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Do the intramolecular C=C stretching vibrational modes in ET
mediate electron-pairing in x-(ET),X superconductors?

AM. Kini, J.D. Dudek, K.D. Carlson, U. Geiser, R.A. Klemm, J.M. Williams, K.R. Lykke,
J.A. Schlueter, H.H. Wang, P. Wurz, J.R. Ferraro and G.A. Yaconi
Chemistry and Materials Science Divisions, Argonne National Laboratory, 9700, S. Cass Avenue, Argonne, IL 60439, USA

P. Stout
Biorad, Digilab Division, Cambridge, MA 02137, USA

Received 6 October 1992

Isotopic labelling (*3C) of all six double-bonded carbon atoms in bis(ethylenedithio )tetrathiafulvalene (BEDT-TTF or ET),
which results in large shifts (56-67 cm~') in the frequencies of inframolecular a, modes at ~ 1500 cm™", is found to lead to no
measurable isotope effect on T in the high-T, ambient pressure organic superconductors k-(ET),Cu(NCS), (7.=10.4K) and x-
(ET),Cu[N(CN),]Br (T.=11.6 K). Thus, the intramolecular C=C stretching vibrational modes in ET at energies near 1500
c¢m~! are not dominant mediators of superconducting pairing in these molecular superconductors.

1. Introduction

The electron-pairing mechanism leading to super-
conductivity in molecular superconductors, such as
the cation-radical salts of bis(ethylenedithio)tetra-
thiafulvalene (BEDT-TTF or ET) and the anionic
alkali-doped buckminsterfullerenes (Ceo), is an im-
portant unresolved issue [ 1-4]. In elemental and bi-
nary-alloy BCS-superconductors, the lattice vibra-
tional modes (lattice phonons) mediate eléctron-
pairing. A unique feature of molecular supercon-
ductors is the existence of several intramolecular vi-
brational modes, in addition to the lattice phonons.
This, combined with the well-known fact that con-
duction electrons in organic molecular conductors
strongly couple to the symmetrical (Raman-ac-
tive )vibrational modes [5-8], has led several work-
ers to propose that superconductivity in molecular
systems may be mediated by the high-energy (500-
1500 cm~!) intramolecular vibrational modes [4,9-
11]. In the ET-based organic superconductors, the
relevant a, modes are v; and v,, which appear as the
strongest bands in the Raman spectrum of ET at
energies of ~ 1500 cm~!, and v, and v, 3, at energies
of ~500 cm~!. The major contributors to v; and v,

modes are the central C=C and the ring C=C
stretching motions in-about equal weight, and the v,
and v, modes involve the collective C-S stretching
motion [4,12].

The involvement of the intramolecular vibrational
modes in mediating superconductivity can be di-
rectly probed by isotopic labelling at selected sites in
the ET molecule. The isotopic substitutions result in
shift in the frequencies of appropriate intramolecu-
lar vibrational modes, and thus, the possible in-
volvement of specific vibrational modes in mediat-
ing electron-pairing can be determined. We have
recently demonstrated [13], in contrast to an earlier
report by Merzhanov et al. [14], that *C-labelling
of the central C=C bond in ET does not result in any
significant isotope effect on T, in p*-(ET),l; (T,~8
K, 0.5 kbar) within an intrinsic experimental un-
certainty of £0.2 K. Additionally, we have also re-
ported on the absence of any measurable isotope ef-
fect, for the same isotopic labelling, in two ambient
pressure k-phase superconductors, K-
(ET),Cu(NCS), (7.=104 K) and «x-
(ET),Cu[N(CN),]Br (T,=11.6 K), within an un-
certainty of £0.1 K [15,16].

Substitution of the two central C=C carbon atoms
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in ET with the '3C isotope results in sizeable shifts
in the frequencies (w) of the v; (Aw=—-34 cm~!)
and v4 (Aw= —26 cm~"') modes. If one assumes that
the conventional BCS isotope shift is applicable to
coupling involving intramolecular phonon modes,
then T.ocw, so that AT,/ T.=Aw/w~ —2%, which is
close to both the precision of our measurements and
to the crystal-to-crystal variations in 7, among sam-
ples of the same isotopic content in our previous iso-
tope effect studies. In order to test unambiguously
whether the intramolecular modes v; and v, are in-
volved in electron-pairing, we have now extended our
isotope effect study to ET in which all six C=C at-
oms are '*C-labelled, designated herein as '*C(6)-ET.
As expected, this substitution results in even larger
shifts in the frequencies of v; (Aw=—67 cm~!) and
vs (Aw=—56 cm~') modes, and should give rise to
an easily discernible isotope shift of AT./T.=Aw/
w= —4%, since it is well above our experimental un-
certainty as well as the crystal-to-crystal variations in
T..

We find, in this new study, that there is no meas-
urable isotope effect on T, in the high-7, ambient-
pressure ET-based superconductors, K-
(ET),Cu(NCS), (T.=104 K) and «x-
(ET),Cu[N(CN),]Br (7T.=11.6 K) within an un-
certainty of + 0.1 K, even when all six double-bonded
carbon atoms in ET are '*C-labelled. Our results,
therefore, now establish that intramolecular vibra-
tional modes involving the stretching motions of
C=C bonds in ET, at frequencies near 1500 cm—"',
are not dominant mediators of electron-pairing in
these superconductors.

2. Results and discussion

The '*C-labelling of ET used in the present study
is shown in the structure below. Both labelled '*C(6)-
ET and unlabelled ET were synthesized in identical,
parallel experiments starting with '3CS, (nominally
99% enriched, Cambridge Isotope Laboratories,
Woburn, Mass.) and unlabelled CS, (GFS Chemi-
cals, Columbus, Ohio) respectively, following liter-
ature procedures [17-20].

Fourier transform laser desorption mass spectra of
the '3C(6)-ET and natural abundance ET are shown
in fig. 1. The molecular ions in both these cases ap-
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pear as clusters of peaks, with the highest intensity
peaks at m/z 390 (fig. 1(a)) and 384 (fig. 1 (b)) for
13C(6)-ET and natural abundance ET, respectively,
as expected. The peaks at higher m/z in these spectra
arise due to the isotopes of higher mass (e.g., S,
3C) in natural abundance sulfur and carbon atoms.
The peaks at m/z lower than 390 in the case of
3C(6)-ET (infig. 1(a)) arise due to less-than 100%
enrichment in the starting !3CS,. The intensities of
the peaks at m/z 390, 389 and 388 in the ratio
100:13.5:1.25 is indicative of 88% of the '3C(6)-ET
product being ET with all six C=C carbons having
been labelled with '>C, 12% of the product being ET
with five of the six C=C carbons having been la-
belled with '3C, and a trace (< 1%) of the product
being ET with four of the six C=C carbons having
been labelled with '3C. This is consistent with ~98%
13C enrichment in the starting !3CS,.
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Fig. 1. Fourier transform laser desorption mass spectra of (a)
13C(6)-ET and (b) unlabelled ET.
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Fourier transform Raman spectra (Ae.=1064 nm)
in the 1400-1600 cm~! region, taken at liquid ni-
trogen temperature, of unlabelled ET, '3C(2)-ET and
13C(6)-ET are shown in fig. 2. The v; and v, modes
at 1554 and 1492 cm~! in the spectrum of unla-
belled ET (fig. 2(a)), according to the normal co-
ordinate analysis of Meneghetti et al., have nearly
equal contributions from the central C=C and the
ring C=C stretching motions in ET [12]. These fre-
quencies are shifted to 1520 and 1466 cm~! in
13C(2)-ET (fig. 2(b)), and to 1487 and 1436 cm~!
in '3C(6)-ET (fig. 2(c)). Therefore, '*C-labelling of
both the central C=C and the ring C=C bonds in
ET results in substantially larger shifts (5667 cm~—!)
in the frequencies of the v; and v, modes than when
only the central C=C bond is !*C-labelled (26-34
em~1) [14,15].

The superconducting salts x-(ET),Cu(NCS), and
k-(ET),Cu[N(CN),]Br were synthesized starting
from the unlabelled ET and '3C(6)-ET, in strictly
identical and parallel experiments by electrocrystal-
lization, as previously described [21,22]. Supercon-
ducting transitions were determined with the use of
a commercial AC susceptometer (Lake Shore Cry-
otronics, Inc.) operated with a modulation field and
frequency of 1 Oe and 111.1 Hz, respectively. In these
experiments, a single-crystal specimen was sup-
ported in a Delrin container and slowly cooled from
room temperature to 4 K in a period of about 25 min
to avoid the disorder-induced suppression of T, as
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Fig. 2. Fourier transform Raman spectrum (J,.=1064 nm) at
liquid nitrogen temperature of (a) unlabelled ET, (b) 3C(2)-
ET, and (c) '*C(6)-ET. The fundamental modes, v; and v,, are
marked with appropriate frequencies. The combination modes
are marked with asterisks ().
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Fig. 3. The superconducting transitions, as determined from AC
susceptibility measurements, of k-(ET),Cu{N(CN),]Br and x-
(ET),Cu(NCS), crystals with '*C-labelling in the central and ring
double-bonded carbon atoms of ET. The symbols y* and x" refer
to the real (in-phase) and imaginary components, respectively,
of the volume susceptibility, corrected for demagnetization.
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Fig. 4. Point-by-point volume susceptibilities ¥’ (corrected for
demagnetization) for all  eight crystals of «-
(ET),Cu[N(CN),]Br: four with isotopes of natural abundance
(filled symbols) and four with '*C-labelling (open symbols) in
the central and ring double-bonded carbon atoms of ET.

previously reported for x-(ET),Cu[N(CN),Br [23].
The AC susceptibilities, y, were then recorded at
temperature intervals of approximately 0.1 K on
warming from 5 K to 20 K. Temperatures were de-
termined with the use of a diode sensor calibrated to
an accuracy of 15 mK or better at temperatures
below 20 K. In total, the superconducting transitions
of four single-crystal specimens of the two k-phase
salts were determined for each of the two different
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isotopic compositions. The results of these experi-
ments are summarized graphically by the supercon-
ducting transition curves shown in figs. 3 and 4 and
by the list of T.s reported in table 1.

In order to obtain consistent superconducting
transition curves for an accurate comparison of iso-
tope effects, we recorded the AC susceptibilities, both
the in-phase or real (¥’ ) and imaginary (") com-

Table 1

ponents, as volume susceptibilities (dimensionless)
and subsequently corrected these values for demag-
netization. The demagnetization corrections are im-
portant because the crystals were thin platelets of
variable thickness and the in-phase volume suscep-
tibilities, ', without demagnetization corrections
were very large { >> 1) at low temperatures [24]. The
volume factors for each crystal were obtained from

Superconducting transition temperatures 2’ (7, ) at ambient pressure for k-(ET),Cu[N(CN),]Brand k-(ET),CU(NCS), crystals with
compositions of natural isotopic abundance ('2C crystals) and with '*C-labeling ('>C crystals) in the central and ring C=C atoms in the

TTF moiety of ET

K-(ET),Cu[N(CN),]Br

13C crystals No. 1 No. 2 No. 3 No. 4 Average
Tio (K) 11.61 11.61 11.70 11.70 11.66+0.03
T, (K) 11.41 11.48 11.36 11.43 11.42+0.02
Tem (K) 11.16 11.26° 11.14 11.17 11.18+0.03
Xmax (K) 11.15 11.28 11.04 11.10 11.1410.05
12C crystals
Toy (K) 11.89 11.72 11.67 11.63 11.7340.06
Ty (K) 11.42 11.36 11.38 11.40 11.394£0.01
T (K) 11.22 1110 11.09 1117 11.14+0.03
Fhae (K) 11.21 10.97 11.08 1119 11.11+0.06
AT =T (3C)-T.("*C)

Teo (K) —-0.07£0.07

Tq (K) +0.03£0.02

Tem (K) +0.04+0.04

Xmax (K) +0.03+0.08
x-(ET),Cu(NCS),
13C crystals No. 1 No.2 No. 3 No. 4 Average
Teo (k) 9.50 9.62 9.77 9.77 9.66+0.07
Ty (K) 9.30 9.32 9.35 9.44 9.35+0.03
Tem (K) 9.11 9.15 9.15 9.20 9.151£0.02
Xmax (K) 8.96 9.15 9.14 9.21 9.12+0.05
12C crystals
Too (K) 9.88 9.93 9.44 9.72 9.74+0.11
Ty (K) 9.30 9.47 9.27 9.25 9.32+0.05
Tem (K) 9.06 9.11 9.13 9.08 9.10+0.02
Xrax (K) 9.03 9.00 9.10 9.14 9.07+0.03

AT =T.("C)-T(*C)

Te (K) —-0.08+0.13

Ty (K) +0.03£0.06

Tem (K) +0.05+£0.03

Xmax (K) +0.05£0.06

?) T, is the diamagnetic onset, T, the linearly extrapolated mean-field 7, (see text), 7., the transition midpoint, and x/,,, the maximum

in the imaginary component of the AC susceptibility.
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the mass of the crystal and the density of the crystal
calculated from the X-ray unit-cell data [21]. Cor-
rections for demagnetization were obtained in the
following manner. First, demagnetization correc-
tions [25] based on cylindrical shapes as a function
of length-to-diameter ratios were applied to examine
the screening fractions. The length-to-diameter ra-
tios were estimated from the crystal dimensions for
which the cross-sectional area perpendicular to the
modulation field was expressed as an effective cir-
cular area. Although these corrections are approxi-
mate, they yielded shielding fractions (constant y' at
low temperatures) within better than 10% of unity
in all cases. We then assumed, because of the high
purity of our materials, that the screening fraction
for each crystal is, in fact, unity, and we adjusted the
demagnetization correction accordingly. This is
clearly warranted at least in those cases where the
approximately corrected values of x' exceeded unity
at low temperatures. The transition curves shown in
figs. 3 and 4 and the T,s listed in table 1 were ob-
tained from such data normalized by a demagneti-
zation factor giving unit screening fraction. Because
the demagnetization correction changes the shape of
the superconducting transition curve in regions where
the susceptibility is large [24], this introduces pos-
sible systematic errors in derived values of T, We
estimate, from an examination of our data for dif-
ferent values of the demagnetization correction, that
such systematic errors would not exceed an uncer-
tainty +0.05 K.

Figure 3 illustrates the complete superconducting
transition curves for one '>C-labelled crystal each of
K-(ET),Cu[N(CN),1Br and -(ET),Cu(NCS),.
These curves are typical of those determined here for
all of the natural-abundance and '>C-labelled crystal
specimens. Several ‘superconducting transition
temperatures” (7.s) can be derived to characterize
these curves, and these quantities are summarized in
table 1. These T.s represent the diamagnetic onset
temperature (7,,), the conventional mean-field def-
inition (T), which is the extrapolation to zero sus-
ceptibility of the linear portion of the supercon-
ducting transition below onset, the transition
midpoint (7., ), and the maximum in the imaginary
component of the AC susceptibility (¥max ), which is
observed to be close to the transition midpoint, 7,.
In addition, this table lists, for each definition, the

average T, for the groups of four crystals, the stan-
dard deviation in the mean, the isotopic shift,
AT.=T.('*C)-T.('2C), and the propagated stan-
dard deviation in this temperature difference.

Table 1 shows a variation in 7, from sample-to-
sample of the order of 0.2 K or less for T, T, and
Xmax, and considerably more in some cases for the
onset temperature, T.,, which is difficult to deter-
mine with precision. These variations reflect both
limitations to the precision in the determinations of
T, and differences in crystal properties. Thus, the
propagated statistical errors in the average 7.s rep-
resent a combined measure of precision and sample-
to-sample variations. The isotope shifts, AT, de-
rived from the average T,s show no isotope effect sig-
nificantly larger than the errors, of the order of +0.05
K for the statistical errors or of the order of +0.1 K
including the possible systematic errors arising from
the approximated demagnetization corrections.

Figure 4 shows the point-by-point susceptibilities
(x') in the 10-12 K temperature range for all eight
crystal specimens of the x-(ET),Cu[N(CN),]Br
salt. This figure illustrates the variability of sample
properties within the superconducting state as well
as the absence of any discernible average isotope ef-
fect throughout the complete superconducting tran-
sition region. One observes in this figure that the su-
perconducting transitions for seven of the eight
crystals are reasonably sharp, having a 10%-90%
completion width of approximately 0.5 K. For one
crystal specimen with natural isotopic abundance,
however, the transition is much broader, having a
width of approximately 0.9 K. This tends to weight
the average T.s toward an apparent slight positive
(inverse) isotope effect, although one not signifi-
cantly larger than the statistical errors.

3. Concluding remarks

Our present results, taken together with those of
our previous isotope effect studies [13,15,16], rule
out the v; and v, modes (at ~1500 cm~') as being
a dominant source of exchange mechanism for elec-
tron-pairing. However, the v,, and v,; modes (the
other a, species at ~500 cm™'), involving the col-
lective C-S stretching motions in the ET molecule,
may still provide a phonon exchange pathway for
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electron-pairing. Further isotope effect studies with
isotopic labelling at the sulfur atoms of ET are cur-
rently underway in our laboratory to investigate that
possibility.

Additionally, our results are also consistent either
with pairing mediated by intermolecular phonons, or
with some mechanism of purely electronic origin.
Note that for pairing mediated by intermolecular
phonons in the conventional BCS mechanism [26],
the entire ET molecules vibrate, with both acoustical
and optical vibration modes. In this case, the rele-
vant mass for the calculation of the isotope effect is
that of the ET molecule, which is increased by 1.56%
upon '3C-labelling at the six C=C sites. Hence, with
a conventional shift (a=1/2), the expected shift in
T., [1—(390/384)~ /2], is on the order of 0.77%,
or —0.08 to —0.09 K. Such a shift would be indis-
cernible in our studies, since it is in the same range
as our experimental uncertainty and crystal-to-crys-
tal variations in 7. Further experiments with larger
mass changes of the ET molecules would be neces-
sary to investigate the possible role of intermolecular
phonons in pairing. Finally, we note that, in the ET-
based organic superconductors, the proximity of su-
perconductivity to electronic and/or structural in-
stabilities [ 1-4] may also account for the absence of
any appreciable isotope effect in our observations
[27].
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