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INTRODUCTION 

At about the same time when Little proposed room-temperature super
conductivity in organic polymers, it vas suggested that the high-Tc of the 
more conventional A-15's 1s associated with their one-dimensional electronic 
band structurel , When TTF-TCNQ vas discovered in 1913 , it was suggested 
that the electron-phonon coupling in this I-D organic molecular crystal 1s 
responsible tor the metal-to-insulator (Peierls) transition at 52 K2 , Bnd 
reducing A vill cause a crossover to a superconducting state3• Since then, 
the electronic structure, the conduction mechanism, and the superconducting 
mechanism were subject to controversy. Therefore, it is of some importance 
to establish whether the electronic band structure, and conduction 
mechanism, are similar to t hose in more conventional metals, and whether 
the superconductivity mechanism is the normal BeS phonon-mediated interaction 

AN AB-INITIO BANO CALCULATION FOR B-(BEOT-TTF)213 

The extended-Huckel method has been used extensively for the descrip~ion 
ot the electronic band structure of organic metals for more than a decade • 
In this method, only one molecular orbital is considered - the highest 
OCcupied (HOMO) or lo;e;t unoccupied (LUMO) one, and banding of this orbital 
i8 treated by the tight-binding approximation. Calculations of this type 
have been performed for ET salts since the vork of Mori5. These calculations 
account tor the 2-D band structure , the recent dRvA and Shubnikov data 
desc ribed by Tokumoto in this conference, as vell as other phenomena described 
in the talks of Saito, Uemura, Ishiguro, Eldridge, Whangbo t and Kasovski. 

As the organic molecule gets larger, the molecular levels get denser, 
and eventually their separation becomes less than the bandwidth (Fig. 1) . 
As a result, different molecular levels overlap. This etfect can be treated 
by the tight-binding approximation, as in the work of Whangbo et a1 (this 
conference), but also by other "standard" methods employed for calCulating 
band structures of normal metals. We emJl10yed the ASA method of Williams 
tor the calculation of the band structure of 6-{BEIY.r-TrF)213' Such a 
calculation is very difficult because of the large number of atoms per unit 
cell (55); the low symmetry (PI) and particularly because the atomic spheres 
occupy only about 1/3 of the total volume. 

Qrellk &t~dllCti'tli':1. Ediled by V.Z. lUesia and 
"'.A. Liltle. Plenum Pn:u. New Yort. 1990 
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Figure 1 
The separat10n between molecular 
levels 1s smaller than bandw1dth. 
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F1gure 2 

E vs. k curves for a-(ET)2I3' Top: IBM 
3090. Bottom: Cray II. 

We carried out aome preliminary calculations; the volume between the 
atomic spheres 1s tilled with "empty!! spheres, so that the total volume of 
the atomic and empty spheres equals the volume of the unit cell. Thus, there 
is some overlap between the spheres. It turns out that when the positions. 
and radii, of the empty spheres are not precise, the calculation does not 
converge at all. We were able to obtain convergence after a meticulous 
placing and adjustment of the radii o~ the sPheres1 • Still, the calculation 
on an IBM 3090 takes a very long time, and could be carried out only on 
weekends gnd holidays. A significant improvement can be achieved by using 
a Cray- II • In Fig. 2 we show the band structure ~ calculated by the IBM 
(a) and Cray (b). In (a), the charges on all carbons and sulphurs are set 
to be equal, to reduce the size of the required CPU space and computing time. 
In (b), the charges on crystalographlcBlly (and chemically) inequivalent 
carbons are allowed to adjust themselves self-consistently. (b) gives the 
correct density of states, but not correct spin densities (as determined 
by NMR). Nor is the Fermi surface accurate, as determined by the dHvA method. 
Calculation (b) suggests a large energy gap about 50 meV above the Fermi 
level. To test tor this gap, we performed a vacuum tunneling experiment in 
Nijmegen (Fig. 3). If there is a gap close to~. there should be rectifi
cation, as in ordinary semiconductors. The I-V curves are found to be 
precisely symmetric, (for positive and negative voltages) up to 2 V, thus 
we feel that there cannot be a gap close to Ey ; note that Fig. 2a does not 
show such a gap. Our conclusion is that the accuraey ot our energy levels 
is not yet adequate; since the bands are so densely spaced, errors of ~.l eV 
can distort the band structure very mUch. We are not yet in a position to 
say vhether the ASA method is suitable to achieVe the high accuracy required. 
We may note the similarity to "normal" metals like V3Si, Nb)Sn for which 
initial band calculations were rath§r inaccurate, and it took more than a 
decade to achieve adequate accuracy • 
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Figure 3 
Vacuum Tunneling on S-ET. No gap is 
seen close to EF' 
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Figure 5 
Rvs. V curves for e-ET at various 
Temperatures. 
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Figure 6 
Configuration for point-contact 
spectroscopy. Contact pressure 
has a drastic effect. 

In any case, we demonstrated that a band calculation by conventional 
methods is at all possible; moreover, the two-dimensional nature 1s apparent 
already at the present stage, and the shape of the Fermi surface 1s at 
least approximately correct. 

POINT CONTACT SPECTROSCOPY AND TUNNELING - REVIEW 

Point contact spectroscopy and tunneling measurements have been carried 
out on ET salts vith 13 and tAuI since 198610 ,11. In Fig. 4 we show R vs. V 
and dR/d! VB. V curves for 8-(BEDT-TTF)213 • These curves vere taken at a 
temperature above Tc of this material (Tc = 1.35 K) and therefore attributed 
to the normal stateL1 • In Fig. 5 we shOY R V9. V curves up to 10 K12. It Is 
seen tbat the structure disappears at 8 _ 8.5 K, which is the maximum v&l.ue 
of Tc under pressure. This behavior was verified on a large number of 
samples. Thus, we attribute the structure to the superconducting state 
under pressure. Since the crystals are pressed against each other, and the 
contact radius is about a few hundred Angstrom, even a force of a milligram 
gives rise to a pressure of a few kbar, as can be verified by tbe breaking 
of the surface area throughout the experiment. Thus, we have a structure 
as illustrated in Fig. 6. The pressure at the contact area is estimated 

214 



to be a few kbar~ therefore Tc is small and at about T • 1.5 K the material 
is normal. At some distance from the contact area, the pressure falls to 
about 1-2 kbar, and Tc is about 8 K. At a larger distance~ the pressure is 
small and Tc has the bulk value of about 1.35 K, thus for T ~ 1.5 K the 
material is normal. Thus we have ~ n-s interfaces, and the voltage per 
interface is the overall voltage divided by 4. Thus, the sharp structure 
occurs at about 0.25 meV and a broad structure occurs at about 3.15-4 meV 
(Fig. 4). The presence of 4 interfaces causes considerable smearing, 
therefore it is difficult to draw definitive conclusions from these data. 

It is possible to avoi d the pressure at the interface by vacuum 
tunneling (or tunneling in helium gas). Measurements on ET IAul by this 
method were performed by Hawley et al10 and by usll . In Fig. 1a we show a 
dl/dV vs. V. curve reconstructed from the I-V curves of Hawley et aI, for 
a crystal-to-gold needle interface. In Fig. 1b we show a dI/dV vs. V curve 
reported by us for a crystBl-to-crystal interface. Fig. ~a suggests a gap 
of about 2.5 meV (as suggested by Hawley et a1 from an I vs. V2 curve). 
Fig. 1b suggests a gap of about 0 .7 meV. At an early stage it was suggested 
that perhaps in the needle-to-crystal tunneling the needle touches a grain 
of the crystal, and the tunneling is between this grain and the bulk of the 
crystal, thus it is s-to-s tunneling and 6 has to be halved to 1.25 meV; 
or that in the crystal-to-crystal tunneling one surface is not superconduc
ting, but normal, therefore A should be doubled (to about 1.4 meV). However, 
it seems that both data are good and such excuses are fortuitous. Moreover, 
the structure of Fig . 1a is measured between half-maximum points, While 
between the maxima the width corresponds to about A ~ 4 MeV; while in the 
data of Fig. 10, if we measure the distance between half-maximum points, 
the width corresponds to 6= 0.35 meV. Thus~ the difference between 74 and 
Tb is about a factor of 7 (for half-intensity pOints) or 6 (for the maxima 
ot dI/dV) , and such a large discrepancy cannot be accounted for by 
attributing it to faulty measurements. 

We note that the shape of Fig. Tb agrees very well with the BTK 
theoryl3, and the value of 6~O.1 MeV corresponds very vell to the BeS 
value for Tc ~ 4.1 K (26/kBTc ~ 4, which agrees with the BeS value to 
within the accuracy of the experiment). In contrast, Fig. 1a gives a value 
4 to 6 times the BeS value, as pointed out already by Hawley et al. Values 
o~ 26/kBT between 2 and 10 were reported in ref. 11 (Table I). There it 
vas sugges~ed that the vacuum tunneling data for ET-IAuI are the most 
trustworthy; however, on the basis of more experiments we feel that all the 
values reported in Table I are credible, and it is not possible to establish 
a unique value of 26/kBTc ' 
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POINT CONTACT SPECTROSCOPY - NEW DATA 

To avoid the ambiguity of 4 n-s interfaces (Fig. 6a) we performed 
experiments on ~(BEDT-TTF) 213 ' tor which Tc = 8-8.5 K at ambient 
pressure; thus there are only 2 D-6 interfaces (Fig. 6b) . R VS . V and 
dR/dI VB. V data are shovn in Fig. 8. The «T crystais have a s l ight mosaic 
structurtt but the angle between the individual crystalites 1s only a fev 
degrees! . The crystals are pressed against each other with an orientation 
in which the current flows along the a-b planes. 
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Note that the R vs. V curve indicates a very sharp minimum at V=O; 
the width of this minimum is less than 0.5 mY. Near V = ±lO mY, there is a 
sharp rise in R TO a maximum~ fOlleved by a alight fall. Near ±20 mY, 
there is another sharp structure, Between these three structures, the curve 
of dR/dI vs. V is quite flat, without discernible structure . 

We wish to point out that the data or Fi~. 8 are DEFINITIVE . We 
performed measurements over a period of several years vith more than a do~en 
crystals, vith several measurements being taken for each pair of crystals. 
The data are reproducible, and did not change as the quality of the crystals 
improved over the last years , The very sharp rise of R vith V near ±IO mV 
Is by itself an indication of the high quality of the data. (Note in contrast 
Fig. 4, which shows hev this structure is smeared out when the crystals are 
not so II good" ) • 

Since we have an s-n-s structure , the measured voltage is tvice the 
voltage of each n-s interface; theref'ore the "giant" structure occurs at a 
voltage o(o,bout 5 mV across an n-s interfacfl)We denote the structure near 
V=O by 0 ; the structure near 5 mV by 0 , and the structure near 10 mV 
by ol2). We denote the voltage at which R i s maximum (for point cont,ct 
s~crroscopy) or minimum (for vacuum tunneling) by M; i.e. o(O'M' o\l}M ' 
o 2 M • We d~note f~~ voltage at the halt-maximum point by ~ • i.e. 
o(o)~, o(l}~, 0 ~. This Is nearly the same voltage ~s that when dR/dI 

is maiimum, i.e. the second derivative vanishes, or the extrapolation of the 
I2 vs. V2 curves (Hayley et allO ). The data for all samples, old and new, 
are summarised in Table 1. 

Table I 

T 6 (0) 
M 

6 (0) 
~ 

6(1)6(1) 
M ~ 

6(2)6(2) 
M ~ To 

K (mV) K 

8-(BEDT-TTF)213 0.08 0.5 0.21 1.35 
(point contact) 1.4 0.5 0.3 5.5 3.75 ! 

(BEllT-TTF)21Au1 0.47 0.7 0.35 4.1 
(Poppe) 
(Hawley et al) 2.4 4 2.5 4.1 
(vacuum tunneling) 

"T-(BEllT-TTF) 213 1.4 0.25 5.2 4.5 11.5 12.5 8.5 

(point contact) 

Note that all ET crystals (8-ET r , ET IAul, CI~) possess nearly the 
same value of ~~Also, the discrepanc1 between the Argonne and Julich( ) 
vacuum tunneling data is accounted(fQr _ the Argonne group measured 0 1 , 
while the JUlich group measured 0 oJ. 

Rote that 0 is independent of Tc; thus the quantity 2~/kBTc doesn't seem 
to be meaningfUl, in accord with the data of Table I of ref. 11. 

It 1s instructive to compare this with the Raman data on ET crystals15 
(Fig. 9). The Raman data indicate a sharp line at about 4 meV. This line is 
extremely sharp tor the a-phase, and slightly split for the aT phase. 
Since Raman data are due to a q=O mode, this 1s an optical p~onon. Because 
ot its low frequency, it is probably a libron. We suggestedl1 , that due to 
the 2-D band structure, a libron around the c-axis possesses a linear 
coupling with the electrons. The line at 15 meV is a stretching vibration 
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of I3 t which probably does not interact too strongly vi th the BEDT-TTF 
molecule. The lines at higher energies are harmonics ot this stretching 
mode. Thus, the phonon seen by the Reman experiments is w:nazingly close 
to the giant structure seen in the I-V curves at 5 mY . 

" 

10 20 30 

POSSIBLE INTERPRETATION OF THE ltV CURVES 

(a) Attempt at a Conventional Interpretation 

Figure 9 

Raman data for 
(BEOT-TIF)213 

various 
salts. 

A conventional interpretation of the R vs. V data 1s based on the BTK 
theory13, This theory accounts for the maximum in R at eV::: 11 (11 being 
the 8uperconducting gap parameter) for a good n-s interface, due to 
Andreev reflection, while tor a "bad" interface (Le. with an oxide , or 
other insulating layer) normal tunneling gives ris~ to a minimum in R at 
this voltage (following the McMillan-Rowell theo~6), Harmonics of the gap 
are frequently seen in High-Tc superconductors as well17 , 

The minimum in R at zero voltage can be attributed to • Josephson 
effect, or more likely to a proximity effect induced in the normal region 
by(tbe superconductor aeross the interrace. Thus, tor this interpretation, 

6 1)! A. 

This interpretation poses the following dilemmas: 
(1) 11 is independent ot Tc. For all superconductors, with Tc ranging 
from 1.35 K (posB1bly) to 8. 5 K, A is about 4-5 meV. 
(2) 211 !kBTc ( i, unreasonably large, This was a1rea~y pointed out by 
Rawley et al 10 , We tried to account for this large value (about 4 to 6 
times the BCS value) by means of soft phonons t vi th the aid of D, Rainer , 
using the Bergmann-Rainer algori trunl8 , vi thout success. We tried a sort 
phonon with an energy of 1 meV, with a huge coupling to the electronsll , 
and were not able to get even close to these values of 211/kBTc . (1) 
(3) We have to assume that the very close coincidence between 6 and 
~ph is a pure accident . In superconductivity theory there is ~ tendency 
whatsoever of 11 to "stick" to wph 19 . 
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We ~r try a two band model, like that of Kresln (this conference), 
where t5l 0 } represents the gap of one band, and all) of the other . 
Hovever, the differences (8 factor of 16) seem to be too large for such 
8 model. 

(b) Unconventional Interpretation 

We may assume 
an accident, i.e. 

that the agreement between and •.• wph is not 

- wph ' 

Since t5(l)M 1s nearly temperature independent, while t5(1)~ falls with 
increasing temperature (and can be roughly fitted to the temperature 
dependence of a BeS ft~' as pointed out by Hawley et al). it makes more 
sense to identity cS M vi th wph ' 

Thus t there is no structure in the I IV curves at the BCS gap A (about 
1.4 - 1 .6 meV); the ;eglon of possible values of A for weak and strong 
coupling 1s indicated in Fig. 8b , and it is seen that there 1s no structure 
there. (A similar absence of IR absorption at the gap energy vas reported 
by Eldridge et al at this conference). 

This interpretation poses the tolloving dilemmas: 
el} It Is not consistent with the conventional McMillan-Rovell theory. 
According to it. the "Big" structure is at eV/2 = 6. as discovered by 
Giaever. 
(2) Tc is unexpectedly large for Wpb ~ 4 meV. Even if p* is very 
small. a value of Tc = 8.5 K or up to Tc • 12.5 K (for some ET salts , 
as discussed by Williams at this conference) , requires a very large value 
of A. According to Kresin et a120 , Tc =- 0.18 <1I)2>~ IA/(l+2.611*) . 

• For u = 0.2 ,II) = 4 meV, Tc = 12.5 K, we need: A = 3.5. 

At first sight, these dilemmas appear overvnelm1ng. Hovever, a novel 
theory, suggested originally for the high Tc superconductors, gives 6(£) 
va. £ curves strikingly similar to the observed dR/d! vs. V curve21 . 
We sketch such a theoretical curve in Fig. 10. This theory is based on a 
novel solution of the Migdal-Eliashberg ladder diagram equation for the 
case of an Einstein spectrum22 • 

A ., +0.1 

Figure 10 

A novel calculation of the gap 
function A(E) vs. E for an 

£ Einstein spectnJm. 

There Is structure at 
£ =r 0 I wph • 2 wph but not 
at £ = A(O) • 
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(1) 
In any ease, the tact that 6 and liIph coincide (at least approx_ 

Imately) ~ IUld there is virtually no structure in the IN curves at other 
energles~ Is a strong indication that the superconductivity Is due to phonons, 
and specifically the 4 meV phonon. This 1~ 1n accord with the p~§dlctlon 
made in 1913 when TTF-TCNQ vas discovered , and subsequent york . This Is 
also in line vith the work of Whangbo et el, and Ishlguro, presented at this 
conference, about the role of the inter-molecular phonons, their softness, 
and Tc . 
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