in Fig. 1 thatenotes nearest-neighbor pairs. By fitting to the energies of
there are three types of carbon atoms, viz., the outer, innethe appropriate HOMO's obtained from the MNDO calcula-
and middle carbons denoted by, &, and G,, respec- tion, the parameters of the Hamiltonigh were determined
tively, and two types of sulfur atom@uter and innerde- to be ec=—0.9 eV, es=—1.9 eV, Vc=—3.0 eV, and
noted by § and S. With the electronic configurations of Vcos=—1.5 eV.

C=[He]2s%2p?,S=[Ne]3s?3p*, we have altogether 96 va-  This simplified model introduces an accidental degen-
lence electrons for the ET molecule including the hydrogereracy in the energy spectrum between the MO’ gf and
electrons. It is convenient to think in terms sp>-hybrid  a, symmetries. The accidental degeneracy arises be¢guse
orbits for the fourfold-coordinated outer carbon atoms anca function belonging td,4 can always be constructed from
sp?-hybrid orbitals plug, orbitals for the rest of the carbon ana, function by switching its sign on one side of the mol-
atoms, which are threefold coordinated. Each of the fouecule andii) the inner carbon atoms; @o not contribute to
sp®-hybrid orbitals on an outer carbon atom interactsthe MO’s of these symmetries. Even though this accidental
strongly with either the hydroges orbitals, the in-plane degeneracy is strictly true only in the nearest-neighbor
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TABLE |. Irreducible representations of tH2,,, group spanned by various sets of orbitals in the ET
molecule(Ref. 6). N is the total number of orbitals in the molecule or the number of normal médésnotes

any of the atoms $C,,,S,, or G,.

Irreducible representations

N ag blg ng b39 ay l'-)1u b2u b3u
Atomic orbitals:
Ci-s or Ci-p, 2 1 1
Ci-py 2 1 1
Ci'py 2 1 1
A-s or A-p, or A-p, 4 1 1 1 1
A-py 4 1 1 1 1
H-s or p, or p, or p, 8 1 1 1 1 1 1 1 1
C-ppm 1 1
Ci-ppm* 1 1
Ch-ppm 2 1 1
Ch-ppm* 2 1 1
C.,Cn,S S-Px 14 3 4 3 4
Normal modes: 72 12 6 7 11 7 11 11 7
Raman activey ,b,4,b54,b34; IR active:by, by, b,
Dipole-allowed electronic transitions:
x-polarized light: age—Dbg, bigebay bogebay bageay
y-polarized light: ag— by, bigebg, bog—ay bagebay
z-polarized light: ag—byy byg—ay by bay bag—bay

Electron-phonon coupling:
(I'XT) gym=Ag for all I".

model, it should be noted that thg, anda, MO’s are still

The wave function of the HOMO, db5, symmetry, has

found in pairs in the MNDO results, indicating the smallnessbeen illustrated in Fig. 1. The wave function has 68% of

of the next-neighbor interactions, providing an additional

S-p, and 32% of Cp, character and is consistent with the

justification for retaining only the nearest-neighbor interac-scanning tunneling microscopy data obtained for the

tion in the Hamiltonian(1). The energies of the LUMO and
LUMO+1 are very close because of this effect.

10 C(p)+S(p) C»+S(p)
Bonding Anti-Bonding

Density of States
(states/eV/molecule/spin)

0 ! 2o, /‘ 1 v 1
10 - 0 5
Energy (eV)

FIG. 3. Densities of state€DOS) around the HOMO-LUMO
gap as calculated from the MNDO methad) total DOS (solid
line) and (2) partial DOS corresponding to thg, orbitals on the
C, Cn, S, and S atoms(dashed ling The MO levels have been

broadened by about 0.3 eV. The predominant contribution of these Gonkmiksq)= < nk
v,NK,

py orbitals to the MO’s around the HOMO-LUMO gap leads to the
model Hamiltonian, Eq(1), as discussed in the text.

k-(ET), Cu(NCS), compound, which indicated a large con-
centration of the electronic charge on the carbon and the
sulfur atoms in the central part of the molectilthe HOMO

is separated from the HOMO-1, tb, symmetry, by about

0.9 eV in our calculation. The HOMO broadens out to form
the conduction bands in the solid, estimated to be about 1.0-
1.2 eV wide® such small widths being typical of molecular
solids. Theb;, band, which may sometimes be split in the
solid due to interaction between two neighboring ET mol-
ecules, is partially depleted because of the electron transfer
to the anions, and as a result this is the band that occurs at
E;.

Ill. ELECTRON-PHONON COUPLING

The question we address now concerns the plausibility of
the electron-phonofe-ph) coupling as a mechanism for su-
perconductivity in the ET solids. A phonon affects the elec-
tronic energies by altering the electronic hopping matrix el-
ements caused by the change in the interatomic distances.
The basic quantity describing this interaction is ¢hgh ma-
trix element'®

> e Vq\/h/(ZMiqu)j—: m,k+ q> ,
2
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TABLE II. Electron-phonon coupling of the HOMO to the vibrational modes of the ET mole@utkenotes the percentage contribution
from the G,C,,,S, and § atoms to the normal mode.

Phonon Ag(l) Ay(2) AL3) Ag(4) AyB) AgB) Ag7) Ag8) Ag9) AG(l0) Ay (11l) Ay (12) (Wi
wep(cm ) 165 316 467 502 649 904 980 1274 1407 1474 1511 2968 813
wee(cm™l) 176 354 583 606 816 1174 1282 1362 1443 1737 1797 3227 950
P(%) 35 65 72 100 81 87 0.4 0.1 00 99 100 0.0

y,lw, (%) 05 01 01 25 00 0.0 0.0 0.0 0.0 0.3 8.1 0.0

Aw,/w, (%) 94 11 07 125 01 0.0 0.0 0.0 0.0 05 138 0.0

g, (meV) 35 17 17 75 8 6 1 2 0 25 136 0

Vv, (meV) 112 13 8 150 1 0.5 0 0 0 6 166 0 3 V,=457

%Reference 11.

where|mk) is a band electron state with the band index The computation of the-ph coupling strength requires

and Bloch momentunk, e;,, is the phonon eigenvector theoretical models fofa) the vibrational normal modesgb)

with frequencyw,q, and the index runs over all atoms as the electron states of the molecule, doithe way in which

well as the Cartesian coordinates. The dimensiontegh  the electron states change in response to the atomic displace-

coupling constani is then given by a double integration ments caused by the vibrational normal modes. The vibra-

over the Fermi surface tional modes were obtained from the quantum-chemical
MNDO calculations. The agreement between the calculated

2 . . .
A= S 19 ok el and the measqred_ vibrational frequency is reason_(ébible
7q hw,gN(0) n k=" M m(k+q) II), especially in view of the fact that the calculations were
performed on the symmetric molecule. The electron states
X O(&nk) O(Emk+q— Enk— h@,q)- (3)  are described here by the tight-binding Hamiltonian, @3,

. . . . involving just the minimal basis set of the 18 orbitals.
Here N(0) is the electronic density of states{ per spin This is reasonable since as seen from Fig. 2 tipgsarbitals

and the ener%les i';\re The?sured t\'NIItIh ﬁlsr(’jesgi/ls(')n%e V\ée fcontribute about 99% of the wave function of the HOMO.
E\re concerr:e t(;\n y Wi € p?r 1al y3| € the b a:jn ' O we finally need a model for how the electron states change
3u Symmetry, then,m summation in(3) over the bands is in response to the change in distance between atoms. This we

reduced Fo summing over ]U§t this band. If we now neglec{ncorporate by simply scaling the hopping integrals in Eq.
the weakintermolecular coupling as compared to the strong(l) with distanced between nearest-neighbor atoms, follow-

mtramolecular_ coupllng_, the double integration can be per-ing Harrison’s universal formuld
formed analytically to yield

A=N(0)Ve.p, (4 A
P Vi m= i m g (6)
where
) 2 5 with the exponent;=2 for the p-p matrix elements.
Veph=2 V,, with V,=3—1a./% (4b) The e-ph couplings calculated from Eq$2)—(5) are

shown in Table Il. As seen from the table, only three of the
so that the strength of theph coupling in the solid can be 12 A, vibrational modes, theAy(1), A4(4), and Ay(11)
obtained by computing how the vibrational normal modesmodes, with the calculated frequencies of 176, 606, and 1797
are coupled to the electron states of the isolated moleculem *, respectively, couple strongly to the HOMO. Indeed a
The quantityg, in (4) is then determined by how a vibra- strong coupling for the 502 and 1474 thmodes are found
tional mode in the isolated molecule affects the energy of thén the experiments of Sugait al."® (The coupling for the
HOMO, i.e., lower 176 cm' mode was not reported in the experiments.
’ The Ay4(11) mode for our symmetric molgrtrzﬂe prﬁsumably
d corresponds to the experimental 1474 ode.” The
gv:<HOMO’Z e, Vh/(2Miw) (9_RI‘ HOMO>' (3 coupling for this vibrational mode is strong because of the
simultaneous stretching of all=€C bonds(see Fig. 1 on
The e-ph coupling produces a softening of the phonon fre-which a large part of the HOMO wave function is located. In
quency in the solid given by w,= —2N(0)|g,|? and a pho-  contrast, the nearby,(10) mode withwgg=1737 cm'*
non linewidth ofy,=27N(0)?w,|g,|2. has a rather small coupling because while the centzalCC
Not all vibrational modes couple to the electron states inbond is stretched, the other two are compressed, leading to a
the molecule. Group theory tells us that the coupling is noneancellation effect. The-ph coupling results in a softening
zero only if (U X ') sym=Tyip - As indicated in Table I, this  of the phonon frequency by 10% for these three modes and
means that only thé vibrational modes can couple to the a relatively large linewidth for the two higher modes as in-
electron states for th®,, group. There are in total 12, dicated in the table.
vibrational modes and now we proceed to compute the The superconducting transition temperature may be esti-
strength of thee-ph coupling for these modes. mated from McMillan’s formula,
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<w|og> —1.041+X\) bon and sulfur out-of-planp, orbitals, while the ogter car-
Te= 1.2 N , (7 bon atoms and the hydrogen atoms do not contribute to the
. u*(1+0.62\) 0gen atoms A !
states near the gap. This implies in turn that in the solid,
which holds if the lattice is not coupled too strongly to the where the ET molecules are stacked together to form con-
electrons(\<1.5). To estimate a value fox, we have used qycting planes separated by insulating anion planes, the su-
the value for the one-electron density of stat¥%0)  perconducting electrons are confined to the central part of the
~0.8—1.0 state&?V spin moleculg assuming a bandwidth mnolecule. Thus the strongest electron-phonon couplings re-
of ~1.0-1.2 eV for the HOMO bar‘fd&md a uniform density gyt for those phonon modes with a strong amplitude in the
of states over this energy range. With the calculd®dy,  central part of the molecule. We find, in general agreement
=457 meV (Table 1), we then obtain & value of 0.38—  ith the experiment, that just three of thg phonons couple
0.45. With an effective Coulomb pseudopotential parametegtrong|y to the electrons. The estimated value of égh
of u*~0.1, McMillan's equatior(7) then yields an estimated coypling parametern~0.4, is consistent with the BCS
Tc in the range of 3-10 K in agreement with the typical g|ectron-phonon mechanism for superconductivity in the ET
experimental values of . for these compounds. solids.
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