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We report the polarized infrared reflectance of â′′-(ET)2SF5CHFCF2SO3 as a function of
temperature. This salt is a derivative of the first fully organic superconductor, â′′-(ET)2SF5-
CH2CF2SO3, where the nature of the alkyl group has been modified to contain a chiral center.
This small chemical modification has a dramatic effect on the spectral and charge transport
properties. The â′′-(ET)2SF5CHFCF2SO3 complex displays highly anisotropic behavior
compared with the superconducting material; the essential difference is observed in the ⊥b
direction where the interdimer interaction is weak, in agreement with recent theoretical
calculations. The temperature dependence of key anion vibrational modes is discussed in
terms of intermolecular hydrogen bonding within the anion pocket. That small chemical
modifications of the anion template result in such striking changes in the physical properties
suggests that the â′′-(ET)2SF5RSO3 system is quite close to a Mott phase boundary.

I. Introduction

Bis(ethylenedithio)-tetrathiafulvalene, abbreviated as
ET, is an electron-donor molecule which forms salts with
various types of counterions. These complexes have
received remarkable attention because superconductiv-
ity and other competing broken symmetry ground states
are found in these materials.1-3 The highest supercon-
ducting transition temperatures to date are obtained
with polymeric counterions in κ-(ET)2Cu[N(CN)2]Br (Tc
) 11.6 K)4 and κ-(ET)2Cu[N(CN)2]Cl (Tc ) 12.8 K at 0.3
kbar).5 One of the recent most fruitful strategies of new
materials development involves incorporating large,
discrete, chemically tunable anions into the complex,6
which allows the exploration of intermolecular interac-

tion effects on the physical properties. The κ-(ET)2M-
(CF3)4(1,1,2-trihaloethane) (M ) Cu, Ag, Au; halogen
) Cl, Br)7 and â′′-(ET)2SF5CH2CF2SO3

8 containing
superconductors are examples of this effort. Here, the
electronegative fluorine and/or oxygen end-groups on
the counterions were chosen to interact with the eth-
ylene groups on the ET building block molecule. In the
â′′-(ET)2SF5RSO3 system, small chemical modifications
of the anion template can result in the stabilization of
a spin-Peierls, semiconducting, metallic, or supercon-
ducting ground state.9 Possible changes to the template
include: interchanging H and F atoms, lengthening or
shortening the R group, replacing -SO3 with -SeO3,
and replacing -SF5 with -CF3. It is â′′-(ET)2SF5-
CHFCF2SO3, and a comparison with the â′′-(ET)2SF5-
CH2CF2SO3 superconductor, which is of interest here.† Permanent address: Institute of Molecular Physics, Polish Acad-

emy of Sciences, Smoluchowskiego 17, Poznan, Poland.
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The crystal structure of â′′-(ET)2SF5CHFCF2SO3 dis-
plays the low-dimensional architecture which is typical
of many â-type molecular conductors, with two-dimen-
sional conducting planes separated by a charge storage
layer.10 Stacks of ET dimers are observed along a; the
ethylene groups of ET molecules are disordered at room
temperature and become ordered below 200 K. In the
conducting plane, the best intermolecular contacts are
along the b direction; these are facilitated by S‚‚‚S
interactions. The unit cell parameters for â′′-(ET)2SF5-
CHFCF2SO3 are almost identical to those of the super-
conductor. The main difference between the two com-
pounds is counterion ordering. The anion in the
superconductor is ordered whereas in the â′′-(ET)2SF5-
CHFCF2SO3 salt it is disordered at room temperature,
locking into two conformations at low temperature. The
other difference concerns hydrogen bonding. It is inter-
esting that no short contacts from -CH2CF2- fluorine
atoms are observed with hydrogen atoms of ET in the
superconductor, as shown in Figure 1. However, in â′′-
(ET)2SF5CHFCF2SO3, there are important short con-
tacts between the fluorines on the -CHFCF2- part of
the anion and ET’s hydrogen atoms, likely giving rise
to the anion disorder. Here, the sulfonate oxygen atoms
as well as both the interior and peripheral fluorine
atoms compete for intermolecular contacts with the
hydrogen atoms of the ethylene units on the ET mol-
ecule. A “too many cooks in the kitchen” scenario causes
disorder within the anion pocket and destroys the low-
temperature metallic state, resulting in a metal f
insulator transition in the â′′-(ET)2SF5CHFCF2SO3
system. This is in contrast to the situation in the
superconductor, where the anions are ordered and only
the -SF5 and -SO3 end groups are involved in inter-
molecular hydrogen bonding 8.

While a number of physical property studies have
focused on the â′′-(ET)2SF5CH2CF2SO3 superconductor

(Tc ) 5.2 K),12-17 much less is known about the â′′-
(ET)2SF5CHFCF2SO3 system. The 300 K DC conductiv-
ity is ≈7.4 Ω-1 cm-1 in the ab plane.10 A metal f
insulator transition near 175 K has been reported; some
hysteresis is observed in the transition range. The spin
susceptibility determined by ESR is in line with the
aforementioned temperature dependence of the resistiv-
ity.10 That ø tends toward zero below 175 K suggests
that the spins are paired in a singlet state in the low-
temperature phase. Band structure calculations predict
that the Fermi surface of both the superconductor and
the â′′-(ET)2SF5CHFCF2SO3 derivative consists of a pair
of one-dimensional bands and a two-dimensional hole
pocket.10,11 In the superconductor, magnetoresistance
measurements have found the hole pocket to be highly
elliptical, covering ≈5% of the first Brillouin zone.12 On
the basis of high- and low-temperature structural
information, interaction energies for both systems were
calculated using the extended Hückel tight-binding
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Figure 1. Structure of the anion pocket in â′′-(ET)2SF5CH2CF2SO3 and â′′-(ET)2SF5CHFCF2SO3 at 300 K. The insets display the
temperature-dependent resistivity for each of the aforementioned compounds.
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method. It was found that while the interstack interac-
tions are similar in both compounds, the interaction
between dimers in the donor stack of the â′′-(ET)2SF5-
CHFCF2SO3 complex is quite weak at low temperature,
which is conducive to electron localization.10,11 In con-
trast, the interdimer interaction remains substantial in
the superconductor.

To provide further information on the nature of the
vibrational and electronic processes in this class of
materials, we have investigated the polarized infrared
response of â′′-(ET)2SF5CHFCF2SO3 as a function of
temperature. We discuss our results in comparison with
the newly discovered â′′-(ET)2SF5CH2CF2SO3 supercon-
ductor,18 the â′′-(ET)4[Fe(ox)3H3O]C6H5CN (ox ) ox-
alate) compound, and other â-phase ET-based supercon-
ductors.19-21 Our overall goal is to understand the
correlation between the chemical structure of the anion
and the ground-state physical properties.

II. Experimental Section

High quality single crystals of â′′-(ET)2SF5RSO3 (1.2 × 10
× 0.3 mm3) were grown via electrochemical techniques in an
H-cell at Argonne National Laboratory.10 Both â′′-(ET)2SF5-
CH2CF2SO3 and â′′-(ET)2SF5CHFCF2SO3 samples have been
studied in our laboratory. The crystals are elongated plates
with shiny surfaces; the long axis of the crystal is the b axis
and the large face containing the conducting ab plane.22

Polarized middle and near-infrared reflectance measure-
ments were performed with a Bruker Equinox 55 FTIR
spectrometer (600-12000 cm-1) in combination with a Bruker
IR Scope II. Nitrogen-cooled detectors MCT and InSb and
standard polarizers were used to cover the aforementioned
energy range. Temperature control was achieved with an open-
flow Oxford Microstat He cryostat system, which fit between
the 15× objective and the sample stage. The temperature
dependence of the middle and near-infrared spectra was
measured on warming from 4 to 300 K, with special attention
to the 175 K metal f insulator transition regime. Care was
taken to equilibrate the sample at each temperature.

The frequency range of the measurement allows us to make
a Kramers-Kronig analysis to obtain the optical constants of
the material. These include the frequency dependent conduc-
tivity, σ1(ω), the dielectric constant, ε1(ω), and the effective
mass m*(ω).23 The high-frequency extrapolation to the Kram-
ers-Kronig phase shift integral was performed as ω-1.8, and
the low-frequency extrapolation was made as a constant,
appropriate for a semiconducting sample.23 Small level differ-
ences often result from using a limited frequency range in a
Kramers-Kronig analysis; that the R ) CHFCF2 spectrum
along b is so similar to that of the superconductor (which was
measured over a much broader range) is good indication of
reliable Kramers-Kronig treatment.

III. Results

A. Room-Temperature Spectra. Figure 2 displays
the 300 K reflectance of â′′-(ET)2SF5CHFCF2SO3 in the

two principle polarization directions. The reflectance in
the b direction (interstack) is significantly larger than
that in the ⊥b direction (∼|a, i.e., ET stack) and shows
a well-defined drop in the middle-infrared region. In this
direction, a strong similarity in overall shape and
reflectance level is observed with that of the supercon-
ducting sample (inset, Figure 2). In the ⊥b polarization,
the reflectance is low and flat in the middle-infrared,
in contrast to the overdamped and more two-dimen-
sional behavior of â′′-(ET)2SF5CH2CF2SO3.18 As in the
superconductor, most of the vibrational structure is
observed perpendicular to b, where ET dimers are
stacked in a face-to-face fashion and anion dipole mo-
ments are directed.

The 300 K frequency dependent conductivity of â′′-
(ET)2SF5CHFCF2SO3 is shown in Figure 3. Optically,
this material is highly anisotropic. In fact, the quasi-
one-dimensionality is reminiscent of â′′-(ET)4[Fe(ox)3-
H3O]C6H5CN (ox ) oxalate) superconductor (Tc ) 7 K)
rather than â′′-(ET)2SF5CH2CF2SO3 or the other â-type
superconductors ((ET)2I3, (ET)2AuI2).19,20 A broad elec-
tronic band centered near 2000 cm-1 is found in the |b
direction (Figure 3). This low-lying infrared excitation
was also observed in both |b and ⊥b polarizations in
â′′-(ET)2SF5CH2CF2SO3, although it was much stronger
along b.11 It is notable that the responses of the
superconductor and the RdCHFCF2 derivative are
almost identical in the highly conducting direction. On
the basis of the overall low level of middle-infrared
conductivity of the R ) CHFCF2 sample in the ⊥b
direction, there is little interaction between dimers
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Figure 2. Polarized infrared reflectance of â′′-(ET)2SF5-
CHFCF2SO3 at 300 K. The inset displays similar data on the
â′′-(ET)2SF5CH2CF2SO3 superconducting compound. Both |b
and ⊥b polarizations are shown.

Figure 3. Room-temperature frequency dependent conductiv-
ity of â′′-(ET)2SF5CHFCF2SO3. Left inset: dielectric constant
of â′′-(ET)2SF5CHFCF2SO3 as a function of frequency. Right
inset: conductivity sum rule for â′′-(ET)2SF5CHFCF2SO3.
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along the stacks, in agreement with recent theoretical
calculations.10 However, the low-energy ⊥b electronic
features of the derivative differ significantly from the
superconductor; both the strong absorption near 9000
cm-1 and the shoulder near 4900 cm-1 are currently of
unknown origin.

The left-hand inset of Figure 3 displays the 300 K
frequency dependent dielectric constant of â′′-(ET)2SF5-
CHFCF2SO3. Here, ε1(ω) is positive for both polariza-
tions at low frequency, extrapolating to static values of
≈30 and 5 for |b and ⊥b, respectively. There is strong
dielectric contrast at low frequencies, in agreement with
results on the â′′-(ET)2SF5CH2CF2SO3 superconductor.
The high energy dielectric constant ε1(∞), is ≈2 for both
polarizations. From the zero crossing of ε1 for |b, we
estimate a screened plasma frequency of ≈4800 cm-1,
which is very close to the value of ≈4700 cm-1 deter-
mined for the superconductor. The partial sum rule on
the conductivity (right-hand inset of Figure 3) relates
the oscillator strength to the effective mass and the
effective number of carriers per formula unit participat-
ing in optical transitions. Assuming a carrier concentra-
tion resulting from 1 carrier per dimer, we find m*b ≈
1.7me. In the superconductor, m*b ≈ 2me.

B. Temperature Dependence. In general, the spec-
tral changes of â′′-(ET)2SF5CHFCF2SO3 with tempera-
ture through the metal f insulator transition are fairly
weak. That the spectral changes are small is natural,
as the change in resistivity through the 175 K metal f
insulator transition is also modest. In the |b direction,
the overall reflectance level is slightly higher in the low-
temperature phase, but the spectrum is otherwise
unchanged. We concentrate our discussion on the spec-
tra in the ET stacking direction (⊥b).

Figure 4 shows a comparison of the ⊥b spectra of â′′-
(ET)2SF5CHFCF2SO3 with that of the â′′-(ET)2SF5CH2-
CF2SO3 superconductor, as well as close-up views of the
detailed temperature dependence of several specific
vibrational modes. In this direction, there are small
frequency shifts in some of the vibrational modes and
splitting is slightly more pronounced with decreasing
temperature. As previously mentioned, the ⊥b spectrum
displays a lower energy excitation appearing as a
shoulder near 4700 cm-1 and a broad higher energy

band centered near 9000 cm-1. The upper structure
develops a very weak doublet structure at low temper-
ature (not shown), indicative of additional localization
in the semiconducting phase.

IV. Discussion

A. Electronic Excitations. One of the most striking
features of the optical conductivity in â′′-(ET)2SF5-
CHFCF2SO3 is the overall character of the spectra,
which is weakly conducting at room temperature with
a low-lying electronic band in the middle-infrared at
≈2000 cm-1 in the |b direction. As discussed previously,
such infrared localization is observed in â′′-(ET)2SF5-
CH2CF2SO3, several other â-type conductors and su-
perconductors ((ET)2I3, (ET)2AuI2, and (ET)2I2Br),19,20

â′′-(ET)4[Fe(ox)3H3O]C6H5CN (ox ) oxalate), 21 and Rt-
(ET)2I3,24 which is similar to the â-phase in structure.
Within an electronic band structure picture, such a low-
energy excitation is assigned as an interband transition,
as in the case for the R ) CH2CF2 superconductor.11 In
reality, organic solids are probably near 4t ≈ U rather
than in the one-electron limit (where the band structure
is appropriate) or the large U limit (where localized
models are fully appropriate). Here, t is the transfer
integral, 4t is the bandwidth, and U is the on-site
Coulomb repulsion. Our estimates of effective mass for
the â′′-(ET)2SF5RSO3 materials are in line with 4t ≈ U.
Therefore, electronic correlations and low carrier densi-
ties may also be mechanisms which contribute to this
localization phenomena.

Theoretical approaches based on the Hubbard and
other localized models have helped us to understand the
microscopic origin of the middle-infrared localization.25-30

On the basis of well-known structural considerations,
the typical unit of consideration in these models is the
dimer. In this picture, the ground state of an ET-based
molecular conductor consists of one hole shared over two
sites. Therefore, the main excited-state available to this
molecular system is to have the charge localized on one
molecule in the dimer. Thus, the energy of the middle-
infrared electronic band provides an experimental mea-
sure of the on-site Coulomb repulsion, U.31 For metals
in close proximity to the Mott metal-insulator transi-
tion, the theory predicts that the optical conductivity
shows the development of a Drude peak, a resonance
at an energy U due to the transitions between upper
and lower Hubbard bands, and an enhancement of
spectral weight at U/2 below a critical temperature.29,32

Thus, we can assign the low-lying middle-infrared band
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(28) McKenzie, R. H. Comments Condens. Mater. Phys. 1998, 18,
309.

(29) Bulka, B. R. Proceedings of the 1998 Conference on Molecular
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(30) Fortunelli, A.; Painelli, A. Phys. Rev. B 1997, 55, 16088.
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repulsion and V is the near-neighbor repulsion.
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Figure 4. Detailed frequency dependent conductivity of â′′-
(ET)2SF5CHFCF2SO3 and â′′-(ET)2SF5CH2CF2SO3 at 10 and
300 K, along the ⊥b direction, in the SF5 and SO3 stretching
vibrational region of the anion. Note that the curves are offset
for clarity; separate y-axis scales are provided. Insets show
close-up views of specific vibrational modes.
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in the |b direction either to an interband transition
(within a band structure picture) or to an effective U
excitation due to electronic correlation effects. Effective
masses for both the superconductor and â′′-(ET)2SF5-
CHFCF2SO3 derivative sample support moderate many-
body effects in these systems, so a complete microscopic
description of this excitation is an important theoretical
challenge.

An assignment for the strong electronic absorptions
which appears near 4700 and 9000 cm-1 in the ⊥b
spectrum of the derivative sample is currently elusive.
That these excitations are absent in the superconduc-
tor18 and cannot be accounted for within electronic band
structure calculations,11,33 suggests that they are likely
either correlation- or disorder-related. Further investi-
gation is in progress.

The possibility of Anderson localization due to random
potentials connected with disorder in the anion pockets
is another interesting issue. Unfortunately, this kind
of effect cannot be separated from electron-electron
interactions, as it leads to rather complex behavior
which has proved to be difficult to describe.34 Although
evidence of such a localization was found from NMR
studies of the organic superconductor âL-(ET)2I3,35 it is
related to an incommensurate modulated structure and
substantial disorder in the ET molecular sublattice. In
both materials under study here, the ET molecules
become orderered at low temperatures, suggesting that
Anderson localization, if present, is less important than
many-body effects.

B. Vibrational Features. The vibrational features
of â′′-(ET)2SF5CHFCF2SO3 are well-resolved in the ⊥b
polarization, but show weak temperature dependence
overall (Figure 4). The modes resulting from electron-
phonon coupling of donor vibrations with the lowest
electronic band near 4900 cm-1 are very weak because
of the high frequency of this electronic excitation.
Nevertheless, we assign features at 1184 cm-1 and two
multiplet structures centered at about 126036 and 1420
cm-1 as related to out-of-plane CH bending (ν38 (b2g)),
symmetric CH bending (ν5 (ag)) and CdC stretching ν2
(ag), respectively.37-39 The temperature dependence of
these modes, which become sharper at low temperature,
is due to enhancement and red-shifting of the lowest
electronic band.

Because intermolecular hydrogen bonding is antici-
pated between the ethylene end groups of the ET
molecule and the -SF5 and -SO3 end groups of the
counterion, the vibrational features of anion, especially
the modes associated with the -SF5 and -SO3 groups,
may provide information about this interaction. On the
basis of existing reference spectra for the -SO3 and

-SF5 functional groups,40,41 we assign the doublets
between 1079 and 1120 and 844-862 cm-1 (see insets
in Figure 4) to the stretching vibrations of the -SO3
and -SF5 groups in the anion, respectively. In particu-
lar, these modes are very broad and strong, probably
due to the significant hydrogen bonding formed between
anion and the ethylene end unit of the ET molecules,
their doublet structure being connected with the two
possible conformations of anion in the crystal struc-
ture.42 The width of these features also suggests disor-
der in the intermolecular hydrogen bonding within the
anion pockets. The doublets display the usual sharpen-
ing and a small blue shift of 1-3 cm-1 with decreasing
temperature. Overall, the vibrational features indicate
only a weak structural change and probably some
reduction of hydrogen bonding in the anion pocket with
decreasing temperature. Thus, the metal f insulator
transition at 175 K is nearly invisible in our vibrational
studies.

In general, a comparison of the ⊥b spectrum of â′′-
(ET)2SF5CHFCF2SO3 and the superconductor reveals
significant differences in vibrational features. The vi-
brational modes are very strong and broad in the
derivative due to an insulator-type response. The coun-
terion modes, discussed in the previous paragraph, are
especially pronounced; however, the vibronic coupling
is fairly weak overall. Compared to the derivative, the
superconductor displays even less prominent vibronic
modes and weaker anion modes as expected for the more
metallic system. The significant buildup of oscillator
strength with decreasing temperature in the far-
infrared σ1(ω) at low frequencies may be related to
increased interdimer interaction in the superconduc-
tor;18 note that only the tail of this oscillator strength
is seen in Figure 4. No such residual conductivity is
observed in the spectrum of â′′-(ET)2SF5CHFCF2SO3.

Finally, there is currently some uncertainty regarding
the nature of the low-temperature semiconducting
ground state in â′′-(ET)2SF5CHFCF2SO3, with both den-
sity wave and antiferromagnetic ground states as two
possible configurations. Both possibilities are consistent
with the susceptibility data, which show that the spins
are paired at low temperature. Results of recent theo-
retical calculations suggest that a charge density wave
state may be favored.43 However, our low-temperature
infrared spectra do not display evidence of coupling to
a charge modulation. Such vibronic coupling is typically
very strong and not easily missed in a commensurate
density wave system. Therefore, we find that the anti-
ferromagnetic low-temperature ground state is more
likely.

V. Conclusion

We report the polarized infrared reflectance of â′′-
(ET)2SF5CHFCF2SO3 as a function of temperature.
Here, disorder in the anion pocket results in a metal f
insulator transition at 175 K, the doublet structure in
the vibrational pattern supporting a low-temperature
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Mehring, M. Phys. Rev. Lett. 1992, 69, 3116.
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CF bond of the anionssee upper right-hand panel in Figure 4.

(37) Eldridge, J. E.; Homes, C. C.; Williams, J. M.; Kini, A. N.;
Wang, H. H.; Spectrochimica Acta 1995, 51A, 947.

(38) Eldridge, J. E.; Xie, Y.; Wang, H. H.; Williams, J. M.; Kini, A.
M.; Schlueter, J. A. Spectrochimica Acta 1996, 52A, 45.

(39) Eldridge, J. E.; Xie, Y.; Lin, Y.; Homes, C.; Wang, H. H.;
Williams, J. M.; Kini, A. M.; Schlueter, J. A. Spectrochimica Acta 1997,
53A, 565.

(40) Evans, J. C.; Bernstein, H. J. Can. J. Chem. 1955, 33, 1270.
(41) Eggers, D. F.; Wright, H. E.; Robinson, D. W. J. Chem. Phys.

1961, 35, 1045.
(42) It is unlikely that the doublet structure is related to dimer-

ization as these are anion modes, and the splitting is fairly large.
(43) Whangbo, M.-H. Unpublished results.
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“locking” into two configurations. Despite the aforemen-
tioned metal f insulator transition, the spectra are
characteristic of a highly one-dimensional material over
the full temperature range, in agreement with theoreti-
cal results on the importance of localization in the
derivative material. We compare the infrared spectra
of the RdCHFCF2 sample with that of the superconduc-
tor to ascertain differences in the intermolecular hy-
drogen bonding. That counterion tunability has such a
strong effect on the physical properties of the â′′-
(ET)2SF5RSO3 system supports the supposition that the
chemical environment is very important to the nature
of electron-electron interactions. Electronic structure
features in the â′′-(ET)2SF5RSO3 system remain an area
of further investigation.
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