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We report the polarized infrared reflectance spectra and optical conductivity of â′′-(ET)2SF5-
RSO3 superconducting (R ) CH2CF2), metallic (R ) CHF), and metal-insulator (R )
CHFCF2) mixed crystal materials. Incorporation of chiral counterions in the superconducting
matrix allows us to tune the physical and spectroscopic properties over the composition range
by modulating the anion potential. We conclude that the two low-energy electronic excitations
at ≈5200 and 9600 cm-1 are spectral manifestations of charge localization in the ET stack,
made manifest by both local (anion pocket) and spatial (positional) disorder.

Introduction

Disorder is a well-known rival of superconductivity,
as found for a variety of materials in a number of
different forms. Examples include crystallographic dis-
order, solvent disorder, radiation-induced disorder,
localization disorder, thermal disorder, cooling-rate-
induced disorder, structural disorder due to composition
changes, orientational disorder by chemical design, and
magnetic disorder,1-13 to name but a few. The effect of

various types of disorder on molecular superconductors
has been an area of particular interest ever since
superconductivity was observed in these systems.3,7,14-30
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For instance, the superconducting state of the first
ambient pressure molecular superconductor, (TMTSF)2-
ClO4, where TMTSF is tetramethyltetraselenalful-
valene, is suppressed by anion disorder created by
thermal quenching, defects induced by doping with
small amounts of TMTTF, and to a lesser extent by
radiation damage to the conducting chains.14-16 More
recently, the superconducting transition temperature of
the intriguing κ-(ET)2Cu+

(2-x-y)Cu2+
x(CN)(3-2y)[N(CN)2]y

system, where ET refers to BEDT-TTF or bis(ethylene-
dithio)tetrathiafulvalene), can be tuned between 3.2 and
10 K by adjusting the x and y parameters.7,31 Various
types of imperfections cause disorder over different
length scales. Radiation-induced disorder creates large
length-scale damage, crystallographic disorder and al-
loying create medium-length irregularities, and solvent
and orientational disorder result in localized, molecular-
scale disorder. The effects of disorder are evident in key
physical properties such as the lowering of a supercon-
ducting transition temperature, Tc, and the broadening
of vibrational modes in an infrared spectrum.3,32

Among the organic solids, the â′′-(ET)2SF5RSO3 family
of materials has attracted attention because of the
tunable nature of the counterion and the different
ground states that are observed in this system.33-38 In
the â′′ system, R ) CH2CF2, CHF, and CHFCF2 yield
superconducting (Tc ∼ 5.2 K), metallic, and metal-
insulator materials, respectively.26,33,36,38,39 Extensive
spectroscopic studies of these isostructural compounds

have identified two large, low-energy electronic excita-
tions (centered at ≈5200 and 9600 cm-1) in the metal-
insulator (R ) CHFCF2) material, which were attrib-
uted to either correlation-driven or disorder-related
localization.35,36,40

To probe the origin of the low-energy electronic
excitations in the â′′-(ET)2SF5RSO3 family of organic
solids, we prepared a series of superconductor/metallic
(SC/M) and superconductor/metal-insulator (SC/MI)
solid solutions. These anions were chosen because we
wanted to tune the SC with anions that form isostruc-
tural salts.41 In such mixed crystals, there are two very
different types of disorder: spatial and local disorder.
Spatial disorder occurs over an intermolecular length
scale because of positional variation of different an-
ions.42 It is present in both the SC/M and SC/MI
composites. Local disorder is different and occurs over
a smaller length scale. In â′′-(ET)2SF5CHFCF2SO3, it
occurs inside the anion pocket and affects the hydrogen
bonding between the SF5RSO3

- anion and the ethylene
groups on the ET molecules, as shown in Figure 1.36

This disruption occurs in the SC/MI composites (and the
pristine MI material itself) because of a random mixture
of enantiomers in the structure at the MI site. It is not
present in the SC/M composites because both anions are
ordered. To summarize, the SC/M alloys contain only
long-range spatial disorder, and the SC/MI composites
display both spatial and local disorder. Table 1 lists the
characteristic features for each system.

The overall goal of the present work is to pinpoint
the microscopic origin of the aforementioned low-energy
electronic excitations in the â′′-(ET)2SF5RSO3 system by
investigating the spectroscopic response of a series of
mixed crystals. We employ different anion types to tune
the physical and spectroscopic properties smoothly
across composition space, and in so doing, we conclu-
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(39) â′′-(ET)2SF5CHFCF2SO3 displays a weak first-order transition
near 175 K. The variable temperature dc resistivity is low and
“metallic” about the transition temperature; it displays a semiconduct-
ing temperature dependence below 175 K.35

(40) Slight hints of the 5200-cm-1 excitation are also observed in
the spectra of the superconducting and metallic materials; the 9600-
cm-1 feature is present only in the metallic sample (R ) CHF).36

(41) We did not, for instance, use SF5CF2SO3
- because it forms a

â′ structure. Although the SF5CH2SO3
- anion forms a â′′ structure,

the symmetry is different, with alternating stacks.33

(42) In this case, both random (e.g., ACACCACA) and ordered (e.g.,
AnCmAnCm) anion arrangements are possible.

Figure 1. Hydrogen-rich anion cavities of â′′-(ET)2SF5CH2-
CF2SO3 (left), â′′-(ET)2SF5CHFSO3 (center), and â′′-(ET)2SF5-
CHFCF2SO3 (right). The outer six-membered rings of the ET
molecules are shown. Short hydrogen-bonding contacts are
observed between the hydrogen atoms of the ET molecules and
the electronegative fluorine and oxygen atoms of the anion.
In the case of â′′-(ET)2SF5CHFCF2SO3, hydrogen-bonding
competition for the CF fluorine atom induces anion disorder.
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sively prove that the aforementioned low-energy excita-
tions at 5200 and 9600 cm-1 are spectroscopic manifes-
tations of both spatial and local disorder.

II. Experimental Section

Single crystals of pure â′′-(ET)2SF5CH2CF2SO3 (SC), â′′-
(ET)2SF5CHFSO3 (M), and â′′-(ET)2SF5CHFCF2SO3 (MI), and
the â′′-(ET)2(SF5CH2CF2SO3)1-x(SF5CHFSO3)x (SC/M) and â′′-
(ET)2(SF5CH2CF2SO3)1-x(SF5CHFCF2SO3)x (SC/MI) composites
were grown by electrocrystallization techniques analogous to
those described previously.33 All crystals were grown from
1,1,2-trichloroethane solutions containing 12-crown-4 and the
lithium salts of the desired anion.

The composites were crystallized from an electrolyte solution
containing the desired molar ratio of anions. On the basis of
both our dc resistivity and X-ray structure data, we estimate
that composite compositions are accurate to better than (5%,
more than sufficient for our purposes, as detailed below.
Although all circumstantial evidence suggests a statistical
distribution of counterions with the composition of the original
solution, it was not possible to directly confirm that the anion
composition in the crystallized salt was identical to the
composition of the mother liquid through elemental analysis
or EDAX techniques because of the nearly identical elemental
composition of the anions in the solid solutions.

Single-crystal X-ray diffraction results on the pure SC, M,
and MI compounds have been previously reported.33,37,38 X-ray
results on the composites43 indicate that unit cell parameters
vary smoothly with doping between the pure compound limits.
Moreover, the unit cells of different crystals within a single
batch show uniform parameters, indicating similar dopant
levels. For the case of the SC/M composites, the aforemen-
tioned trend is seen most clearly in a plot of the relative change
of the unit cell angles with dopant level (Figure 2). The case
of the SC/MI alloys is more complex, but the unit cell variation
is consistent with a composite composition similar to the molar
ratio of anions used in the crystallization solution. At 300 K,
unit cell parameters vary smoothly with dopant level (not
shown), as is the case when SF5CHFSO3

- is used as the
dopant. However, at low temperature (150 K), a crossover is
observed from a metallic state, at dopant level x ) 0.5, to the
insulating state at x ) 0.75 (Figure 2). The MI transition,
which we previously reported near 200 K for â′′-(ET)2SF5-
CHFCF2SO3

35,38 is clearly observed in the temperature varia-
tion of unit cell parameters, most obviously in the a and b-axis
lengths and the â angle (Figure 2).44 Variable temperature
X-ray studies indicate that the MI transition temperature
increases as the dopant level of SF5CHFCF2SO3

- increases.
Thus, although the exact mixed crystal compositions are not

known precisely, the uncertainties in the dopant levels are
smaller than the incremental increases in dopant level re-
ported in this paper (100:0, 75:25, 50:50, 25:75, and 0:100 for
both SC/M and SC/MI composites, respectively).

Figure 3 displays the resistivity data45 for the pure materials
and the 50:50 SC/M and SC/MI mixed crystals as a function
of temperature. The 50:50 SC/M composite has resistivity
behavior very similar to that of the M compound. The resistiv-
ity of the 50:50 SC/MI sample is similar to that of the MI
material, except that the transition temperature is shifted
about 40 K lower. On the basis of both the X-ray and dc
resistivity results, we estimate that the alloy concentration is

(43) Single-crystal X-ray diffraction data were collected on a
SMART single-crystal X-ray diffractometer equipped with a CCD-based
area detector and a sealed tube X-ray source.

(44) The MI transition does not significantly influence the optical
response.35

Table 1. Different Forms of Spatial and Local Disorder for the Pristine Compounds and the Superconductor/Metal
(SC/M) and Superconductor/Metal-Insulator (SC/MI) Composites of the â′′-(ET)2SF5RSO3 Systema

anion arrangement SC M

MI
(local anion

pocket disorder)

SC/M
(long-range
positional

disorder only)

SC/MI
(combined long-
range positional
and local anion
pocket disorder)

random ACCACAAC AB*B*AB*AAB*
ordered (alternating) ACACACAC AB*AB*AB*AB*
ordered (block) AAAAAA CCCCCC B*B*B*B*B*B* (A)n(C)m(A)n(C)m (A)n(B*)m(A)n(B*)m

summary of optical
properties results

very weak excitation
at 5200 cm-1

weak excitations
at 5200 and 9600 cm-1

very strong
excitations
at 5200 and
9600 cm-1

varible intensity
excitations
at 5200 and
9600 cm-1

varible intensity
excitations
at 5200 and
9600 cm-1

a Asterisk indicates local (anion pocket) disorder. A ) superconductor anion (R ) CH2CF2), B ) metal/insulator anion (R ) CHFCF2),
and C ) metal anion (R ) CHF).

Figure 2. (a) Unit cell angles at 150 K as a function of dopant
level in the â′′-(ET)2 (SF5CH2CF2SO3)1-x(SF5CHFSO3)x system,
illustrating a smooth variation of unit cell as a function of
dopant level. (b) Unit cell parameters of the â′′-(ET)2(SF5CH2-
CF2SO3)1-x(SF5CHFCF2SO3)x system as a function of dopant
level at 150 K. At this temperature, the â′′-(ET)2SF5CH2CF2-
SO3 and â′′-(ET)2(SF5CH2CF2SO3)0.25(SF5CHFCF2SO3)0.75

samples are below the MI transition. (c) Relative change of
the unit cell parameters of â′′-(ET)2SF5CHFCF2SO3 as a
function of temperature. The metal-to-insulator transition is
clearly visible near 200 K.
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known to within at least 5%, more than sufficient for our
purposes.

Polarized middle and near-infrared reflectance measure-
ments were performed on a Bruker 55 Equinox spectrometer
equipped with an infrared microscope (IR Scope II).46 We
covered the 600-12500-cm-1 regime. Nitrogen-cooled detectors
(MCT and InSb) and standard polarizers were used as ap-
propriate. The optical axes of the crystal were determined as
those displaying the greatest anisotropy at 300 K, and analysis
of the structure shows good correspondence with the EB || b
and EB ⊥ b directions. All data were collected at 300 K. The
optical constants were obtained from a Kramers-Kronig
analysis of the reflectance spectra, as described previously.36

Among others, this yields the frequency-dependent conductiv-
ity, σ1(ω), which provides information on the lossy response
of the sample.

III. Results

A. Spatial Disorder: Superconductor/Metal Com-
posites. Figure 4 shows the 300 K optical conductivity
of the â′′-(ET)2SF5CH2CF2SO3 superconductor, the â′′-
(ET)2SF5CHFSO3 metal, and the 50:50 SC/M mixed
crystal. This set of materials allows exploration of
spatial disorder. Despite the structural difference be-
tween the two anions (R ) CH2CF2 and CHF), the anion
pocket is ordered in both cases. We concentrate on the
E ⊥ b (intrastack) directed spectra because those in the
conducting direction are identical, independent of anion
character.47 Low-energy electronic excitations are clearly
observed at ≈5200 and 9600 cm-1 in the spectrum of
the 50:50 composite. Spectra of the 25:75 and 75:25
composites (not shown) display similar features with
reduced intensity. In the spectra of the superconductor
(100:0) and metal (0:100), there is only a slight hint of
the 5200-cm-1 excitation. There is no evidence of the
9600-cm-1 feature in the superconducting material. The
inset to Figure 4 shows a close-up view of the vibrational
features, discussed in detail later in this section.

To better illustrate the effects of spatial disorder on
the electronic properties, we plot the intensities of the
two low-energy electronic excitations at 5200 and 9600
cm-1 as a function of chiral (R ) CHF) anion concentra-
tion in the superconducting matrix. As shown in Figure
5, the ≈5200- and 9600-cm-1 excitations grow with
increasing anion substitution and then diminish again;
the peak intensities are strongest at the 50:50 SC/M
composition, exactly where the spatial disorder is a
maximum. In addition to the aforementioned intensity
effect, the 9600-cm-1 excitation displays a small red

(45) Temperature-dependent electrical resistivity measurements of
the pure salts and the 50:50 alloys were made using a four-probe dc
technique with a Lakeshore model 7000 cryostat equipped with
RES7000 software. The linearly arranged current and voltage contacts
were made with gold wire (0.0005 in diameter) attached directly to
the crystals with fast-drying silver paint (DuPont). Resistivity data
were recording during both cooling and warming cycles, and a slow
cooling/warming rate of about 1 K/min was used to prevent microc-
racking of either the crystal of the contacts. A direct current of 1 mA
was applied.

(46) The dimensions of the single crystals used for infrared mea-
surements were ≈1.9 × 0.7 × 0.4 mm.

(47) There are several reasons to concentrate on spectra in the low-
conductivity direction. First, the EB || b spectra are nearly identical,
independent of anion concentration. Second, the EB || b spectra of the
pristine superconductor, metal-insulator, and metallic samples were
reported previously.34-36 Theoretical work suggests that the electro-
dynamic response in the transverse direction of layered solids is the
most important for influencing superconductivity.53 The EB ⊥ b direction
corresponds to that of thelow-dimensional ET stack.

Figure 3. Temperature dependence of the electrical resistivity
measured for single-crystal samples of the pure SC, M, and
MI materials and the two 50:50 mixed crystals. Note that the
small discontinuities and noise in the data likely result from
contact problems to the sample and does not represent a true
variation in the resistivity.

Figure 4. 300 K optical conductivity of the â′′-(ET)2SF5CH2-
CF2SO3 superconductor, the â′′-(ET)2SF5CHFSO3 metallic
material, and the 50:50 superconductor/metal composite in the
EB ⊥ b polarization. Inset: close-up view of the vibrational
response of the same three materials on an absolute scale.
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shift with increasing “impurity concentration,” as shown
in the inset of Figure 5, reaching a minimum at the 50:
50 composition. This suggests that the ET stack polar-
ized excitation is most facile with maximum spatial
disorder.

The data in Figures 4 and 5 clearly demonstrate that
the ≈5200- and 9600-cm-1 low-energy excitations in the
â′′-(ET)2SF5RSO3 system are symptomatic of spatial
disorder resulting from anion substitution. But what are
the microscopic origins of these excitations? On the basis
of the characteristic energy, width, shape, and polariza-
tion direction,48-50 we assign the 5200- and 9600-cm-1

features as charge-transfer excitations along the ET
stack,36 for instance, ET0 + ET* f ET* + ET0. Such
bands have been extensively studied in a number of
organic molecular solids and are well-known to appear
in the chain-directed spectral response.48-50 As dis-
cussed in more detail later, these charge-transfer exci-
tations are very sensitive to electronic localization
caused by random variations in the anion potential on
the ET stack.

Figure 6 displays the 300 K polarized middle infrared
reflectance spectra of the â′′-(ET)2SF5CH2CF2SO3 su-
perconductor, the â′′-(ET)2SF5CHFSO3 metal, and a
series (75:25, 50:50, and 25:75) of SC/M composite
samples. As described in detail below, the vibrational

response of the SC/M composites perfectly mirrors
changes in the aforementioned electronic excitations.
The spectral character varies from weakly metallic to
semiconducting to weakly metallic again, depending on
the anion composition in the composite. The reflectance
spectrum for the 50:50 SC/M sample is characteristic
of a one-dimensional semiconductor with sharp, strong
vibrational modes and a low, flat electronic background.
These features give way to weaker phonons and an
overdamped electronic response on approach to the
100:0 and 0:100 superconducting and metallic samples,
respectively.

The 300 K frequency-dependent conductivity of the
â′′-(ET)2SF5CH2CF2SO3 superconductor, the â′′-(ET)2SF5-
CHFSO3 metal, and various SC/M composites (75:25,
50:50, and 25:75) is shown in Figure 7. These data
illustrate the vibrational differences between the su-
perconductor (Tc ∼ 5.2) and the “damaged” materials.
For instance, the 1250-cm-1 mode in the superconduc-
tor, assigned as C-F stretching in the anion, is absent

(48) Tanner, D. B. In Extended Linear Chain Compounds; Miller,
J. S., Ed.; Plenum Publishing Corp.: New York, 1982; Vol. 2, Chapter
5.

(49) Jacobsen, C. S. In Semiconductors and Semi-Metals; Conwell,
E. M., Ed.; Academic Press: New York, 1985; Vol. 27, Chapter 5.

(50) Yarsev, Y. M.; Swietlik, R. Rev. Solid State Sci. 1990, 4, 69.

Figure 5. Top panel: intensity of the ≈5200-cm-1 charge-
transfer feature as a function of chiral anion concentration for
the SC/M composite system. Bottom panel: intensity of the
≈9600-cm-1 charge-transfer feature as a function of chiral
anion concentration for the SC/M composite system. Inset:
center frequency of ≈9600-cm-1 charge-transfer feature as a
function of chiral anion concentration for the SC/M composites.

Figure 6. 300 K reflectance spectra of the â′′-(ET)2SF5CH2-
CF2SO3 superconductor, the â′′-(ET)2SF5CHFSO3 metal, and
the 75:25, 50:50, and 25:75 superconductor/metal composites
in the EB ⊥ b polarization. The curves are offset for clarity.

Figure 7. 300 K frequency-dependent conductivity of the â′′-
(ET)2SF5CH2CF2SO3 superconductor, the â′′-(ET)2SF5CHFSO3

metal, and the 75:25, 50:50, and 25:75 superconductor/metal
composites in the EB ⊥ b polarization. The curves are offset for
clarity.
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in the 75:25 composite, indicating that internal anion/
ET interactions are the first to be destroyed upon
introduction of spatial disorder. At the same time, the
weak structure at 1050 cm-1 in the 75:25 composite is
not present in the spectrum of the superconductor. The
vibrational mode at 850 cm-1 (assigned as -SF5 stretch-
ing in the anion) is present in both samples, with only
a slight variation. The more distinct vibrational changes
between the 75:25 and 50:50 composites include a major
shape variation and blue shifting of the 850- and 1050-
cm-1 structures as well as new modes at 1150 and 1200
cm-1 in the 50:50 sample. The 1250-cm-1 mode is very
intense. A broad structure near 1450 cm-1 is also
observed. The response of the 25:75 composite is most
similar to that of the 75:25 material, with peaks at 850
and 1050 cm-1, although the modes of the 75:25
composite are more pronounced than those in the 25:
75 sample. The vibrational modes of the 25:75 composite
and metallic (R ) CHF) sample are nearly identical.
One small difference includes the appearance of a new
structure at 650 cm-1, seen clearly in the two samples
with the highest SF5CHFSO3

- anion concentrations.
The intense 1150- and 1200-cm-1 vibrations in the 50:
50 sample are not present in either the 25:75 composite
or metal. Note that the overdamped electronic back-
ground is slightly more pronounced in the 0:100 M
compared to that of the 100:0 SC. There is no low-energy
electronic background in the 50:50 composite, typical
of a low-dimensional semiconductor; strong charge-
transfer excitations (≈5200 and 9600 cm-1) are observed
(Figure 4), reflecting a transfer of oscillator strength to
higher energy.

B. Local Disorder: â′′-(ET)2SF5CHFCH2SO3. To
gain additional insight into local disorder in the â′′
family of materials and the spectral signature of disor-
der in the SC/MI composites, we briefly revisit our most
important results on the â′′-(ET)2SF5CHFCF2SO3 metal/
insulator material. The main differences between the
spectrum of the MI and SC materials are observed in
the least conducting direction47 and include two low-
energy electronic features at ≈5200 and 9600 cm-1.35

Band structure calculations cannot account for these
excitations;35,36,51 thus, they peaked our interest and
originally motivated this work. Originally interpreted
as possible correlation effects, the 5200- and 9600-cm-1

charge-transfer excitations were tentatively associated
with disorder because of introduction of the chiral anion
and the resulting disruption in the long-range hydrogen
bonding inside the anion pocket.36 In the pristine
metal-insulator material, there is only local (anion
pocket) disorder; therefore, spectroscopic studies of this
system show that local orientational disorder alone is
sufficient to cause localized charge-transfer excitation
in the ET stack.

C. Combined Spatial and Anion Pocket Disor-
der: Superconductor/Metal-Insulator Compos-
ites. The main panel of Figure 8 shows the 300 K EB ⊥
b optical conductivity of the â′′-(ET)2SF5CH2CF2SO3
superconductor, the â′′-(ET)2SF5CHFCF2SO3 metal-
insulator, and the 50:50 SC/MI mixed crystal material.
This set of materials allows simultaneous exploration
of both spatial and local disorder. Spatial disorder is

maximized at the 50:50 composition, whereas local
disorder grows with increasing levels of substitution and
is maximum at 0:100, in the pristine metal-insulator
material. As before, we concentrate on the EB ⊥ b
(intrastack) data because all spectra along the highly
conducting direction are virtually identical.47 Low-
energy electronic excitations are observed near ≈5200
and 9600 cm-1 for the 0:100 material and the 50:50 SC/
MI composite; in the superconducting sample (R ) CH2-
CF2) only a slight indication of the 5200-cm-1 feature
is observed. The intensity of these electronic excitations
seems to vary gradually, albeit nonlinearly, across
composition space, despite the aforementioned competi-
tion between local and spatial effects. The 5200- and
9600-cm-1 excitations of pristine â′′-(ET)2SF5CHFCF2-
SO3 (the MI sample) display the greatest intensity; this
sample has maximum local anion pocket disorder, but
no spatial disorder. The inset of Figure 8 shows a close-
up view of the vibrational features, discussed in detail
later in this section.

To quantify the trend in the two electronic excitations
(5200 and 9600 cm-1) in the SC/MI composites, the peak
intensities are plotted as a function of chiral anion
concentration in the superconducting matrix. Figure 9
illustrates that excitation intensities grown with in-
creasing R ) CHFCF2 incorporation. The intensity
growth is nonlinear in the middle of the composition
range and may reflect the combined effects of spatial
and local (anion pocket) disorder in the SC/MI compos-
ites (Table 1). In addition, the 9600-cm-1 excitation dis-
plays a small redshift with increasing amounts of chiral
anion, pulling back again above the 25:75 composite
composition (inset of the bottom panel, Figure 9). This
suggests that localization is strongest with substantial,
but not necessarily full, chiral anion incorporation.

Figure 10 shows a close-up view of the 300 K polarized
middle infrared reflectance spectrum of the â′′-(ET)2SF5-
CH2CF2SO3 superconductor, the â′′-(ET)2SF5CHFCF2-
SO3 metal-insulator, and a series (75:25, 50:50, and 25:
75) of SC/MI mixed crystals. In these SC/MI composites,
the vibrational features change smoothly across com-
position space, despite the competing spatial and local

(51) Koo, H.-J.; Whangbo, M.-H.; Dong, J.; Olejniczak, I.; Musfeldt,
J. L.; Schlueter, J. A.; Geiser, U. Solid State Commun. 1999, 112, 403.

Figure 8. 300 K optical conductivity of the â′′-(ET)2SF5CH2-
CF2SO3 superconductor, the â′′-(ET)2SF5CHFCF2SO3 metal-
insulator material, and the 50:50 superconductor/metal-
insulator composite in the EB ⊥ b polarization. Inset: close-up
view of the vibrational response of the same three materials
on an absolute scale.
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disorder effects over most of the composition range. The
superconductor displays modest vibrational features
superimposed on a weakly metallic background, whereas
the metal/insulator material shows strong and well-
resolved modes and a semiconducting electronic re-
sponse. As described below, the vibrational response of
the SC/MI composites follows changes in the low-energy
electronic excitations. In particular, several width
changes and splittings may be connected with disorder.

Figure 11 displays a close-up view of the frequency-
dependent conductivity of the â′′-(ET)2SF5CH2CF2SO3
SC, the â′′-(ET)2SF5CHFCF2SO3 MI, and a series (75:
25, 50:50, and 25:75) of SC/MI composites. There are
only minimal changes in the vibrational response
between the superconductor and 75:25 composite; for
instance, the 1250-cm-1 excitation, attributed to C-F
stretching in the anion, is less well-defined in the 75:
25 composite. More dramatic spectral changes are
observed between the 75:25 and 50:50 compositions. For
example, the 850- and 1250-cm-1 modes are much
broader in the 50:50 composite; a new feature appears
at 1100 cm-1. Additionally, a broad structure forms at
1450 cm -1 for the 50:50 composite, which remains in
the 25:75 and 0:100 spectra. Other important changes
are observed in the vibrational modes of the 25:75
composite. For instance, the feature at 850 cm -1

becomes more unevenly split and blue-shifts consider-
ably (indicating microscopically more similar -SF5
interactions). Phonons at 1100 and 1250 cm-1 also
become sharper and more pronounced. The pristine MI
sample displays very strong vibrational features, as
detailed earlier.35

IV. Discussion

On the basis of the intensity, width, and polarization
direction,48-50 we assign the ≈5200- and 9600-cm-1

spectral features in the SC/M and SC/MI composites as
charge-transfer excitations along the ET stack. These
charge-transfer excitations appear in the spectra be-
cause of both spatial and local disorder, which result in
increased localization compared to that in the super-
conducting material (â′′-(ET)2SF5CH2CF2SO3). The 5200-
and 9600-cm-1 excitations grow and diminish together,
depending on the composite composition. This indicates
that these excitations are induced by a similar mecha-
nism and correlated in a microscopic way. Local disorder
is, however, clearly more effective than positional
disorder in creating oscillator strength.

A. Superconductor/Metal Composites. The SC/M
mixed crystals exhibit only spatial disorder. If the

Figure 9. Top panel: intensity of the ≈5200-cm-1 charge-
transfer feature as a function of chiral anion concentration for
the SC/MI composite system. Bottom panel: intensity of the
≈9600-cm-1 charge-transfer feature as a function of chiral
anion concentration for the SC/MI composite system. Inset:
center frequency of ≈9600-cm-1 charge-transfer feature as a
function of chiral anion concentration for the SC/MI compos-
ites.

Figure 10. 300 K reflectance spectra of the â′′-(ET)2SF5CH2-
CF2SO3 superconductor, the â′′-(ET)2SF5CHFCF2SO3 metal-
insulator, and the 75:25, 50:50, and 25:75 superconductor/
metal-insulator composites in the EB ⊥ b polarization. The
curves are offset for clarity.

Figure 11. 300 K frequency-dependent conductivity of the
â′′-(ET)2SF5CH2CF2SO3 superconductor, the â′′-(ET)2SF5-
CHFCF2SO3 metal-insulator, and the 75:25, 50:50, and 25:
75 superconductor/metal-insulator composites as a function
of frequency in the EB ⊥ b polarization. The curves are offset
for clarity.
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SF5RSO3
- anions are clustered in large domains in the

crystals, substantial variations in the anion potential
are not expected; in this case, electronic localization and
the resulting charge-transfer bands should be weak. In
contrast, the 50:50 SC/M composite displays pronounced
charge-transfer excitations. This suggests that the 50:
50 composite has nearly alternating positional disorder
(Table 1), consistent with statistical expectations for
mixed anion incorporation. Larger positional length
scales are expected on moving away from the 50:50
composition. That the larger domain size reduces varia-
tions in the anion potential is evident in the spectral
trends of the 25:75 and 75:25 SC/M materials.

The minute differences in electronic structure be-
tween the superconductor (R ) CH2CF2) and the metal-
lic (R ) CHF) samples can also be understood in terms
of the effect of the anion potential on charge localization
in the ET stack.52 Two facts are pertinent here. First,
the anion pocket is substantially smaller in the metallic
sample (0:100) than in the superconducting material
(100:0).53 Second, X-ray measurements show that the
R ) CHF anion displays large thermal ellipsoids.36,53

Thus, the large anion group thermal motion in the
metallic sample may be responsible for slightly local-
izing charge and preventing superconductivity in â′′-
(ET)2SF5CHFSO3. We anticipate that the thermally
broadened, fluctuating potential gives rise to the weak
charge-transfer excitations at 5200 and 9600 cm-1 in
the metallic material (Figure 4). From the absence of
the 9600-cm-1 excitation in â′′-(ET)2SF5CH2CF2SO3, it
is tempting to suggest that removal of the conditions
conducive to charge-transfer excitation is necessary to
establish superconductivity.

B. Metal-Insulator Material. The â′′-(ET)2SF5CH2-
CF2SO3 metal-insulator material contains only orien-
tational disorder in the anion pocket because of the
chiral nature of the counterion. Here, this local disorder
introduces a large-amplitude, small length-scale disor-
der in the anion layer. The 5200- and 9600-cm-1 charge-
transfer excitations are enhanced in the spectra by this
random potential, which gives rise to electronic localiza-
tion in the ET stack.

C. Superconductor/Metal-Insulator Compos-
ites. The SC/MI mixed crystals contain both spatial and
local disorder, which compete over the majority of the
composition range. The superposition of these effects

results in somewhat irregular, large-amplitude varia-
tions in the anion potential. These variations likely
occur over a very small length scale.

Spatial and local disorder are maximized in the 50:
50 SC/M and 0:100 SC/MI composite systems, respec-
tively. On the basis of relative charge-transfer band
intensities (Figures 4 and 8), local orientational disorder
effects are much stronger than positional effectssnearly
twice as effective at creating oscillator strength at 5200
and 9600 cm-1. This is because the anion pocket
disorder results in large-amplitude modulations of the
potential, which are very effective in localizing charge
on the ET stack.

V. Conclusion

We report 300 K polarized infrared reflectance mea-
surements on â′′-(ET)2SF5RSO3 solid solutions (R )
CH2CF2, CHF, CHFCF2). Both SC/M and SC/MI mate-
rials were prepared, allowing us to investigate the
separate and combined effects of both spatial (positional)
and local (anion pocket) disorder. We find that two low-
energy electronic transitions, observed along the stack-
ing direction at ≈5200 and 9600 cm-1, are enhanced in
the spectra with both spatial and local disorder. These
excitations are due to electron localization and subse-
quent charge transfer on ET dimers and are driven by
random variations of the anion potential. These results
are important for the understanding of superconductiv-
ity in organic solids and may be relevant to understand-
ing middle infrared charge localization in some of the
layered transition-metal oxides as well.
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