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Low-temperature polarized bolometric absorption measurements have been performed on the
T.=10.4 K organic superconductor k-(BEDT-TTF),[Cu(NCS),], where BEDT-TTF is
bis(ethylenedithio)tetrathiafulvalene. The ratio of the absorption at 5.3 K to that at 10.5 K from 10 to
40 cm ™! showed no evidence of a conventional BCS gap. Polarized-reflectivity measurements at temper-
atures between 10 and 295 K are also reported for both the protonated and deuterated compounds, be-
tween 200 and 8000 cm™'. The 10-K spectra were calibrated by a technique of simultaneously measur-
ing the reflectivity R and the absorptance, 1—R. The resulting conductivities display vibrational
features superimposed on an electronic background. This background shifts from mid-infrared inter-
band transitions, when the dc conductivity is low, to far-infrared intraband transitions as the dc conduc-
tivity increases. The vibrations have been assigned to a mixture of normally inactive a, modes and nor-
mally active b,, modes of the BEDT-TTF molecule. A few of both types couple strongly to the charge
carriers. One in particular has a very temperature-dependent frequency due to the changing intensity of
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the mid-infrared band.

I. INTRODUCTION

Several of the recently discovered organic supercon-
ductors have relatively high transition temperatures. The
highest T, of 11.6 K at ambient pressure is obtained in
k-(BEDT-TTF),Cu[N(CN),]|Br, where BEDT-TTF is
bis(ethylenedithio)tetrathiafulvalene, synthesized by Kini

FIG. 1. The highly conducting bc plane of the k-phase
(ET),[Cu(NCS),] material, showing the pairs of ET molecules
with alternating orientation. The long ET axis is perpendicular
to the figure. The large circles are sulfur atoms, while the small
are carbon.
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et al.' in 1990, while the previously highest T, of 10.4 K
(Refs. 2 and 3) belongs to «-(BEDT-TTF),Cu(NCS),,
where Cu(NCS), is dithiocyanocuprate. This latter ma-
terial is the subject of the present paper.

These organic metals have electrical properties, which
are two dimensional. The highly conducting planes are
parallel to the larger sample surface and contain pairs of
BEDT-TTF molecules (usually abbreviated to ET) ar-
ranged with alternating orientation to fill the plane (see
Fig. 1). High electrical conductivity is allowed through
the overlap between electronic orbitals of the sulphur
atoms on neighboring ET molecules. In measurements of
dc conductivity, the resistance perpendicular to the
planes is lower by a factor of 600 compared to the nearly
isotropic conductivity within the ET planes.*> This two
dimensionality is very similar to that observed in the
ceramic high-T, materials, leading to several recent com-
parisons.®’

We have recently reported three communications of
studies on (ET),Cu(NCS),. The first was a measurement
of the optical properties of the protonated compound,?
the second a study of the deuterated compound,® and the
third a far-infrared search for the superconducting ener-
gy gap.!? This paper consolidates those communications
and elaborates on the findings.

II. FAR-INFRARED BOLOMETRIC
ABSORPTION MEASUREMENTS

A. Introduction

BCS theory predicts a superconducting energy gap due
to the Cooper-pair binding energy of 2A=3.5kzT,. Ear-
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ly optical transmission measurements on superconduct-
ing lead and tin'! demonstrated the existence of such a
gap, while measurements on bulk lead samples'?™ !4
showed the almost perfect reflectivity in the spectral re-
gion below 2A. Structure above the gap due to phonons,
and gaps greater than 3.5k; T, demonstrated the impor-
tance of strong coupling.

For the organic superconductors, a complete picture of
the electron coupling mechanism has not yet emerged.
Superconducting electron binding energies estimated
from specific heat'>'® and tunneling measurements!”!®
suggest the possibility of a strong coupling mechanism
with 2A/kpT,.~4-4.5, but these results are strongly
dependent on choices made in the interpretation of the
data. An optical measurement of the superconducting
gap could resolve the issue. Unfortunately, optical mea-
surements near the superconducting gap energy are gen-
erally difficult with low-T, materials in the form of small
single crystals. They are usually good metals in the nor-
mal state with a reflectivity close to 100%. On going
through 7,, one expects only a small increase in the
reflectivity in the far-infrared region below 2A, where in-
strumental signals are always weak. Multiple sample
reflections are often used to increase sensitivity, but for
the small single-crystal organic superconductors this is
not possible. Previous work on another organic super-
conductor, (TMTSF),ClO,, by Ng et al.'® used a mosaic
of aligned single crystals in order to increase in the sur-
face area for a reflectivity measurement. Good results
were obtained, but diffraction effects introduced a consid-
erable source of error. These diffraction effects reduce
the collected signal when the wavelength of the far-
infrared radiation becomes comparable to the crystal di-
mensions.

We have used the bolometric technique to measure the
far-infrared absorption for the organic superconductor
(BEDT-TTF),[Cu(NCS),] at temperatures both at and
below T,. Bolometric measurements have been made us-
ing a small thermometer glued to the rear face of the or-
ganic crystal to measure the change in sample tempera-
ture due to absorption of far-infrared radiation, which is
focused onto the sample at normal incidence. One ad-
vantage of the bolometric technique over conventional
reflectivity measurements is that light from the spectrom-
eter can easily be focused onto the sample without the
need to collect the reflected light, which is spread by the
diffraction effects mentioned. A more important benefit
is that even though a highly reflecting sample will show
only a small change in R going through T, our absorp-
tance signal is directly proportional to 1—R, since there
is no transmisison, and it should therefore show a rela-
tively large change. Absorption due to conventionally
paired BCS conduction electrons should drop to almost
zero for optical energies between 0 and 2A=3.53k,T,
(=25 cm™! in our case), when the temperature is well
below T,.

B. Experiment

The composite bolometer constructed for these experi-
ments has been described in detail elsewhere.'>2° A small

KORNELSEN, ELDRIDGE, WANG, AND WILLIAMS 44

doped silicon thermometer, sensitive at temperatures
below about 11 K, is attached to the back of the
(ET),[Cu(NCS),] sample, which is then located at the
focus of the beam of our Beckmann-RIIC far-infrared
spectrometer. This type of thermometer has a resistance
that decreases exponentially as the temperature increases
from absolute zero. This characteristic, along with the
increasing thermal conductivity of the gold support wires
and heat capacity of the sample, reduces the sensitivity at
higher temperatures and limits the maximum tempera-
tures at which absorptance spectra can be measured.

In these measurements, one source of concern is the
possibility that light might be absorbed by components of
the detector other than the sample. There are three ways
in which we were able to determine the significance of
this leakage radiation. First, by measurement of the
bolometer signal as a function of radiation chopping fre-
quency, it was observed that direct thermometer heating
had a very rapid response compared to that of the sam-
ple. Comparing the relative strengths of the high- and
low-frequency bolometric response signals, it was possible
to get a rough indication of the relative strength of the
absorption due to leakage. Direct thermometer absorp-
tion also produces a spectrum with distinct characteris-
tics, most easily distinguished by a large absorption peak
at 360 cm~!. This feature was observed in spectra
recorded both before mounting the sample and in the
leakage spectra measured at high chopping frequency.
Finally, the signal measured due to leakage radiation is
polarization independent, a distinguishing characteristic
when compared with a polarization-dependent sample
absorption. The result of these measurements showed
that the signal obtained when the radiation was focused
directly onto the front of the crystal, using a small rec-
tangular aperture at the source, contained no more than
5% leakage, and when the signal was increased by using a
larger aperture and allowing reflections from a light
guide, the leakage was a maximum of 20% of the total.

C. Results

Measurements have been performed using several
different samples with consistent results. The spectra
shown here are from a single sample, with the absorption
measured on the first and third coolings. On the first
cooling, no cold filters were positioned before the sample
in order to allow measurements over a wide spectral re-
gion. The spectrum shown in Fig. 2 was recorded with
light polarized along the crystallographic b axis, 4-cm™!
resolution, and the light focused directly onto the sample
surface at nearly normal incidence. In this case, the ther-
mometer temperature was 5.5 K, but the presence of
room-temperature background radiation brought the
sample to a slightly higher temperature. Based on our
measurement of the detector time constant, we estimate
the actual sample temperature to be 7.5 K. The sample
spectrum has been ratioed with a Golay background, giv-
ing the absorption axis an arbitrary scale but wave-
numt;er-dependent accuracy to within +10% above 30
cm™ .

The spectrum in Fig. 2 shows that the absorption rises
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FIG. 2. The absorptance, 4 =1—R, obtained using a Golay
detector to provide the reference spectrum. No cold filters have
been used and the beam is focused on the sample. The upturn
below 30 cm ! is attributed to diffraction effects.

with increasing photon energy, but there are no obvious
phonon features larger than the noise. The rise below 30
cm ™! is not reproducible and is attributed to a systematic
difference in the diffraction affecting the Golay back-
ground and the sample spectra. A factor of 3 gain in sig-
nal could be obtained by increasing the size of the source
aperture to allow light to reflect from the sides of a focus-
ing light guide onto the sample. The noise in the best of
these spectra was less than 3% and, apart from the re-
gion below 30 cm ™!, which is affected by diffraction, a
similarly featureless spectrum was obtained.

On the third cooling, a helium temperature fluorogold
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FIG. 3. The absorbed raw-power spectra using cold filters to
remove all background radiation above 45 cm™!. (They have
not been ratioed with the Golay reference.) Two spectra at each
temperature are superimposed to indicate the noise level.
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FIG. 4. The ratio of the 5.3- and 10.5-K spectra shown in
Fig. 3. The BCS gap of 25 cm ™! is indicated. The triangles are
aluminum data from Ref. 21, scaled to 7, =10.5 K. The circles
are data scaled from the microwave results of Ref. 22 with the
frequency dependence of aluminum.

optical filter in front of the sample removed all back-
ground radiation above 50 cm ™! and guaranteed a sam-
ple temperature well below the 10.4-K superconducting
transition. Weak signal in this low-wave-number region
and the addition of optical filters in the beam path made
it necessary to use the focusing properties of the light
guide to direct as much light as possible onto the sample
surface. In the spectra shown in Figs. 3 and 4, radiation
is again polarized with E||b, and spectral resolution is 2
cm~!. The raw-power spectra obtained at temperatures
of 10.5 and 5.3 K are shown in Fig. 3, with two spectra
superimposed for each temperature to give an indication
of the signal-to-noise level in the measurements. Each of
the 10.5-K spectra shown in Fig. 3 is an average of two
spectrometer scans, with each scan requiring a measuring
time of 1 h. A ratio of the spectra measured below and at
T, in Fig. 4 shows no sign of any decrease in absorptance
at the BCS gap energy of 25 cm ™.

D. Discussion

Figure 4, while somewhat noisy, shows no drop in ab-
sorption at 5.3 K, which is 0.5T, below the BCS gap of
25 cm ™ !. For comparison, the triangles show the scaled
data for aluminum?! at 0.57,. Of closer relevance are the
circles, which are extrapolated from recent measurements
of microwave surface impedance by Holczer et al.?* At
microwave and millimeter wave frequencies, the absorp-
tance, A, is directly proportional to the surface resis-
tance. The ratio of the surface resistance in the super-
conducting state to that in the normal state R, /R, was
measured at 102 GHz (3 cm™!) and found to be unusual-
ly high. At 5 K (T /T,=0.5) the ratio was approximate-
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ly 0.2. In the absence of data at other frequencies, one
may tentatively use the frequency dependence of R, /R,
for aluminum.?! A ratio of 0.2 at an energy of 0.43k, T,
(3 cm™! in our case) corresponds for aluminum to the
curve measured at a reduced temperature, 7/7,, not of
0.5 but of 0.9 instead. This curve has been scaled to cor-
respond to a T, of 10 K and is reproduced in our Fig. 4.
While the effect is much smaller than one would antici-
pate for a reduced temperature of 0.5, it is two standard
deviations away from our data and should be observable.

The simplest reasons why a gap might not be observed
are that the sample is in the clean limit, or that the gap is
an anisotropic function with nodes. For a clean limit su-
perconductor, the conduction electrons in the normal
state are scattered only occasionally, making the low-
frequency Drude conductivity peak much narrower than
2A.% The best evidence for (ET),[Cu(NCS),] being in the
clean limit comes from measurements of the
Shubnikov-de Haas effect.?* This technique provides a
fairly direct measurement of the conduction-electron
scattering time and gives a clean limit result of
7=(3£1)X10 " 2sor 1/7=0.3ks T.=2 cm ™.

There are conflicting reports regarding the possibility
of (ET),[Cu(NCS),] having an anisotropic energy gap
with nodes. If there is a node in the gap function, it is
possible for photons of arbitrarily low energy to excite an
electronic transition across the superconducting gap.
Evidence for nodes in the gap function comes from the
power-law dependence of the magnetic penetration depth
A(T) as derived from susceptibility measurements.?> This
result is not confirmed in measurements of A(7') using the
muon-spin-relaxation (1 SR) technique, which show no
such power-law behavior.?®

III. MID-INFRARED REFLECTIVITY MEASUREMENTS
A. Introduction

Several studies of the optical properties of
(ET),Cu(NCS), have been reported. Most of them were
performed at room-temperature only.?’ 3! Several of
them include deuterated data?”3%3! The only other low-
temperature study of which we are aware is a low-
resolution one by Ugawa et al.,?3* which went down in
temperature to 25 K and in energy to 500 cm ™!, and
from which no conductivity was extracted.

We have measured the power reflectivity R from 200 to
6000 cm ™! with a resolution of 2 cm ™!, for polarizations
E||b and E||c, and at temperatures between 12 and 295 K.
We then used the bolometric data of Sec. II to extend R
down to 30 cm ™! at 12 K. We have recently calibrated R
with an accuracy greater than that normally possible by
using a technique of simultaneously measuring both the
reflectivity and the absorptance. We present this tech-
nique here.

In our earlier report® we analyzed the conductivity in
terms of a Drude model. We now present an interpreta-
tion based on interband transitions, using published elec-
tronic energy bands.

We repeated the measurements with deuterated crys-
tals in order to assign the sharp vibrational features.
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These appear to be a mixture of totally symmetric (ag)
modes of ET, activated by electronic coupling, and nor-
mally active b,, modes, one of which appears to be also
coupling to the electrons. It is interesting to watch the
frequency of the strongest @, mode shift in response to
changes in the electronic background.

B. Experiment

Data were taken with a Bruker IFS 113V Fourier spec-
trometer, using a 4-K doped-germanium bolometer with
a Mylar beam splitter in the far infrared, and a mercury
cadmium telluride detector with a KBr beam splitter in
the mid infrared. The refrigerator was an Air-Products
Heli-tran with a cold finger and a room-temperature Csl
vacuum shroud window. The custom-designed
reflectivity module has been described elsewhere.’* R
values were initially calibrated by comparison with those
obtained from a freshly exposed aluminum-on-glass mir-
ror and using the published R values for aluminum.’’
The samples were single crystals supported by gold wires
and with a small doped-silicon thermometer attached to
the rear face, as described in Sec. II. This told us the
temperature of the crystal to within 0.1 K and allowed us
to switch between reflectivity measurements and
bolometric measurements.

The absolute accuracy of the measured reflectivity is
very important for reliable derivation of the optical con-
ductivity using a Kramers-Kronig analysis. By compar-
ing the far-infrared and mid-infrared spectra in the re-
gions of overlap, and by comparing spectra taken from
different samples, we have found errors as high as 6%.
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FIG. 5. The upper figure shows the polarized absorptance,
A=1—R, in the mid-infrared, measured by the bolometric
technique. It is seen to correspond well with the polarized
reflectivity, shown in the lower figure, which was measured
from the same sample in consecutive scans in the same experi-
ment. These data were used to calibrate the reflectivity to
within 1.5%.
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FIG. 6. The ratio of the two polarizations shown in Fig. 5.
The bold line is the ratio of the absorptances A. The dashed
and light lines are the ratios of (1 —xR ), where x is a correction
factor of 0.9 and 0.93, respectively.

(It is known that the reflectivity decreases upon thermal
cycling,?® and so all the data shown here has been record-
ed on the first cooling cycle.) In order to reduce this un-
certainty we obtained mid-infrared reflectivity and
bolometric absorption spectra from the same sample, as
shown in Fig. 5. The absorption spectra have an arbi-
trary scale but have been ratioed with the aluminum
background in order to correct for the incident-beam po-
larization. The absolute absorptance A is equal to 1—R,
since there is no transmission, and Fig. 5 shows this
correspondence convincingly. There is a finite time con-
stant for the bolometric response, however, which causes
the absorption spectra to fall above 1500 cm ™! instead of
rising. (This is because these measurements were per-
formed in the rapid-scan Bruker interferometer, as op-
posed to the Beckman used in Sec. II, which has a fixed
chopping frequency.) Nevertheless, around 1300 cm ™',
the polarization dependence allows us to solve the follow-
ing equation for x, the correction factor,

Ab — l_Rb _ 1——‘XRb,meas
A 1—R

¢ ¢ 1—xR

1)

¢, meas

Figure 6 shows that a good fit is obtained between the
two ratios with x =0.93%0.015. This accuracy of 1.5%
has the greatest impact in the far-infrared, where 1 —R is
small.

C. Results

Figures 7 and 8 show the power reflectivities for E||c
and E||b, respectively, for temperatures of 295, 100, 50,
25, and 12 K. The resulting conductivities after
Kramers-Kronig analyses are shown in Figs. 9, 10, and
11. The far-infrared conductivities agree reasonably well
with the measured dc conductivities’>* of 20-40
(Qcm)~ ! at 295 K, 3-50 (Q cm )~! at 100 K, 25-300
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FIG. 7. The E||c power reflectivity for the deuterated com-
pound at 295, 100, 50, and 25 K, and for the protonated com-
pound at 12 K.

(Qem)~! at 50 K and 1000-2500 (Qcm)”! at 25 K.
Our 25- and 12-K conductivity spectra have zero-
frequency intercepts at approximately 4500 (Q cm )™},
with the low-frequency peak having a half width of 40
cm”l. A factor of 2 uncertainty in our extrapolated dc
values and half widths results from the 1.5% accuracy in

R. Figures 9 and 10 show that when the dc conductivity
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FIG. 8. The E||b power reflectivity for the deuterated com-
pound 295, 100, 50, and 25 K, and for the protonated compound
at 12 K.
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FIG. 9. The conductivity of the deuterated compound at 100,
50, and 25 K for E||c.

is a minimum, at 100 K, the mid-infrared peak is a max-
imum. (100 K is the temperature of the phase transition
observed in thermopower measurements by Gartner
et al.’®) As the temperature drops below 100 K the far-
infrared conductivity rises, while the mid-infrared con-
ductivity drops, following a sum-rule relationship.

D. Electronic spectrum

We interpret the broad spectrum to be a combination
of a far-infrared contribution from intraband transitions
and a mid-infrared interband contribution. Figure 12
shows the band structure of k-(ET),Cu(NCS), calculated
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FIG. 10. The conductivity of the deuterated compound at
100, 50, and 25 K for E||b.
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FIG. 11. The conductivity of the protonated compound at
room temperature and at low temperature.

by Jung et al.’’ and Saito.?> The general reliability of
the band calculations is confirmed by successful predic-
tions for the characteristics observed in Shubnikov-de
Haas and thermopower experiments.®®* %° Interband
transitions will take place vertically from the filled bands
below the Fermi level to the empty ones above. The den-
sity of states increases as one moves away from the origin
I" towards the zone boundaries at Z and Y. The polariza-
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FIG. 12. The electronic band structure of (ET),[Cu(NCS),]
at 100 K from Ref. 37. The c* direction is from I" to Z and the
b* direction from I" to Y. Arrows indicate transitions in re-
gions where the density of states is expected to be high, giving
broad peaks in the conductivity spectra with the frequencies in-
dicated.
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tion dependence arises from the scalar product between
the electron wave vector and the electric field E. One
therefore expects the E||c spectrum to be determined by
the branches from I' to Z, with the greatest contribution
coming from the region closest to Z. For the upper
bands this is at the intersection with the Fermi level giv-
ing a peak at 2250 cm ™!, as indicated by the arrow. The
mid-infrared peak for E|c in Fig. 9 is indeed seem to be
approximately 2200 cm™!. Similarly, the E|b mid-ir
spectrum will be dominated by the branches from I" to ¥
with the peaks occurring from transitions near Y. The
closest point is the intersection with the Fermi level. The
upper two bands will contribute beginning at approxi-
mately 1000 cm ™!, while transitions from the lower two
bands to the uppermost band should peak at 3350 cm ™!
Figure 10 shows that for E||b the peak occurs around
3500 cm ™~ '. No feature is seen at 1000 cm !, but a hump
is obvious at 2000 cm ~!. This is probably due to transi-
tions between the upper two bands slightly away from
where the arrow is drawn and where the joint density of
states may be greater. Detailed calculations are currently
in progress.*!

E. Vibrational assignments

Figures 13 and 14 show expanded portions of the con-
ductivity spectra in which the vibrational features are
predominantly found. The upper curves are the 25-K
deuterated spectra, while the lower ones are the 12-K
protonated spectra. Figures 15 and 16 show even more
expanded portions of the protonated spectra in the vicini-
ty of the largest vibrational feature, as a function of tem-
perature. The dashed curves at 295 and 30 K are the su-
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FIG. 13. Expanded portions of the E|lc conductivity spectra
of the deuterated compound at 25 K (upper curve) and the pro-
tonated compound at 12 K (lower curve), displaced for clarity.
The indicated phonon features are listed in Table 1.
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FIG. 14. Expanded portions of the E||b conductivity spectra
of the deuterated compound at 25 K (upper curve) and the pro-
tonated compound at 12 K (lower curve), displaced for clarity.
The indicated phonon features are listed in Table I.

perimposed deuterated spectra showing this feature in
the absence of an interfering C—H mode of ET.

Before discussing the assignments, we show in Fig.
17(a) the molecular axes notation and the associated sym-
metry species. Figure 17(c) shows the pairs of ET mole-
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FIG. 15. Expanded portions of the E|lc conductivity in the
region of the strong v; (a, ) resonance, as a function of tempera-
ture. The dashed curves at 295 and 30 K are from the deuterat-
ed compound showing the resonance in the absence of the in-
terfering C—H vibrations.
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FIG. 16. Expanded portions of the E||b conductivity in the
region of the strong v; (a, ) resonance, as a function of tempera-
ture. The dashed curves at 295 and 30 K are from the deuterat-
ed compound showing the resonance in the absence of the in-
terfering C—H vibrations.

cules arranged in the bc plane, which is the plane of our
crystal face. The ET molecules are viewed end on, i.e.,
their long axis is almost perpendicular to the bc plane.
Thus one would expect to see b,, and b3, normally ac-
tive modes but not b,,. A b,, mode is drawn in Fig.
17(b), while the b3, modes are out of plane. Because the

(a) y (bp)

x(bz)
(b) 3

FIG. 17. (a) The molecular axes notation and the associated
symmetry species; (b) an approximate representation of the v,
(b,,) normal mode, and (c) a sketch of the unit cell in the bc
plane showing the end views of the molecular dimers.
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ET molecules have a preferred orientation parallel to the
¢ axis, the proportionality factor for coupling to the in-
cident radiation is greater for b,, modes in the E|c po-
larization than it is for E||b.

Table I lists all the features indicated in Figs. 13-16
plus a few at higher energies. The frequency and strength
are indicated for both polarizations, along with the exper-
imental isotope shift A, assuming a correct correlation
between the features in the two spectra. The final column
lists our assignment along with the calculated frequency
for the ET cation from Kozlov, Pokhodnia, and Yurchen-
ko*? and the calculated isotope shift of the neutral mole-
cule from the same authors.*’

The largest feature is at 1274 cm ! in the top curve of
Fig. 13. The position of the peak in the protonated spec-
tra is obscured by the Fermi resonances with another vi-
bration, but the isotope shift is clearly small. It is gen-
erally agreed that it is due to a totally symmetric ET vi-
bration involving the central C=C bond, either v, or v;.
Since the calculated electron molecular vibration cou-
pling constant (EMVC) for v; (a, ) is by far the greatest of
any a, mode,*? we have assigned this large feature near
1300 cm ™' to v; (a,). Due to this coupling there is a
large frequency shift down from the calculated frequency
of 1427 cm™!. This shift is less for E||b) (~127 cm™! at
295 K) than for E|jc (~227 cm™! at 295 K) because the
mid-infrared electronic band is further away. Figures 15
and 16 both show that this shift decreases as the tempera-
ture is lowered below 100 K and the mid-infrared band
loses strength.

The next largest feature in the El||c spectrum of Fig. 13
is at 880 cm ™! (h4-ET) and has a positive isotope shift to
887 cm ™! (dg-ET). All other optical studies, which have
considered the vibrations, have assigned this to the total-
ly symmetric C-S stretching ET vibration v, (q,). Ac-
cording to the calculations, however, this mode would
have an isotope shift of —108 cm™!.** Indeed, in the
hg-ET Raman spectrum, a very weak feature at 911
cm™ !, is assigned to v, (ag) with the corresponding
feature occurring at 794 cm ! in the deuterated spec-
trum.** These are close to the wave numbers of the very
weak features we have assigned to v; (a,) in Table I. No
feature close to 911 cm ™! is reported in the deuterated
Raman spectrum. The only mode with a calculated fre-
quency close to 880 cm ™! and a zero isotope shift is v,
(by,),*® the asymmetric C-S stretching vibration illus-
trated in Fig. 17(b). The large intensity observed in Fig.
13 for E||c indicates a coupling to the electrons, and the
nature of the mode points to the electrons oscillating be-
tween the differently oriented dimers, rather than be-
tween molecules in a dimer, or between similarly oriented
dimers. Other examples of EMV coupling with normally
active modes were found in TTF-TCNQ (where TCNQ is
tetracyanoquinodimethane) (Ref. 45) and of electron cou-
pling with a lattice vibration in (TMTSF), ReO, (where
TMTSF is tetramethyltetraselenafulvalene).*® These two,
however, were charge-density-wave insulators, rather
than a synthetic metal, which is the case here. Another
indication of electron-coupling to the b,, mode is the
clear presence of the first overtone near 1780 cm ™! in all
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TABLE 1. Frequencies and assignments of the vibrational features for protonated and deuterated (ET),[ Cu(NCS),]. Sample tem-
peratures were 12 and 25 K for the protondted (hs_ ) and deuterated (ds_ ) samples, respectively. All frequencies are in cm™!. vs is
very strong, s is strong, m is medium, w is weak, vw is very weak, vvw is very very weak, and * is antiresonance dip. Where features
are doublets or quartets, the assignment is listed beside the highest frequency only. A is the experimental isotopic frequency shift.

A1 E|c Assignment Calc. Calc.
hg_ dg_ A hg_ dg_ A freq.? shift®
2930vw 2175vvw —755 2930vw 2175vww —755 vila,) 2912 —1722
2891vw 2150vvw —741 2891vw
2921vw 2924vw +3 2vi(a,) 2854 0
2885vw 2885vw 0
2107s 2107s 2113s 2113s v (CN)
2074s 2074s 2074s 2074s v (CN) 2074°
1777vw 1789vw +12 1773vw 1783vw +10 2vy9 (byy,) 1796 -2
1474w 1476w +2 v, (a,) 1465 0
1457w 1457w 0
1407vw 1114w —293 1407w 1114w —293 v, (ag) 1421 —274
1400vw 1399w
1390vw 1389vw 1392vw 1389vw -3
1345s 1338s -7 ~1276vs 1274vs ~—2 vs (a,) 1427 0
1292w 1048vw —244 1294*s 1048w —246 Vs (ag) 1287 —257
1282w 1039vw —243 1284*s
1274m 1028vw —246 1276*s 1027w —249
1259w 1015vw —244 1261*s
1184w 1185*m 837vw —348 ver (b3,) 1152 —335
1174vw 1176*m
998w 1121w 999w —122 Va7 (bay) 1055 —74
1113vw
1014w 933w —81 1005vw 934vw —71 ve (ag) 979 —66
976vw
918vw 901vw —17 vag (bay) 917 —15
905vw 778vw —127 v; (ag) 896 —108
888m 892m +4 880s 887s +7 Vao (bay) 898 —1
876w
809vw 807w 744w —63 vso (bay) 876 —83
462m 461m -1 456m 455m —1 vy (ag) 508 0
442m 444m +2 430m 433m +3 vio (ag) 438 —1
308(RT) 303(RT) -5 vip (@) 318 -2

2 Reference 42.
b Reference 43.
¢ Reference 44.
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four spectra (see Table @), since this is infrared-inactive in
the isolated molecule. (Clearly, the CS vibration in the
anion is not responsible for this large feature, since it
occurs in other ET compounds. Furthermore, the anion
CS vibration is usually weak.**)

The third largest feature is the group near 450 cm ™!,
which has been assigned by most authors to v, (a,)
and/or v, (a,). Certainly v, (a,) is calculated to have,
along with v, (a,), the second-largest EMVC.*

Apart from the three strong features mentioned above,
we observe many weaker features that seem to fit quite
well into a pattern of other a, and b,, modes. The E||c
features are more intense than the corresponding E|/b
features, because the mid-infrared electronic band is
closer, and so we will refer mainly to Figs. 13 and 15.
Starting from the highest wave number, the CH stretch
doublet near 2900 cm ™! has been assigned to v, (a,), al-
though vy, (b;,) and vg (bs3,), which are also CH
stretches, are possible. Two sharp CN stretching lines
are seen near 2100 cm ™! (see Figs. 7—11) due to the two
distinct CN environments in the unit cell. Nakamoto**
gives 2074 cm™! for the CN stretch in a copper
thiocyanato complex. Returning to Fig. 13, the pair of
features near 1407 cm ™! has been assigned to v, (ag), as-
suming they shift to 1114 cm™! in the dg spectrum.
[Another candidate, v45 (b,, ), has too large a calculated
shift of 345 cm~!.] The four strong lines, which are Fer-
mi antiresonating with the broad v; (a,) in the protonat-
ed spectrum of Fig. 13, have been assigned with some
confidence to v5 (ag ), which involves CH angle bends, on
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the basis of the observed isotope shift. The correlation
and shift of the four lines is more convincing in the E|/b
spectra (see Fig. 14 and Table I). The reason for the
quartet is simply because there are four molecules in the
unit cell and there are four variations of the molecules vi-
brating in or out of phase together. Many of the modes
appear as doublets, in which case they are either degen-
erate or unresolved. Modes appearing as singlets presum-
ably are heavily damped so that their components form
one broad feature [e.g., v; (a,)]. Two sharp features at
1185 and 1176 cm™! have been assigned to vg (b3, ),
since no other mode except the normally inactive v, (a,)
is calculated to appear in this region. They are Fermi-
resonating with v; (a,) as evidenced by their comparative
strength in Fig. 15 as the temperature changes. The as-
signment of the remaining features above 880 cm™! in
the lower curve of Fig. 13 is more speculative, but the
continuation of the a, modes (vs and v;) and the b,,
modes (v4; and v,5) before v,y at 880 cm ™! is fairly con-
vincing (see Table I).
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