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Polarized reflectance spectra of the organic superconductors protonated and deuterated «-
(BEDT-TTF),[Cu(NCS),] (H and D salts) [BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene]
were measured over the range from 500 to 28 000 cm ™! at room temperature with light polariza-
tions parallel to the crystallographic b and ¢ axes which lie on the two-dimensional conducting
plane. Polarized reflectance spectra of the organic superconductor SB-(BEDT-TTF),I; and the or-
ganic metal B”’-(BEDT-TTF),AuBr, were also measured in order to discuss the influence of different
molecular arrangements and hydrogen-anion contacts on the electronic and vibrational properties
of these salts. Frequency-dependent conductivities were calculated by a Kramers-Kronig transfor-
mation. By comparison of the infrared conductivity spectra of the H and D salts, the vibrational
transitions induced by electron—molecular-vibration (EMV) coupling were clearly distinguished
from the carbon-hydrogen bending modes of the BEDT-TTF moiety. A Drude-Lorentz dielectric
function was used to evaluate the optical transport parameters and an excitation frequency of the
charge-transfer (CT) band superimposed on a plasma-edge-like dispersion which was observed for
each compound. The EMV-coupling energies are semiquantitatively estimated to be ca. 70 meV for
both the H and D salts from the frequencies of the EMV coupling transition and the CT band in
terms of the dimer charge-oscillation model. By use of the coupling energy, various parameters
describing the superconducting state were evaluated and discussed on the basis of the BCS theory in
a weak-coupling limit. Finally, the magnitudes of hydrogen-anion interaction were estimated from

1 JUNE 1989

the frequency shifts of the C—H bending modes of the BEDT-TTF moiety.

I. INTRODUCTION

The synthesis of a new class of organic superconduc-
tors having a novel structure has opened new perspec-
tives in the field of organic superconducti-
vity. The superconductors are k-(BEDT-TTF),l,,!
k-(BEDT-TTF),[Cu(NCS),],% the r2 (second rhombuslike
crystal) modification of (DMET),AuBr,,®> and (MDT-
TTF),Aul,,* where BEDT-TTF, DMET, and MDT-

TTF are bis(ethylenedithio)tetrathiafulvalene,
dimethyl(ethylenedithio)diselenadithiafulvalene, and
methylenedithiotatrathiafulvalene, respectively. These

superconductors consist of two-dimensional conducting
sheets of donor molecules with a zigzag arrangement of
nearly eclipsed, face-to-face, molecular dimers. The di-
mers do not form stacking columns as found commonly
in conventional organic conductors but form a two-
dimensional interaction network where one molecular di-
mer is nearly perpendicular to each neighboring dimer.
Since there is an unpaired electron per dimer, the dimer
unit in the superconductors may be regarded as an atom
having one valence electron like the alkali-metal ele-
ments. Therefore, the organic superconductors men-
tioned above are of great interest in the sense that they

39

are expected to exhibit the rather isotropic nature of
physical properties within the conducting sheet, because
the dimer units, each having an unpaired electron, con-
dense in a manner not to preserve the molecular anisotro-
py of the donors.

In this respect, these organic superconductors would
exhibit physical properties like those in the layered com-
pounds, such as transition-metal dichalcogenides.5 In
fact, we have previously shown that charge transport in
the two-dimensional conducting sheet of «-(BEDT-
TTF),[Cu(NCS),] has a very small anisotropy not only in
the dc conductivity® but also in the optical conductivity.’
Similar results have recently been reported on x-(BEDT-
TTF),I;.% Such a small optical anisotropy is in marked
contrast to a large optical anisotropy observed in the con-
ventional organic superconductors SB-(BEDT-TTF),X
(X=1,, IBr,, and Aul,).° !¢ This remarkable change in
the optical anisotropy of the novel superconductors
would result in their specific electronic properties.

Frequency-dependent conductivity (conductivity spec-
trum) is a useful tool to elucidate electronic properties of
materials. Infrared conductivity spectra are of particular
importance to discuss not only the transport nature but
also the electron-phonon interaction in superconductors.
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We have previously shown that for «-(BEDT-
TTF),[Cu(NCS),], the bands appearing in the frequency
region between 1150 and 1320 cm ! are possibly assigned
as being due to C—H bending modes of the BEDT-TTF
moiety.7 However, the bands assigned to the C—H
bending modes seem to superimpose on a strong broad
band, which has been sometimes ascribed to the totally
symmetric C=C stretching modes whose intensity is
enhanced by the electron—molecular-vibration (EMYV)
(electron-phonon) interaction.'”!® It is therefore neces-
sary to substitute deuterium in place of the hydrogen of
the BEDT-TTF moiety to distinguish the C—H bending
bands from the C=C stretching band for the purpose of
studying the electron-phonon interaction.

In this paper, we present the polarized reflectance
spectra of protonated and deuterated «-(BEDT-
TTF),[Cu(NCS),] measured at room temperature. In-
frared conductivity spectra are then obtained through a
Kramers-Kronig transformation. By comparing the con-
ductivity spectra of the protonated and deuterated salts,
clear evidence for the EMYV interaction is obtained. To
acquire further insight into the EMYV interaction, we also
present the polarized reflectance and conductivity spectra
of B-(BEDT-TTF),I; and B"-(BEDT-TTF),AuBr, and
compared with those of «k-(BEDT-TTF),[Cu(NCS),].
Transport parameters for these salts are evaluated in
terms of a Drude-Lorentz dielectric function and aniso-
tropies of the transport parameters in the conducting
BEDT-TTF sheet are discussed. The EMV coupling con-
stants and energies for these BEDT-TTF salts are es-
timated in terms of the dimer charge-oscillation model.

II. EXPERIMENT

Single crystals, shaped like thin distorted hexagon
plates, were prepared for a- and S-(BEDT-TTF),I; by the
electrochemical oxidation of BEDT-TTF under galvano-
static conditions.'? Single crystals of protonated and
deuterated k-(BEDT-TTF),[Cu(NCS),] (Refs. 2 and 7)
and B'-(BEDT-TTF),AuBr, (Ref. 19) were kindly donat-
ed by Saito and Kobayashi, respectively.

The polarized reflectance spectra at nearly normal in-
cidence were measured over the spectral range from 500
to 6000 cm™! by using a Perkin-Elmer 1760 Fourier-
transform infrared (FTIR) spectrometer equipped with a
Spectra-Tech IR-PLANy, microscope and a gold-wire-
grid polarizer and measured over the range from 4000 to
28000 cm ™! by using a home-made microspectrophotom-
eter.'? The Kramers-Kronig transformation was carried
out with the modified-analysis method proposed by
Ahrenkiel.

III. RESULTS AND DISCUSSION
A. EMV-coupling modes

1. «-(BEDT-TTF),[Cu(NCS),]

The crystal of deuterated x-(BEDT-TTF),[Cu(NCS),]
(D salt) exhibits a significant plasma-edge-like dispersion
when the incident light, polarized parallel to the b axis, is
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irradiated onto the (100) crystal face, as shown in Fig.
1.2! A similar dispersion is also observed for light polar-
ized parallel to the ¢ axis. These results indicate that
there is little electronic anisotropy in the conducting
sheet composed of BEDT-TTF species. The little anisot-
ropy result has been previously shown by us’ in the crys-
tal of protonated x-(BEDT-TTF),[Cu(NCS),] (H salt),
and the spectra are shown in Fig. 2.22 The reflectance
spectra obtained for the H and D salts are approximately
identical to each other except for the spectral region be-
tween 1000 and 1300 cm ™! in which C—H and C—D
bending modes appear. 2

The conductivity spectra obtained by the Kramers-
Kronig transformation for the reflectance spectra with
light polarized parallel to b and ¢ exhibit several conduc-
tivity peaks as shown in Fig. 3 for the D salt and Fig. 4
for the H salt. To see the difference more clearly, the
conductivity spectra of the H and D salts in the region
from 500 to 2600 cm ™! are enlarged and compared to
each other in Figs. 5 and 6 for the polarizations (P)
parallel to b and c, respectively.

A significant difference between the conductivity spec-
tra of the H and D salts is recognized in the region from
1000 to 1300 cm ™!, while a quite small difference is ob-
served in the other infrared region. Frequencies of the
conductivity peaks appearing in the infrared region are
summarized in Table I together with those of the absorp-
tion bands observed in the crystals of protonated (/g-)
and deuterated (dg-) BEDT-TTF.?* In the H salt, sharp
conductivity peaks appear at 1266 and 1171 cm ™! in the
P|lb spectrum and at 1292 and 1161 cm™! in the P|jc
spectrum. Very strong broad peaks also appear in the
same spectral region, i.e., at 1317 cm ™! for P||b and at
1209 cm™! for P|c. In the D salt the sharp peaks
markedly shift toward the low-frequency side compared
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FIG. 1. Polarized reflectance spectra of the (100) crystal face
of deuterated k-(BEDT-TTF),[Cu(NCS),] at room temperature
for polarizations parallel to the b and c axes. Least-squares fits

to the reflectance assuming a Drude-Lorentz dielectric function
are represented by dashed lines.
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FIG. 2. Polarized reflectance spectra of the (100) crystal face
of protonated k-(BEDT-TTF),[Cu(NCS),] at room temperature
for polarizations parallel to the b and c axis. Least-squares fits
to the reflectance are represented by dashed lines.

with those of the H salt, whereas the broad peaks shift lit-
tle. This clearly suggests that the sharp peaks are related
to the vibrational modes of carbon-hydrogen bonds while
the broad ones are not. The peaks at 1292, 1266, 1171,
and 1161 cm ™! observed in the H salt are thus assigned
to the C—H bending modes [§(C—H)] of 1280, 1260, and
1170 cm™! in the neutral hg-BEDT-TTF, respectively.
The peaks at 1112, 1026, 1019, and 1024 cm ™! observed
in the D salt are also assigned to the C—D bending
modes [8(C—D)] of 1115, 1041, and 1015 cm ™! in the
neutral dg-BEDT-TTF. No infrared-active absorption
corresponding to the intense broad peaks are observed in
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FIG. 3. Conductivity spectra of deuterated «-(BEDT-

TTF),[Cu(NCS),] derived from the reflectance spectra by the
Kramers-Kronig transformation.
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FIG. 4. Conductivity spectra of protonated «-(BEDT-

TTF),[Cu(NCS),] derived from the reflectance spectra by the
Kramers-Kronig transformation.

the spectra of neutral 43- and dg-BEDT-TTF.

The origin of the broad conductivity peaks located
near 1200 and 1300 cm ™! would be due to the coupling of
the conduction electrons to intramolecular vibrations of
the BEDT-TTF species, i.e., EMV coupling. It is sug-
gested that the intramolecular vibrational modes which
couple with conduction electrons are the totally sym-
metric ones.!”'®25 The frequency of the totally sym-
metric C=C stretching mode is observed in powder Ra-
man spectra of protonated and deuterated x-(BEDT-
TTF),[Cu(NCS),] at 1472 and 1477 cm ™!, respectively.?®
It is known that the bare frequency of the C=C stretch-
ing mode, as observed in the Raman spectra of BEDT-
TTF and TMTTF compounds, shifts downward by
100-200 cm ™! in the infrared spectra.?”>?® This leads us
to assign the broad peaks at 1300 and 1317 cm™! in the
P||b spectra and at 1206 and 1209 cm ™! in the P||c spec-
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FIG. 5. Infrared conductivity spectra of protonated (H) and
deuterated (D) x-(BEDT-TTF),[Cu(NCS),] for the polarization
parallel to the b axis.
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FIG. 6. Infrared conductivity spectra of protonated (H) and
deuterated (D) xk-(BEDT-TTF),[Cu(NCS),] for the polarization
parallel to the c axis.

"

tra to the coupling of electronic transitions to the C=C
stretching mode. The difference in the frequency of the
EMYV coupled peaks in both polarization spectra will be
discussed in Sec. III C.

The intense sharp peak near 880 cm ™! would be attri-
buted to the totally symmetric C—S stretching of
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BEDT-TTF, the transition of which is also ihduced by
the EMYV interaction. In the same region, several
infrared-active modes are observed in hg- and d3-BEDT-
TTF as given in Table I. However, the peak near 880
cm ™! is too intense to be ascribed to the infrared-active -
modes. Since the totally symmetric C—S stretching
mode appears in the Raman spectra at 876 cm ™! for hg-
BEDT-TTF,?® 889 cm™! for the H salt,?® and 907 cm ™!
for the D salt,?® there is a possibility that the EMV cou-
pling induces the transition due to the C—S mode near
these frequencies. In fact, a-(BEDT-TTF),I; exhibits an
intense absorption band at 877 cm™! due to the EMV
coupling without significant frequency reduction.?®
Therefore, the conductivity peaks at 883 and 874 cm™!
for the H salt and at 888 and 880 cm ™! for the D salt are
assigned to the transition due to the C—S stretching
mode of BEDT-TTF induced by the EMYV interaction.
The remainder of conductivity peaks located in the re-
gion between 500 and 1600 cm ™! are ascribed to the vi-
brational modes of BEDT-TTF as shown in Table I. In
the P|c spectra of both the H and D salts, the very weak
peaks are observed at 1460-1470 and 1410 cm ™~ '. These
peaks would be attributed to the infrared-active C=C
stretching modes of BEDT-TTF, since the modes appear
at 1505 and 1405 cm™! in hg-BEDT-TTF and at 1512

TABLE I. Infrared conductivity spectra (5004000 cm™!) of protonated (h5-) and deuterated (dg-) BEDT-TTF and protonated
and deuterated x-(BEDT-TTF),[Cu(NCS),] (H salt and D salt).® In parentheses are the transitions due to the totally symmetric
modes induced by the electron—molecular-vibration coupling (see text).

H salt D salt
hg-BEDT-TTF® IIb lle d;-BEDT-TTF® IIb lle
¥ (em™Y) v (em™!) v (cm™!) v (cm™!) v (cm™") v (cm™")
2960 w 2230 m
2920 w] vC—H) 2177 w {¥(C—D)
2147 w
i 1775 vw 1772 vw
1505 w 1470 vw 1512 m 1460 vw
1405 m] vc=0 1410 vw 1413 w [M€=0 1410 vw
(1317 vs)© (1209 vs)© (1300 vs)© (1206 vs)©
1280 m 1292 m 1115 m 1112 w 1112 w
1260 w ] 8(C—H) 1266 s 1041 m{6(C—D) 1026 w
1170 w 1171 w 1161 m 1015 m 1019 vw 1024 w
1123 w 1120 vw
995 w 1012 vw 1000 vw 991 w 1000 vw 1000 vw
915 sh 932 m 933 vw 975 sh
905 m 906 m
(883 m)¢ (874 s)d (888 m)¢ (880 s)¢
885 m 880 m
868 m 826 w 835 vw 840 sh
808 w
791 w
770 s 770 s
680 w 695 m
v (IC=N)
(Cu-NCS-Cu) 2105 w 2110 w 2105 w 2110 w
(Cu-NCS) 2068 w 2067 w 2068 w 2067 w

#vs=very strong, s=strong, m=medium, w=weak, vw =very weak, sh=shoulder.

*Reference 24.

“The corresponding vibrations are observed at 1472 cm ™! for the H salt and 1477 cm™! for the D salt in the Raman spectroscopy.
9The corresponding vibrations are observed at 889 cm ™! for the H salt and 907 cm ™! for the D salt in the Raman spectroscopy.
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and 1413 cm ™! in dg-BEDT-TTF. The higher-frequency
mode shifts toward the low-frequency side by about 40
cm~!. The frequency reduction of this size is probably
due to the mixed-valence nature of the H and D salts be-
cause the frequency of the mode is known? to be 1445
cm ™! for a completely ionized BEDT-TTF salt, (BEDT-
TTF )2IBr2(21Br2,C2H3CI3 )0. 5- 30

The sharp doublet peaks appearing at 2068 and 2105
cm ™! in the P||b spectra and at 2067 and 2110 cm ™! in
the P||c spectra would be assigned to the C—N stretching
modes of the [Cu(NCS),]” anion, because the deuterium
substitution of BEDT-TTF moiety does not alter their
frequencies while changing the frequencies of the other
bands. The low- and high-energy bands are, respectively,
attributed”®' to the C—N stretching modes of the N-
bonded pendulous isothiocyanate and bridging iso-
thiocyanate incorporated into the chain of the anions
connected in the manner of [—Cu(NCS)—NCS—],,.3?

2. B-(BEDT-TTF),I; and B"-(BEDT-TTF),AuBr,

As mentioned in the preceding section, in the infrared
conductivity  spectra  of protonated «-(BEDT-
TTF),[Cu(NCS),], the EMV interaction induces the
broad intense peak which is superimposed by several
sharp peaks.” An intense peak similar to this has previ-
ously been observed in B-(BEDT-TTF),I,.7 111314
Insufficient resolution in the infrared region of the spec-
tra reported for B-(BEDT-TTF),1;, however, has hin-
dered accurate analysis of the EMYV interaction. We have
therefore reexamined the polarized reflectance spectra
with light P|la and Pla in the (001) crystal face of S-
(BEDT-TTF),l; with higher resolution (2—4 cm™!) using
the FTIR spectrometer. We have also measured the po-
larized reflectance spectra with light P|lc and Plc in the
(010) crystal face of B”’-(BEDT-TTF),AuBr, in order to
compare the conductivity spectra of the organic super-
conductors with those of organic metals, since B''-
(BEDT-TTF),AuBr, exhibits metallic behavior down to 6
K where a resistivity minimum is observed. 1933

The polarized reflectance spectra of B-(BEDT-TTF),I,
and B"-(BEDT-TTF),AuBr, are shown in Figs. 7 and 8,
respectively. The conductivity spectra were obtained by
the Kramers-Kronig analysis. To compare the conduc-
tivity spectra of these salts with those of protonated k-
(BEDT-TTF),[Cu(NCS),], the spectra in the region be-
tween 500 and 2600 cm™! are depicted in Fig. 9. The
peak frequencies observed in the P||b and P||c spectra of
the H salt, in the P|la and Pla spectra of B-(BEDT-
TTF),I;, and in the Plc spectrum of B”-(BEDT-
TTF),AuBr, are listed in Table II. These spectra qualita-
tively look like one another except for the frequency re-
gion where the C—N stretching modes of [Cu(NCS),]~
anion appear. This implies that the discussion described
above for the H salt is applicable to B-(BEDT-TTF),I;
and B"”-(BEDT-TTF),AuBr,.

According to the discussion in Sec. III A 1, the intense
peaks appearing at 1230 cm ™' in the P|ja and Pla spec-
tra of B-(BEDT-TTF),I; and at 1268 cm™! in the Plc
spectrum of B''-(BEDT-TTF),AuBr, are attributed to the
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FIG. 7. Polarized reflectance spectra of the (001) crystal face
of B-(BEDT-TTF),I; at room temperature for polarizations
parallel and perpendicular to the a axis. Least-squares fits to
the reflectance are represented by dashed lines.

transition due to the totally symmetric C==C stretching
mode induced by the EMYV interaction. The peaks locat-
ed at 875 cm™' for B-(BEDT-TTF),l; and at 880 cm ™'
for B"”-(BEDT-TTF),AuBr, are assigned to the transition
due to the totally symmetric C—S stretching mode also
induced by the EMYV interaction. The remainder conduc-
tivity peaks are ascribed to the infrared-active modes of
hg-BEDT-TTF as shown in Table [I. In conclusion, it is
found that there is no significant difference among the vi-
brational properties of these BEDT-TTF salts in spite of
their scattered nature of transport properties ranging
from superconducting to metallic.

B. Electronic transitions and transport properties

The plasma-edge-like dispersion observed in the
reflectance spectra of protonated and deuterated «-
(BEDT-TTF),[Cu(NCS),], B-(BEDT-TTF),I;, and B"-
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FIG. 8. Polarized reflectance spectra of the (010) crystal face
of B”’-(BEDT-TTF),AuBr, at room temperature for polariza-
tions parallel and perpendicular to the ¢ axis. Least-squares fits
to the reflectance are represented by dashed lines.
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FIG. 9. Infrared conductivity spectra of protonated k-
(BEDT-TTF),[Cu(NCS),] for polarization parallel to the ¢ axis
(top), B-(BEDT-TTF),I; for polarization perpendicular to the a
axis (middle), and B’-(BEDT-TTF),AuBr, for polarization per-
pendicular to the c axis (bottom).

(BEDT-TTF),AuBr, seem to deviate from Drude behav-
ior except for the P|c spectrum of B"’-(BEDT-
TTF),AuBr,. The conductivity spectra of these salts ex-
hibit a broad peak around 2500 cm™!. This implies the
presence of some electronic transitions in the infrared fre-
quency region. Of course, intense oscillators due to the
vibrational bands induced by the EMYV interaction also
yield the deviation from simple Drude behavior. We
have, therefore, analyzed the dispersion by fitting it to the

TABLE 1L
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reflectance calculated in terms of the frequency-
dependent dielectric function €(w) on the basis of the
Drude-Lorentz oscillator model,

€(w)=€pe—ws[0* +ilw/7)]7!

+(4mne?/m) Y fiw—?—iT ;o) ", (1)
)

where o), is the plasma frequency, €, the dielectric con-
stant at high frequency, and 7 the relaxation time of car-
riers. The subscript j stands for the jth Lorentz oscilla-
tor with oscillator strength f;. The best-fit curves are
drawn by broken lines in Figs. 1, 2, 7, and 8, and the
transport parameters obtained are summarized in Table
III together with the valence-electron density n and the
optical mass m, derived from the fitting parameter.

The optical mass of k-(BEDT-TTF),[Cu(NCS),] has a
small anisotropy in the conducting bc plane;
m)?/m)°=1.3 for the H salt and 1.4 for the D salt. The
small anisotropy is in contrast with a large anisotropy
ml¢/m)°=4.5 obtained in the conducting ac plane of B’-
(BEDT-TTF),AuBr,. The large optical anisotropy of the
latter salt is consistent with an open Fermi surface for the
hole band calculated for f'’-(BEDT-TTF),AuBr, though
a closed hole pocket coexists.'”3* An optical anisotropy
m)9/m}=1.8 obtained® in the conducting ab plane of
B-(BEDT-TTF),I; is an intermediate between the aniso-
tropies of «k-(BEDT-TTF),[Cu(NCS),] and B'-(BEDT-
TTF),AuBr,. This result agrees with a closed Fermi sur-
face calculated for B-(BEDT-TTF),I;,%%3” while open
surfaces have been recently reported. *®

It is worth noting that the ratios of optical mass to the
electron rest mass m,/m are 3.2-4.6 and agree well with
those of cyclotron masses m,/m=3.5 for the H salt* and

Infrared conductivity spectra (500-2500 cm™!) of protonated (hg-) BEDT-TTF, protonated «-(BEDT-

TTF),[Cu(NCS),] (H salt), B-(BEDT-TTF),I;, and B'-(BEDT-TTF),AuBr,.* In parentheses are the transitions due to the totally
symmetric modes induced by the electron—-molecular-vibration coupling (see text).

H salt B-(BEDT-TTF),1; B'-(BEDT-TTF),AuBr,
hs-BEDT-TTF® b lle lla la le
v (cm™}) v (cm™ ) v (cm™!) v (cm™}) v (cm™!) v (cm™})

1505 w 1470 vw
1405 m}V(C—:C) 1410 vw 1410 vw 1390 w 1420 w

(1317 vs)© (1209 vs)*© (1230 w)° (1232 vs)© (1268 s)°
1280 m 1292 m 1304 vw 1298 m 1310 w
1260 w8(C—H) 1266 s
1170 w 1171 w 1161 m 1170 vw 1170 w 1170 w
1123 w 1120 vw 1120 sh
995 w 1012 vw 1000 vw 1004 w 1005 vw
915 sh
905 m

(883 m)¢ (874 s)d (875 w)! (875 s)¢ (880 m)¢
885 m
868 m
770 s 775 w

2ys=very strong, s =strong, m =medium, w=weak, vw=very weak, sh=shoulder.

®Reference 24.

°The corresponding vibration is observed at 1472 cm™! for the H salt and 1468 cm ™! for B-(BEDT-TTF),I; in the Raman spectrosco-

py.

9The corresponding vibration is observed at 889 cm ™! for the H salt in the Raman spectroscopy.
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TABLE III. Transport parameters obtained from the Drude-Lorentz analyses of the polarized
reflectance spectra of protonated and deuterated x-(BEDT-TTF),[Cu(NCS),] (H and D salts), -

(BEDT-TTF),lI;, and B”’-(BEDT-TTF),AuBr,.

, /2mc T n
(cm™1) (1071 5) m,/m (10?! cm™?)
H salt
b 4950 1.14 43
lle 5710 1.08 3.2
D salt
b 4810 1.40 4.6
e 5660 1.30 3.3
B-(BEDT-TTF),I,
la 4490 1.42 52 1.17
la 6020 1.90 2.9 1.17
B"-(BEDT-TTF),AuBr,
lle 10040 2.27 1.1 1.23
le 4730 1.61 4.9 1.23
3.4 for the D salt*® which are determined by  tors. Asshown in Table IV, there are two types of oscil-
Shubnikov—de Haas effect measurements. In contrast, lators; one is associated with a small oscillator strength
m./m  determined for B-(BEDT-TTF),I; by (less than 0.03) and the other is associated with a large os-

Shubnikov—-de Haas measurements is 0.4-0.5 (Ref. 41)
and is about one order of magnitude smaller than the
values of m,/m obtained from the reflectance spectra.
This discrepancy is, however, not surprising because m,
is dependent on the cross-sectional area of the Fermi sur-
face, while m, is related to the dispersion of the energy
band. These two kinds of effective mass should coincide
with each other when the energy band is described by a
free-electron approximation. Therefore, remarkable simi-
larity between m, and m, in k-(BEDT-TTF),[Cu(NCS),]
seems to indicate free-electron-like behavior of conduc-
tion electrons in this salt. Approximately temperature-
independent paramagnetic susceptibility in the normal
state of k-(BEDT-TTF),[Cu(NCS),] (Refs. 2 and 42) is
consistent with the free-electron-like behavior.

Now let us turn to the discussion of Lorentz oscilla-

cillator strength (around 0.3). The former is due to the
vibrational transitions induced by the EMV interaction
as described above. The latter would be attributed to the
electronic transition having the nature of charge-transfer
(CT) excitation within the dimer consisting of BEDT-
TTF moieties, because the oscillator strength obtained
here is greater for the polarization parallel to the direc-
tion connecting molecular centers within the dimer than
for the polarization perpendicular to this direc-
tion. 3273443 The broad conductivity peak around 2500
cm ™! appearing in some BEDT-TTF salts has been as-
cribed to interband transitions within a one-electron band
model.*»*  The interband transition appears in the
BEDT-TTF salts in whi¢ch BEDT-TTF forms a dimeric
arrangement, whereas it is hardly observed for the
BEDT-TTF salts with regular molecular arrays. This

TABLE IV. Transition frequencies w; (cm™'), damping factors T'; (cm™!), and oscillator strengths
f; of the jth vibrational modes. Those of the charge-transfer band are denoted by wcr, I'ct, and fer,
and the dielectric constant at high frequency is represented by €.,.. Abbreviations for the salts are the

same as used in Table III.

H salt D salt B-BEDT-TTF),I; fB'-(BEDT-TTF),AuBr,
b lie b lle lla la lle le
o, 880 871 887 879 870 878
r, 16 16 7 12 16 10
fi 0.002 0.0006 0.002 0.0003 0.001 0.0002
0, 1253 1020 1230 1218 1230
r, 52 180 260 92 180
fa 0.007 0.009 0.003 0.02 0.007
oy 1321 1185 1300 1204 1302
r, 24 117 41 67 14
1 0.003 0.032 0.009 0.022 0.001
wcr 2910 2390 2890 2320 2450 2450 2500
Fer 2280 1480 2240 1670 2780 2330 1230
fer 0.29 0.23 0.32 0.24 0.08 0.34 0.04
€core 3.3 3.9 3.6 3.9 3.6 3.6 3.4 3.4
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fact indicates that the interband transition is attributable
to the transition between the split energy bands, which
results from the strong interaction within the dimer.** In
a localized electron scheme, the interband transition
could therefore be regarded as CT within the dimer.
Thus, we describe the frequency of the oscillator as the
transition frequency of the CT excitation within the di-
mer @Ocr-

Before concluding this section, it may be appropriate
to make comments on the remainder conductivity peaks
in the visible region. In the P||c spectra of protonated
and deuterated k-(BEDT-TTF),[Cu(NCS),], three peaks
are superimposed on a broad conductivity background as
shown in Figs. 3 and 4. The peaks would be assigned to
the intramolecular excitations of BEDT-TTF cation radi-
cal as discussed below. The conductivity spectrum of a-
(BEDT-TTF),I; obtained from the polarized reflectance
spectrum measured with light polarization parallel to the
¢* direction, which is nearly parallel to the molecular
long axis of BEDT-TTF,*® exhibits an intense peak at
9700 cm ! and weak peaks at 16000 and 20000 cm ! as
shown in Fig. 10. The CT interaction along the ¢* direc-
tion is expected to be weak compared with that along the
conducting ab plane because of insertion of the tri-iodide
anion sheet between the BEDT-TTF sheets.*® Thus, the
low-lying excitation of these three peaks could not be at-
tributed to a CT transition. The three peaks therefore
should be assigned to the intramolecular excitation of
BEDT-TTF cation radical, which are polarized along the
long axis of the molecule. The peaks appearing in the
P|ic spectrum of «k-(BEDT-TTF),[Cu(NCS),] are located
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FIG. 10. Polarized reflectance (upper) and conductivity
(lower) spectra of a-(BEDT-TTF),I; at room temperature for
polarization parallel to the ¢* direction (nearly parallel to the
molecular long axis of BEDT-TTF moiety).
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at 11400, 16 100, and 19900 cm™~'. These excitation en-
ergies are close to those observed in a-(BEDT-TTF),I;.
In addition, the peaks are hardly observed in the P||b
spectrum, where the polarization direction is perpendicu-
lar to the molecular long axis of BEDT-TTF.”3? The en-
ergies and polarization of the conductivity peaks ob-
served in x-(BEDT-TTF),[Cu(NCS),] thus indicate that
the peaks are to be assigned to the intramolecular transi-
tions of BEDT-TTF cation radical.

C. EMYV coupling and superconductivity in the salts

As shown in Sec. III A, there is considerable interac-
tion between the conduction electrons and molecular-
vibrational modes, i.e., the EMV coupling, in x-(BEDT-
TTF),[Cu(NCS),], B-(BEDT-TTF),l;, and B"-(BEDT-
TTF),AuBr,. As also shown in Sec. III B, the CT band,
closely related to the BEDT-TTF dimer, is observed in
these salts. These results suggest that we analyze the
EMY coupling in terms of the dimer charge-oscillation
model, 17182728

According to this model, if the bare frequency » of the
EMY coupled mode is well separated from the frequen-
cies of other vibrational modes and the EMV coupling
constant A is sufficiently small, A may be evaluated by us-
ing the following equation

(0®— Q%) /0* = Ao /(0 —0?) , 2)

where () is the observed frequency of the EMV coupled
mode and ocr is the frequency of the CT transition.?’
We can identify o with the Raman frequency of the total-
ly symmetric C=C stretching mode,  with the frequen-
cy of the transition due to the C=C stretching mode in-
duced by the EMYV interaction, and wcr with the frequen-
cy of the electronic transition observed in the infrared re-
gion, as noted in Secs. III A and III B. With the values
listed in Table V, A is obtained to be 0.15 (P||b) and 0.20
(Pllc) for the H salt, 0.17 (P||b) and 0.20 (P|c) for the D
salt, 0.19 for B-(BEDT-TTF),I;, and 0.17 for B'-(BEDT-
TTF),AuBr,. For the AuBr, salt w /27, is assumed to be
1470 cm™! as being similar to that for the other Ag-
BEDT-TTF based salts, since the experimental value is
not available.

Th2e7 EMY coupling energy g is related to A by the equa-
tion,

gZ(G)}MQ)CT/Z)I/Z . (3)

By using the values of A deduced from Eq. (2), values of g
in the range 70-74 meV are obtained for the H salt and
72-74 meV for the D salt as shown in Table V. This re-
sult indicates that there is no significant difference be-
tween the coupling energies deduced from both the P|b
and P||c spectra, whereas clear difference is recognized in
the frequencies of the EMV coupled peaks as pointed out
in Sec. IIT A 1. The difference in the coupled frequency
could result from the difference in wct taking account of
Egs. (2) and (3). Therefore, there is no substantial
difference between the coupling energies obtained for the
H and D salts. Furthermore, the coupling energies for
B-BEDT-TTF),I; and B”-(BEDT-TTF),AuBr, are also
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TABLE V. Electron-molecular-vibration coupling constant A and energy g, frequency of the charge-transfer transitions wcr, and
bare and coupled totally symmetric mode frequencies @ and (. Abbreviations for the salts are the same as used in Table III.

H salt D salt
b lle b lle B-(BEDT-TTF),l, B’-(BEDT-TTF),AuBr,
wcr/2me (cm™ ) 2910 2390 2890 2320 2450 2500
w/2mc (cm™ 1) 1472 1477 1468 (1470)?
Q/27c (cm™1) 1317 1209 1300 1206 1230 1268
A 0.15 0.20 0.17 0.20 0.19 0.17
g (meV) 70 74 74 72 73 69

2w for B'-(BEDT-TTF),AuBr, is assumed to be similar to that for the other h3-BEDT-TTF based salts since the experimental value is

not available.

very close to those for the H and D salts as shown in
Table V. Close similarity in the EMV coupling energy
suggests again that there is no significant difference
among the vibrational properties of these three BEDT-
TTF salts in spite of their scattered electronic properties.

It is probably pertinent to discuss the relation between
the EMYV coupling energy and the superconducting na-
ture of k-(BEDT-TTF),[Cu(NCS),] because the EMV
coupling has been suggested to be a possible mechanism
of the electron-phonon interaction responsible for super-
conductivity.*’ If the coupling energy g is assumed to be
the electron-phonon interaction energy, the BCS theory
for a weak-coupling limit gN (Eg) << 1 predicts the criti-
cal temperature as

T,=1.134@pexp{ —[gN (E;)]" '}, )

where @, is the Debye temperature and N(E) is the
density of states at the Fermi level. We have previously
shown that N(Ey) can be estimated from the paramag-
netic susceptibility in the normal state of «-(BEDT-
TTF),[Cu(NCS),] because of its approximately
temperature-independent, i.e., Pauli, paramagnetism.*
Using the values g=70 meV and N(E)=7.1 eV ! per
formula unit, the electron-phonon interaction parameter
gN (E;)=0.50 is obtained. This value is close to 0.4 re-
ported for aluminum, a prototype of a weak coupler.*
In addition, we have shown that the critical fields ob-
tained from the field dependence of ac susceptibility yield
a thermodynamically consistent picture when they are
analyzed in terms of the anisotropic effective-mass model
for the Ginzburg-Landau theory with a weak-coupling
BCS gap.?"** These facts allow us to use the weak-
coupling BCS equation (4).

By combining gN(Ep)=0.50 with 7,=104 K,
®p, =68 K is obtained. This value is comparable substan-
tially to ®, =36 K derived very recently from the pho-
non contribution to the heat capacity of «-(BEDT-
TTF),[Cu(NCS),].%° The electronic contribution to the
heat capacity y is also evaluated to be less than 5
mJmol 'K ™2.°° This value is, however, about seven
times as small as 35.4 mJmol 'K ~2 calculated from
N(Ep)=2.82X10% 7~ mol ! with the equation,

y=(2/3)mN (Ep)k2 , (5)

where kp is the Boltzmann constant.
Similar analysis for S-(BEDT-TTF),I; yields ®, =49

K and ¥=33.2 mJmol 'K~ 2 from Egs. (4) and (5) with
g=73 meV, N(Ep)=7.1 eV'! or =265x10%
J7'mol™,°! and T,=8 K.*>"%* These values may be
compared with the observed values of ®,=197 K and
=24 mI¥mol 'K™2% At the present stage, there is,
therefore, no overall consistency among the parameters
derived optically, magnetically, and thermodynamically
within the BCS theory in the weak-coupling limit.

D. Cation-anion interaction and the C—H bending modes

Besides the EMV coupling, the cation-anion interac-
tion through the hydrogen-anion contacts in the organic
solids is pointed out to play a crucial role in determining
the physical properties, especially T, of the superconduc-
tors B-(BEDT-TTF),X (X=1;, IBr,, and Aul,).>® The in-
verse isotope effect on T, (AT, /T,.=0.06) observed for
xk-(BEDT-TTF),[Cu(NCS),] is tentatively ascribed to the
change in electron-phonon coupling due to the
hydrogen-anion contacts. %>’ In this section we therefore
describe comparatively the influence of hydrogen-anion
contacts on the frequency of C—H bending modes ob-
served in the salts.

The frequency of a bending mode shifts to a higher fre-
quency than that of a molecule in the absence of contact
(or H bonding), while it displays no obvious change in
half-width and absorption coefficient.’® As seen in Table
I1, the highest-frequency vibration of the C—H bending
modes observed in k-(BEDT-TTF),[Cu(NCS),], B-
(BEDT-TTF),I;, and B”-(BEDT-TTF),AuBr, shifts to
the higher-frequency side. This indicates that there is
considerable cation-anion interaction through the
hydrogen-anion contacts in all the salts as previously
pointed out by the structural feature except for the
AuBr, salt. In B-(BEDT-TTF),I; intermolecular H - - - I
contact distances of 2.842 and 2.988 ;\, §horter than the
sum of van der Waals radii (Sy;=3.35 A), are reported
by means of the neutron diffraction at 20 K.*° In «-
(BEDT-TTF),[Cu(NCS),] intermolecular H- -+ N con-
tact distances of 2.46 and 2.59 A (Syy=2.7 A) and
H - - - S distances of 2.84, 2.84, and 2.87 A (Syg=3.05 A)
are obtained through x-ray diffraction at 104 K.3?

The amount of frequency shift increases in the order
of k-(BEDT-TTF),[Cu(NCS),] <B-(BEDT-TTR),I;
<pB"-(BEDT-TTF),AuBr,. The cation-anion interaction
is probably enhanced in this order. However, direct com-
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parison among the frequency shifts in these salts is not
appropriate because the different element atoms (i.e., N
and S in the [Cu(NCS),] salt, I in the I; salt, and Br in
the AuBr, salt) are incorporated in the contact with the
hydrogen atoms. In the present state we can only suggest
that there is a considerable amount of hydrogen-anion in-
teraction in these BEDT-TTF salts. The spectral evi-

dence for the hydrogen-anion interaction is shown here

for the first time by the analysis of the infrared conduc-
tivity spectra. )

On the other hand, the highest frequency of the C—D
bending mode observed in deuterated «-(BEDT-
TTF),[Cu(NCS),] scarcely shifts from that reported on
dg-BEDT-TTF. This implies that the cation-anion in-
teraction in the D salt is not obvious compared with that
in the H salt. To date, however, deuterium-anion contact
distances in the D salt are not known and structural in-
formation on the cation-anion interaction is not available.
To acquire structural insight into the cation-anion in-
teraction, x-ray structure analysis of the D salt is current-
ly in progress.

IV. CONCLUSIONS

The detailed analysis of the polarized reflectance spec-
tra of the ambient-pressure organic superconductors pro-
tonated and deuterated k-(BEDT-TTF),[Cu(NCS),] has
yielded an unambiguous identification of spectroscopic
feature originated from the EMYV interaction and their
assignment to specific molecular normal modes. The re-
sults show that the modes exhibiting the strongest cou-
pling with electrons are the totally symmetric C=C and
C—S stretching modes. By using this identification and
assignment, the EMYV interaction in the ambient-pressure
organic superconductor SB-(BEDT-TTF),I; and the or-
ganic metal B”-(BEDT-TTF),AuBr, has also been dis-
cussed. It is shown that there is no significant difference
among the vibrational properties of these BEDT-TTF
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salts in spite of their scattered transport properties rang-
ing from superconducting to metallic.

The analysis has also yielded the fact that the anisotro-
py of optical mass in the two-dimensionally connected
molecular sheets of BEDT-TTF moieties in these salts
varies in the order «k-(BEDT-TTF),[Cu(NCS),]<p-
(BEDT-TTF),I; <B”-(BEDT-TTF),AuBr,; namely «-
(BEDT-TTF),[Cu(NCS),] has the largest two dimen-
sionality in optical transport. This result is consistent
with the structural feature of the [Cu(NCS),] salt in
which the BEDT-TTF dimers condense in a manner not
to preserve their molecular anisotropy.

The semiquantitative estimation of the EMV coupling
energies as well as coupling constants in terms of the di-
mer charge-oscillation model give a substantially similar
coupling energy near 70 meV for all the salts. Applica-
tion of the BCS theory in a weak-coupling limit because
of the small electron-phonon interaction parameter 0.50
deduced from the EMYV coupling energy has provided the
Debye temperature of about 70 K, which is comparable
to that derived from the phonon-contribution of heat
capacity. From the frequency shifts of the C—H and
C—D bending modes, it is suggested that the hydrogen-
anion interaction is considerably large in the protonated
BEDT-TTF salts while negligibly small in the deuterated
compound.
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