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Optical properties of b9-„ET…2SF5CH2CF2SO3: A layered molecular superconductor
with large discrete counterions
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Materials Science Division, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, Illinois 60439

P. G. Nixon, R. W. Winter, and G. L. Gard
Department of Chemistry, Portland State University, Portland, Oregon 97207

~Received 3 March 1999!

We report the polarized infrared and optical reflectance ofb9-(ET)2SF5CH2CF2SO3 as a function of tem-
perature. This fully organic superconductor displays weakly metallic behavior over the entire temperature
range of our investigation. The electronic properties present several unusual features including the lack of a
conventional free carrier~Drude! response at low temperature, infrared localization phenomena, and an unex-
pected temperature dependence of the oscillator strength. Similar behavior is observed in otherb and b9
superconductors aboveTc , suggesting that this class of compounds is very close to a metal˜ insulator
transition where electronic correlations are important and the Drude response carries very little spectral weight.
Vibronic features increase in intensity with decreasing temperature in the infrared, as expected. The tempera-
ture dependence of key anion vibrational modes are discussed in terms of intermolecular hydrogen bonding
within the anion pocket.@S0163-1829~99!04330-1#

I. INTRODUCTION

The subject of superconductivity and other competing
broken symmetry ground states in ET-based organic conduc-
tors @here, ET is bis~ethylenedithio!-tetrathiafulvalene# have
received remarkable attention in recent years.1–3 In this class
of materials, the highest superconducting transition tempera-
tures to date are obtained with polymeric counterions in
k-(ET)2Cu@N(CN)2#Br (Tc511.6 K! ~Ref. 4! and
k-(ET)2Cu@N(CN)2#Cl (Tc512.8 K at 0.3 kbar!.5 More re-
cently, a strategy for the preparation of ET-based supercon-
ductors has been pursued based upon the design of
large discrete counterions6 to enhance two-dimen-
sional interactions in the solid state. The
k-(ET)2M(CF3)4~1,1,2-trichloroethane! ~Ref. 7! and
b9-(ET)2SF5CH2CF2SO3 ~Ref. 8! superconductors are ex-
amples of this effort. The strategy of incorporating large,
chemically tunable anions is advantageous because it allows
the exploration of intermolecular interaction effects on the
physical properties. For instance, in the SF5RSO3

2 system,
small chemical modifications of the anion template can result
in the stabilization of a semiconducting, spin-Peierls, metal-
lic, or superconducting ground state.9 It is the
b9-(ET)2SF5CH2CF2SO3 superconductor which is of inter-
est here. Much effort has been made to correlate structural
features of ET-based conductors with their physical
properties,3 including superconducting transition tempera-
tures. While there are manyk- andb-type superconductors,
(ET)2SF5CH2CF2SO3 (Tc55.2 K! displays ab9 structure,8

making it the second example of ab9 superconductor. The
only other b9 superconductors are the

(ET)4M(ox)3H2OC6H5CN ~M 5 Fe, Cr! salts.10,11

The crystal structure ofb9-(ET)2SF5CH2CF2SO3 ~inset,
Fig. 1! contains conducting ET cation layers alternating with
anion layers. The ET molecules form loose stacks along the
a axis, although the strongest intermolecular contacts arebe-
tweenmolecular stacks, which is theb direction.8 Many short
contacts between hydrogen atoms on the ethylene end groups
of the ET, and the SF5 fluorine and SO3 oxygen atoms on the
anion are formed, which act to increase dimensionality and
determine counterion ordering within the anion pocket.
These short contacts are likely responsible for the
b9-packing motif of molecules in the crystal as well as the
stabilization of the superconducting ground state. No short

FIG. 1. Polarized infrared and optical reflectance of
b9-(ET)2SF5CH2CF2SO3 at 300 K. The inset displays the crystal-
lographic structure in theab plane.
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contacts are observed between theR group of the anion and
the ET molecules for the superconducting salt. It is notable
that both the cation and anion are purely organic in this
material.

The 300 K dc electrical conductivity of
b9-(ET)2SF5CH2CF2SO3 in the conductingab plane is
weakly metallic ('6 V21 cm21),12 and much larger than
that in the interlayerc direction, in line with what is expected
based upon the structure of this compound. The dc conduc-
tivity can show two quite different responses as a function of
temperature.12 In some cases, a metallic temperature depen-
dence is observed down to the 5.2 K superconducting tran-
sition. In other situations, a maximum is found near 100 K,
with metallic temperatures dependence below this point.
Cooling rate dependence of anion rearrangements may be
responsible for these two behaviors. In both cases, the super-
conducting transition is sharp, and the in-plane dc conduc-
tivity is on the order of 300V21cm21 near 10 K. The pres-
sure dependence ofTc is typical of that of many ET salts
(dTc /dP51.34 K/kbar!.13 An estimate of the 300 K micro-
wave conductivity via ESR shows an anisotropy ofsb /sa
'1.4 in the conducting plane.14,15 Analogous to otherb9
compounds,16 electronic band-structure calculations predict a
Fermi surface~FS! consisting of a pair of one-dimensional
~1D! electronic bands and a two-dimensional~2D! hole
pocket, which is 14.8% of the first Brillouin zone~FBZ!.17

More recent calculations suggest that the low-temperature
interdimer interaction facilitates the stabilization of super-
conductivity in b9-(ET)2SF5CH2CF2SO3.18 Experimental
determination of the FS,17,19 through magnetic oscillation
studies, confirms the general aspects of the predicted band
structure but differs substantially in detail, finding an ex-
tremely elongated elliptical 2D pocket of;5% of FBZ area
and an effective mass of 1.9me (me is the free-electron
mass!. An unusual decrease of the Shubnikov–de Haas sig-
nal amplitude upon lowering the temperature has also been
observed at high magnetic fields.20 Most recently, measure-
ments of anisotropic interlayer magnetoresistance21,22 and
anomalous Shubnikov–de Haas oscillations23 have been re-
ported and analyzed. The upper critical field of
b9-(ET)2SF5CH2CF2SO3 has been extracted via detailed
specific-heat measurements, and theH-T phase diagram has
been mapped out.19,24 The Sommerfeld constant is larger
than the band-structure prediction by a factor of;3, and the
estimated coupling constant (l'1.1) seems to suggest a
phonon-mediated strong-coupling mechanism in this
compound.24 Taken together, the aforementioned experi-
ments emphasize the important role of many-body effects in
this material.

In general, the electronic spectra of low-dimensional or-
ganic metals deviate significantly from a conventional free-
electron response. The origin of this deviation may vary for
different samples and has been a subject of controversy.
Whereas in quasi-1D organic conductors, the non-Drude
response25,26may be attributed to Tomonaga-Luttinger liquid
behavior of 1D interacting electronic systems, 2D ET-based
organic conductors display a more complex optical
response,27 due to the involvement of a controversial infrared
band often assigned to the interband transition resulting from
2D nature of the band structure.28–30 At the same time, a
number of experiments have demonstrated that electron cor-

relations in ET-based conductors play a significant role in
their physical behaviors, putting many in the vicinity of a
Mott metal-insulator transition.31 Thus, strong correlation ef-
fects may be the origin of the unconventional optical prop-
erties in 2D organic solids. Consequently, the infrared band
in the optical conductivity has been attributed to an effective
Hubbard gap or an Abrikosov-Suhl resonance.32,33 Further,
there is some evidence that a FS~or quasiparticles! may not
even exist in these ‘‘bad metal’’ systems at all.34,35Here, the
‘‘relevant resistivity scale’’ is on the order of (h/e2B)c,
wherec is the interlayer spacing andB is a constant of order
one.32,34 In the spectroscopic response, optical conductivities
of severalb-phase superconductors show a transfer of spec-
tral weight to low energy and development of a gap structure
~or pseudogap! in the infrared with decreasing
temperature.27,36 The coherent Drude components cannot be
estimated in these compounds due to either a broad overlap
with a very strong pseudogap or an extremely narrow width
of the Drude term. On the other hand,k-type salts show the
development of a Drude-like response at low temperatures
accompanied by a broad absorption between 2000 and 3500
cm21.30 Here, the appearance of the free-carrier response
makesk-(ET)2Cu(SCN)2 closer to a normal metal, although
it still leaves the middle infrared structure as an anomaly.
The similarity between the ET-based superconductors and
high-temperature cuprate superconductors has also been no-
ticed in various aspects and ascribed to the 2D nature and
strong electron correlations in both systems.32,37 This simi-
larity is particularly striking for the underdoped cuprates
where the pseudogap state is a dominant feature.38

Infrared vibrational features in conducting ET salts are
usually superimposed upon the broad electronic background.
It is well established that most of the observed phonon fea-
tures are due to the totally symmetricAg modes of intramo-
lecular vibrations which couple strongly to the electronic
excitations.39–43 Therefore, vibronic features provide a win-
dow into both vibrational and electronic interactions in ET-
based organic conductors. Previous infrared and Raman
studies on various phases of ET conductors,44–47 k phase in
particular,30,48,49 have provided comprehensive assignments
of intramolecular phonon modes. Normal-coordinate analy-
sis has been performed,46,47,50 and the results show good
agreement with measurements. Isotope decoration studies
have aided greatly in detailed mode assignments.

In order to provide an infrared and optical characteriza-
tion of this type of superconductor and extract further infor-
mation on the nature of the vibrational and electronic pro-
cesses in the material, we have investigated the polarized
infrared and optical response ofb9-(ET)2SF5CH2CF2SO3 as
a function of temperature. We discuss our results in compari-
son with other ET-based superconductors as well as the cop-
per oxide systems. Our overall goal is to understand the cor-
relation between the crystal architecture and the physical
properties in both normal and superconducting states.

II. EXPERIMENT

High-quality single crystals of
b9-(ET)2SF5CH2CF2SO3 (1.231030.3 mm3) were
grown via electrochemical techniques in an H cell at Ar-
gonne National Laboratory.8 The crystals are elongated
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plates with the long axis of the crystal being theb axis and
the large face containing the conductingab plane. The high
quality of the crystal samples was confirmed by the sharp
superconducting transition at 5.2 K in the ac susceptibility.51

For our measurements, two crystals were mounted to form a
mosaic sample with size of 333 m2.

Polarized infrared reflectance measurements were per-
formed with a Bruker IFS 113V Fourier transform infrared
spectrometer~35–5000 cm21), using a He-cooled bolometer
detector in the far-infrared region~35–650 cm21). The spec-
tra in the optical regime were collected on a Perkin-Elmer
Lambda-900 spectrometer~4000–35 000 cm21), which is a
grating instrument. Traditional room temperature detectors
were employed over the middle and near-infrared~MIR,
NIR!, optical, and ultraviolet~UV! region. Standard polariz-
ers were used to cover the aforementioned energy ranges.
Temperature control was achieved with an open-flow APD

cryostat system. The temperature dependence of the infrared
spectra was measured from 300 to 10 K. As the lowest tem-
perature we can reach with this setup is;10 K, we probe the
normal-state response of this sample here. Only room-
temperature spectra were measured in the NIR/optical/UV
range, providing a good extrapolation to the lower frequency
temperature dependent data for the Kramers-Kronig analysis.
An overcoat of Al was used to renormalize for the mosaic
nature of the sample.

The wide frequency range of the measurement allows us
to make a Kramers-Kronig analysis to obtain the optical con-
stants of the material. These include the frequency-
dependent conductivitys1(v), the dielectric constante1(v),
and the effective massm* (v).52 The high-frequency ex-
trapolation to the Kramers-Kronig phase shift integral was
performed asv21.8. The low-frequency extrapolation was
done with both metallic~Hagen-Rubens-type! and constant

TABLE I. Assignments of vibrational features~in cm21) in the 10 K spectrum of
b9-(ET)2SF5CH2CF2SO3.

'b ib Assignmenta Character

2983 w n44(b2u) or anion CH stretching
2930 wa 2938 vw n1(ag) CH stretching
1452 vw 1451 vw n2(ag) C5C stretching
1406 vw 1414 vw Anion multiplet
1352 vw 1350 vw n4(ag) or Anion C5C stretching
1300 vs 1200 vs n3(ag) C5C stretching
1297 w 1299 vw n5(ag) related CH bending
1289 w 1275 w n5(ag) related
1280 w n5(ag) related
1269 w n5(ag) related
1258 s 1257 m Anion CF stretching
1209 w 1211 vw Anion? CH bending
1183 m n38(b2g) related CH bending
1173 m n38(b2g) related
1138 vw n21(b1g) related CH bending
1126 w 1128 vw n21(b1g) related
1093 w 1096 vw Anion SO3 stretching
993 w 990 m Anion SO3 stretching
905 w n7(ag) or n48(b2u) or n49(b2u) C-C stretching, CH bending
881 s n60(b3g) related C-S stretching
875 s n60(b3g) related
852 s 852 w Anion SF5 stretching
820 w 825 w Anion
799 w 795 vw Anion
657 w 661 vw Anion
622 m 629 w Anion
599 s 599 vw Anion
568 m Anion
551 m 549 vw Anion
522 m 522 vw Anion
455 vs 451 s n10(ag) C-S stretching
439 vs 438 s n9(ag) C-S stretching
318 m 322 m n11(ag) Ring deformation
240 m 248 m Out-of-plane mode

avs is very strong, s is strong, m is medium, w is weak, and vw is very weak.
bReferences 44–49.
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extrapolations;52 little difference was obtained in the mea-
surement regime.

III. RESULTS

A. Room temperature spectra

The 300 K reflectance ofb9-(ET)2SF5CH2CF2SO3 is
shown in Fig. 1 in the two principle polarization directions.
Overall, the response is similar to other knownb9-type ET
samples53,54and consistent with theb9-type crystal structure
as well. The reflectance in theb direction~interstack! is sig-
nificantly larger than that in the'b direction (;ia, i.e., ET
stack!, and shows a well-defined plasma edge. Nevertheless,
this response is characteristic of a weak metal, certainly not
that of a good conductor. On the other hand, reflectance in
the'b direction displays overdamped behavior with no clear
plasma edge becauset@vp . The vast majority of the vibra-
tional structure is observed perpendicular tob, where ET
dimers are stacked in a face-to-face fashion. At the same
time, vibrational bands are rather weak alongb due to struc-
tural and screening effects. Our assignments for these fea-
tures are given in Table I.

The 300 K frequency-dependent conductivity of
b9-(ET)2SF5CH2CF2SO3 is shown in Fig. 2. Optically, this
material is fairly anisotropic, and the resemblance between
the data in Fig. 2 and the response of severalb-type conduc-
tors and superconductors@(ET)2I3 , (ET)2AuI2, and
b-(ET)2I2Br] is striking.27,36 Compared to the
SF5CH2CF2SO3

2 material, it is notable that the optical an-
isotropy of the b9-(ET)4Fe(ox)3H2OC6H5CN supercon-
ductor is more severe,10,55 suggesting that a range of optical
anisotropies can give rise to the superconducting ground
state in the b-packing motif. The anisotropy of
k-(ET)2Cu(SCN)2 is milder.30 In contrast to the optical
conductivity, the microwave conductivity of
b9-(ET)2SF5CH2CF2SO3 ~measured from ESR! shows an
anisotropy ofsb /sa'1.4.14,15 Extrapolation of our optical
conductivity to zero frequency provides an estimate of the dc
conductivity, which is the same order of magnitude as the

300 K value (;6 V21cm21). A broad electronic band cen-
tered at;2000 cm21 is found for bothib and'b polariza-
tions, although it is clearly much stronger alongb. The
strong absorptions above 10 000 cm21 are assigned as the
intramolecular excitations.

The left-hand inset of Fig. 2 displays the 300 K
frequency-dependent dielectric constant of
b9-(ET)2SF5CH2CF2SO3. Here,e1(v) is positive for both
polarizations at low frequency, extrapolating to static values
of '120 and 15 forib and'b, respectively. There is strong
dielectric contrast at low frequencies. The high-energy di-
electric constant is'3 for both polarizations. From the zero
crossing ofe1, we estimate a screened plasma frequency of
'4700 cm21. This corresponds to an unscreenedvp
'8100 cm21 at 300 K, lower than that reported for I3

2 ,
I2Br2, and AuI2

2 systems,27,36 mainly due to the difference
in e1(`) rather than the screened plasma frequency. The
sum rule relates the oscillator strength to the effective mass
and the effective number of carriers per formula unit partici-
pating in optical transitions~right-hand inset of Fig. 2!. We
estimate the effective electron mass by integrating the con-
ductivity spectrum from 35 to 5000 cm21 and assuming a
carrier concentration resulting from 1 hole per dimer. We
find mb* '2me . Previous estimates from Shubnikov–de
Haas oscillation measurements setm* '1.9me ,17 although
direct comparison is not straightforward as different parts of
the band are sampled.

B. Temperature dependence

The upper panels of Figs. 3 and 4 display the reflectance
of b9-(ET)2SF5CH2CF2SO3 at various temperatures forib
and 'b polarizations, respectively. In each direction, the
middle infrared reflectance increases with decreasing tem-
perature and seems to agree with the metallic dc conductiv-
ity, but the far-infrared response shows a flattening or a drop
at lower temperatures, rather than an increase towards unity
at low frequency. A similar response is observed in
b-(ET)2AuI2 and b-(ET)2I2Br.36 A close-up view of the
low-energy data is given in the inset of each figure.

The frequency-dependent conductivity of
b9-(ET)2SF5CH2CF2SO3 as a function of temperature is
shown in the lower panels of Figs. 3 and 4 for theib and'b
polarizations, respectively. The electronic part ofs1(v) in-
creases with decreasing temperature, particularly below 1200
cm21, and it drops in the far-infrared frequency range. Thus,
the low-temperature spectra remain characteristic of a weak
metal even down to 14 K, which is quite close toTc . The
spectral weight in the infrared is enhanced continuously with
reduction of temperature. No Drude response develops in the
spectra over the temperature and frequency range of our in-
vestigation. Note that the extrapolation of the low-frequency
conductivity is in reasonable agreement with the dc values.
Vibrational features are superimposed on this electronic
background, as discussed below.

Figure 5 shows the detailed temperature dependence of
the infrared vibrational spectrum polarized in the'b direc-
tion. The strong peak at 1258 cm21, and several weaker ones
in the pattern between 500 and 650 cm21, do not change
significantly with temperature except for the usual narrow-
ing. They are assigned as anion vibrations, as indicated in

FIG. 2. Room-temperature frequency-dependent conductivity of
b9-(ET)2SF5CH2CF2SO3. Left inset: dielectric constant of
b9-(ET)2SF5CH2CF2SO3 as a function of frequency. Right inset:
conductivity sum rule forb9-(ET)2SF5CH2CF2SO3.
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Table I. The structures near 850 and 1095 cm21, which
change with temperature, are also assigned as anion features.
These assignments are in good agreement with the middle
infrared spectrum of powdered Li-SF5CH2CF2SO3.56 The
anion modes appear mainly in the'b direction. This is be-
cause the counterions are oriented along the ET stacks, and
the strongest vibrational modes are polarized mainly along
the length of the SF5CH2CF2SO3

2 anion; the electronic
screening is lower in this direction as well. Apart from the
counterion modes, the major infrared features are vibroni-
cally activated, as observed in other ET-based organic mo-
lecular conductors. Inb9-(ET)2SF5CH2CF2SO3, they are lo-
cated mainly at 1350~very broad!, 880, and 439 cm21, as
shown in Table I. Our symmetry assignments are generally
consistent with those found in other ET salts.44–46,49 Note
that we have elected to assign the 881 and 875 cm21 bands
asn60(b3g),49 rather thann7(ag), but this is still a matter of
disagreement in the literature. With decreasing temperature,
the vibronic bands gradually increase in intensity and narrow
significantly. No systematic splitting patterns were observed,
although a few lines show weak multiplets at low tempera-
ture. The inset of Fig. 5 shows the C-H stretching mode
polarized ib. This mode can be assigned either to C-H

stretching ofB2u symmetry on the ET molecule or to the
C-H stretching on the anion which is perpendicular to the
long axis of the counterion. This band increases in intensity
as the temperature drops.

IV. DISCUSSION

A. Electronic spectra

One of the most striking features of the optical conduc-
tivity in b9-(ET)2SF5CH2CF2SO3 is the overall character of
the spectra, which is weakly metallic at room temperature
with a low-lying electronic band in the middle infrared. Such
infrared localization is observed in a number of otherb-type
conductors and superconductors@(ET)2I3 , (ET)2AuI2, and
(ET)2I2Br],27,36 as well asa t-(ET)2I3,57 which is similar to
the b phase in structure. The various data sets on the afore-
mentioned materials agree well in terms of position, polar-
ization, and intensity of this feature. Although detailed
temperature-dependent and far-infrared data are not available
for the only other b9-type superconductor,
(ET)4@(H2O)Fe(C2O4)3#C6H5CN (Tc57 K!, the reflec-
tance shows a quasi-one-dimensional character,55 with a

FIG. 3. Upper panel: near normal reflectance of
b9-(ET)2SF5CH2CF2SO3 as a function of temperature along theb
direction. Inset: closeup of the far-infrared reflectance. From top to
bottom, temperatures are 14, 65, 125, 200, and 300 K. Lower panel:
frequency-dependent conductivity ofb9-(ET)2SF5CH2CF2SO3 at
300 and 14 K in theb polarization. Inset: closeup of the low-
frequency conductivity alongb as a function of temperature. Note
that in the lower panel, several temperatures have been omitted for
clarity. dc conductivity data are indicated by triangle~300 K! and
square~14 K!.

FIG. 4. Upper panel: near normal reflectance of
b9-(ET)2SF5CH2CF2SO3 as a function of temperature in the'b
direction. Inset: closeup of the far-infrared reflectance. From top to
bottom, temperatures are 14, 65, 125, 200, and 300 K. Lower panel:
frequency-dependent conductivity ofb9-(ET)2SF5CH2CF2SO3 at
300 and 14 K in the'b polarization. Inset: closeup of the low-
frequency conductivity' to b as a function of temperature. Note
that in the lower panel, several temperatures have been omitted for
clarity. dc conductivity data are indicated by triangle~300 K! and
square~14 K!.
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similar middle-infrared band in the conducting direction.
Likely, measurement of the far infrared and a calculation of
s1(v) would reveal a corresponding low-energy electronic
band. Electronic correlation as well as low carrier densities
are believed to be the major mechanisms behind this local-
ization phenomena.

Overall,b9-(ET)2SF5CH2CF2SO3 maintains a similar lo-
calized response down to 14 K, which is just aboveTc . The
low-lying electronic band displays a significant enhancement
and redshifting with decreasing temperature. The buildup of
oscillator strength in the far-infrared may be related to in-
creased interdimer interaction at low temperature, as pre-
dicted theoretically.18 It is notable that the partial sum rule
on s1(v) is violated in b9-(ET)2SF5CH2CF2SO3 as the
temperature decreases. Sum rule violations can appear in
strongly correlated systems, but the trend observed here is
pronounced. Previous investigations ofb-type molecular
conductors show that the temperature dependence of oscilla-
tor strength is not straightforward. For instance, although the
spectral weight is conserved fairly well in both polarizations
for b-(ET)2I2Br andb-(ET)2I3, in b-(ET)2AuI2, the spec-
tral weight in the low-temperature phase is significantly
larger than that in the high-temperature phase for each polar-
ization ('1.25:1.0 and'1.8:1.0 fori and' to the stacking
direction, respectively!.27,36

Most importantly, no distinct Drude component is found
in the 14 K spectra ofb9-(ET)2SF5CH2CF2SO3 within noise
level and frequency range of our investigation. This is unlike
a conventional metal, where a significant free-carrier contri-
bution is expected due to highly mobile carriers. Based on
the moderate value ofsdc just above Tc (;300 V21

cm21), it is reasonable not to see a strong Drude peak in the
SF5CH2CF2SO3

2 compound. The small Fermi surface and
estimates of the carrier concentration from transport mea-
surements are also in line with the lack of a free-carrier re-
sponse in the optical spectra. However, the observation of
magnetoresistance oscillations at low temperature suggests
that the sample is very clean, as the Dingle temperature is 0.5

K and the scattering rate is small.17 A possible resolution
may arise from the fact that in a strongly correlated metal
near a metal̃ insulator transition, one expects to observe
very little Drude weight in the optical response. However,
m* ;2 ~optical measurements! or 1.9 ~magnetoresistance
measurements!, leading to an impass. It is likely that any
Drude response inb9-(ET)2SF5CH2CF2SO3 is fairly weak
and/or very narrow. Microwave dielectric measurements
would be useful to compliment the far-infrared data pre-
sented here.

The very narrow or absent free-carrier response in
b9-~ET!2SF5CH2CF2SO3 extends to the aforementioned
b-phase superconductors. It is especially pronounced in
b-(ET)2AuI2. Previously, the non-Drude behavior in theb
materials was attributed to strong electron-electron and
electron-phonon interactions.27,36 This trend is in contrast to
the k-(ET)2Cu(SCN)2 prototype, where a Drude contribu-
tion in the optical spectra is observed well aboveTc .30 A
low-frequency free-carrier response is also found in
a-(ET)2(NH4)Hg(NCS)2,58 where the overlap is strong and
the band structure looks like that of thek phase. These re-
sults suggest that ET-based solids in theb-packing motif
may approach the superconducting transition quite differ-
ently than the more 2Dk-phase counterparts.

For underdoped copper oxide superconductors, the
normal-state in-plane spectra are composed of a coherent
Drude-like component and a broad mid-infrared band.59 This
two-component response is characteristic of many other low-
dimensional correlated systems.60 Below Tc , the Drude part
condense into a superfluid whereas the mid-infrared band
remains. In some high-temperature superconductors, a far-
infrared peak, rather than a Drude component, is also ob-
served and may be attributable to the disorder-induced
localization.61

It is an ongoing challenge to understand the origin of
the low-energy electronic band inb9-(ET)2SF5CH2CF2SO3.
This sort of structure is found in all of the ET-based organic
solids and several models have been proposed to account for
its presence.28,29,32,33,62Approaches based upon the Hubbard
model have attracted a great deal of attention recently. In one
application, the Hubbard model has been used to study the
optical conductivity of highly correlated electron systems in
a dynamic mean-field approximation,63 which becomes exact
for either the infinite lattice connectivity or large spatial di-
mensionality. For metals in close proximity to the Mott
metal-insulator transition, the theory predicts that the optical
conductivity shows the development of a Drude peak, a reso-
nance at an energyU due to the transitions between upper
and lower Hubbard bands, and an enhancement of spectral
weight below a critical temperature.64

The optical conductivity ofk-(ET)2Cu(SCN)2 has been
analyzed within this framework,32,33providing an estimate of
Ueff from the experimental data. Here,Ueff is the Coulomb
repulsion between two carriers on the same ET dimer. This
theory seems to work quite well for thek-type superconduct-
ors near the Mott transition on the metallic side. On the other
hand, for b-type superconductors, the optical conductivity
cannot be straightforwardly interpreted by this theory due to
the absence of a Drude~free carrier! response in the low-
temperature spectra. Further, if we assign the infrared
charge-transfer structure seen in theb- andb9-type salts to
transitions between upper and lower Hubbard bands, the fea-

FIG. 5. Detailed frequency-dependent conductivity of
b9-(ET)2SF5CH2CF2SO3 as a function of temperature along the
stacking direction ('b). Inset: frequency-dependent conductivity of
b9-(ET)2SF5CH2CF2SO3 in the C-H stretching regime along theb
axis as a function of temperature. From top to bottom in the main
figure and the inset, temperatures are 14, 65, 125, 200, and 300 K.
Note that the curves are offset for clarity.
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ture is stronger and lower in energy compared with that in
the k-phase superconductors. A possible resolution of this
discrepancy might lie with different Hubbard parameters in
b-phase compounds compared with thek salts as well as the
weak dimerization inb9-(ET)2SF5CH2CF2SO3.

To summarize, theb and b9 family of ET-based salts
presents a consistent and challenging set of questions regard-
ing the electronic structure which deserve fresh study, par-
ticularly from a theoretical point of view. Specifically, the
very narrow or absent Drude response in the spectra at low
temperature, the assignment of the infrared band, and the
temperature dependence of this low-lying excitation~which
causes the conductivity sum rule to be violated so strongly in
the SF5CH2CF2SO3

2 compound! present important chal-
lenges in these systems.

B. Vibrational features

According to various electron-phonon coupling theories,
vibronic band intensities are directly related to the oscillator
strength of the nearby electronic band and the lattice distor-
tion caused by the coupling.39–43 Thus, vibronic features are
well known to provide a microscopic probe of the interac-
tions in organic solids, with mode intensities relating directly
to the square of the order parameter of the lattice distortion.
In b9-(ET)2SF5CH2CF2SO3, the high-temperature coupling-
allowed features are weak in'b polarization; even the three
strongest vibronic modes~1350, 890, and 439 cm21) are
barely visible. Upon lowering the temperature, these features
increase significantly in intensity~Fig. 5!. However, we can-
not conclude that the increasing strength of the vibronic
bands is solely due to enhancement and redshifting of the
electronic band. In fact, the electronic conductivity in the
far-infrared seems to saturate below 60 K, whereas intensi-
ties of several vibronic bands increase continuously. The lat-
tice may continue to dimerize at low temperature, which may
be responsible for the changing of vibrational features.

A few low-energy vibrational features are also observed
to change upon approach toTc in b9-(ET)2SF5CH2CF2SO3.
In contrast to the aforementioned temperature dependence of
other modes, the far-infrared structures at 318@n11(ag)# and
240 cm21 ~an out-of-plane mode according to Ref. 49! are
very weak down to 60 K, but they show up clearly in the 14
K spectrum~Fig. 5!. This may indicate the involvement of
these low-energy vibrational modes in driving the supercon-
ducting transition in b9-(ET)2SF5CH2CF2SO3. Alterna-
tively, these vibrational changes may be indicative of a weak
structural modification at low temperature.

The n3(ag) vibrational mode~mainly related to central
C5C stretching in the ET molecule! is very broad and
damped inb9-(ET)2SF5CH2CF2SO3 in the'b direction. A
similarly broad n3 band has been observed in
a-(ET)2(NH4)Hg(NCS)4,58 although in otherb and k
phase ET salts, this mode is much narrower. This difference
may be related to the degree of dimerization. The band shape
of n3(ag) in b9-(ET)2SF5CH2CF2SO3 is also derivativelike,
indicating a strong interaction and overlap with the low-
energy electronic background. While this unusual line shape
is visible at 300 K, it is seen more clearly at low tempera-
tures and is characteristic of a Fano resonance.65

Because intermolecular hydrogen bonding is anticipated
between the ethylene endgroups of the ET molecule and the
SF5 and SO3 endgroups of the counterion, the vibrational
features of anion, especially the modes associated with the
SF5 and SO3 groups, may provide information about this
interaction. Based upon existing reference spectra for the
SO3 and SF5 functional groups,66,67we assign the weak band
at 1093 cm21, and a strong one at 852 cm21 to the stretching
vibrations of the SO3 and SF5 groups in the anion, respec-
tively. Closeup views of these modes are presented in Fig. 6.
The SO3 stretching mode~1093 cm21) displays doublet
splitting and a systematic increase in intensity towards low
temperatures. The SF5 stretching mode~852 cm21) is rather
broad at high temperature, probably due to the significant
hydrogen bonding formed between SF5 and the ethylene end
unit of the ET molecules. However, at low temperature, dou-
blet structure is observed, combined with a distinct linewidth
narrowing. Taken together, the thermal evolution of these
phonon bands may indicate a weak structural change with
temperature, which probably modifies the hydrogen bonding
between the ET building block molecules and anions. This
weak reorganization of interactions within the anion pocket
may ultimately aid in stabilizing the superconducting ground
state. The driving force of this change, and correlation with
the unusual electronic band if any, are interesting issues and
worth exploring in the future. Microscopic probes of chemi-
cal structure effects on H bonding in the anion pocket should
be most effective. Inb9-(ET)4@(H2O)Fe(C2O4)3#C6H5CN,
the important interaction seems to be with the intercolated
water molecules,10,11,55rather than between the ET building
block molecule and the anion.

V. CONCLUSION

We have investigated the polarized infrared and optical
reflectance ofb9-(ET)2SF5CH2CF2SO3 as a function of
temperature. This fully organic superconductor displays
weak metallic behavior over the full temperature range of

FIG. 6. Detailed frequency-dependent conductivity of
b9-(ET)2SF5CH2CF2SO3 as a function of temperature along the
'b direction in the SF5 and SO3 stretching vibrational region of the
anion. From top to bottom in the two panels, temperatures are 14,
65, 125, 200, and 300 K. Note that the curves are offset for clarity.
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our investigation. Even a few degrees aboveTc , it does not
exhibit a Drude response within our resolution. Instead, far-
infrared localization is observed. It is notable that otherb
andb9 superconductors display similar non-Drude behavior
before moving into the superconducting phase. Vibronic fea-
tures increase in intensity with decreasing temperature in the
infrared, as expected. Structural measurements indicate that
distances within the anion pocket are reasonable for the in-
termolecular hydrogen bonding to occur, and the temperature
dependence of key anion vibrational modes suggests changes
in this coupling, which is related to a possible structural
modification at low temperature. Our ongoing investigations
with other SF5RSO3

2 complexes should further clarify this
matter.
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