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We present single-crystal X-ray diffraction measurements, optical investigations and electronic
structure calculations for the organic charge-transfer salt 3’-(BEDT-TTF)yCF3CF2SO3 synthe-
sized by electrocrystallization. Electronic structure calculations confirm the quasi-one-dimensional
behavior of the compound and optical conductivity measurements reveal the dimer-Mott insulating
nature of the system. The splitting of the charge-sensitive 2 mode in Raman spectra demonstrates
the onset of an interlayer charge-ordered phase below 25 K, also suggested by the crystal structure
considerations. This transition is accompanied by clear signatures of a lattice distortion in the
BEDT-TTF donor layer, as shown by a splitting of the vibrational 5 mode in infrared spectra. At
the same time, the sharp redshift of the 1 mode involving the BEDT-TTF ethylene groups strongly
suggests a significant modification of the hydrogen-type bonding present between the BEDT-TTF
donor layer and the CF3CF2SO; anion layer. These observations point to a subtle interplay of
charge and lattice degrees of freedom at the phase transition.

INTRODUCTION

The (BEDT-TTF);X organic charge transfer salts,
where BEDT-TTF is Dbis(ethylenedithio)tetrathia-
fulvalene and X~ is a monovalent charge-compensating
anion, have attracted considerable interest due to a
variety of phases related to the correlated nature of
the layer of BEDT-TTF molecules [1-7]. Depending
on the geometrical arrangement (motif) of the BEDT-
TTF molecules, these systems form different quasi-two
dimensional and quasi-one dimensional structural fam-
ilies denoted as «, 3, ', 8", or k phases [1, 4], and
exhibit rich phase diagrams including antiferromagnetic
Mott insulating, dimer-Mott insulating, charge-ordered,
superconducting, and spin-liquid phases [1, 4, 8-10].

Charge ordering (CO) manifests as ordered charge ac-
cumulation/depletion in the BEDT-TTF donor layer and
originates from a competition between BEDT-TTF in-
tramolecular and intermolecular Coulomb repulsion. Re-
cently, special attention has been devoted to CO in
the k-(BEDT-TTF);X family and to its possible rela-
tion to electronic ferroelectricity and structural fluctua-
tions [11, 12]. Motivated by these findings, we focus our
attention on the possibility of the appearance of such
phases in (BEDT-TTF).X with a different lattice mo-
tif. In the present work, we present a detailed study
of the electronic and structural properties of ’-(BEDT-
TTF)2CF3CF2SO3 by a combination of single-crystal X-
ray diffraction measurements, optical investigations and
ab initio-based electronic structure calculations.

In the family (BEDT-TTF),SF5RSO3, where R =
CH,, CF,, CHF, CHFCF;, CH;CF5, structural as

well as electronic properties of the resulting material
strongly depend on the anion which can be easily mod-
ified prior to the crystallization process [13, 14]. B”-
(BEDT-TTF),SF5CH>CF3SO3 has been discussed as
a model compound for superconductivity mediated by
CO fluctuations [15-18]. In the case of f’-(BEDT-
TTF),SF5CF2S03, where the 5’ packing motif is char-
acterized by a dimerized one-dimensional stacking of
the BEDT-TTF molecules, early electron spin resonance
(ESR) experiments revealed a spin gap at about 30
K [19] and a vibrational study indicated a weak lat-
tice distortion at the same temperature [20]. Both re-
sults were regarded as consistent with the spin-Peierls
mechanism. Later high-field ESR and nuclear magnetic
resonance (NMR) experiments rather suggested the on-
set of antiferromagnetic correlations at low tempera-
tures [21]. In the present work we concentrate on ['-
(BEDT-TTF)2CF3CF2S03 [22] and explore the effect of
exchanging the SF5 group with CF3 in the anion. Exam-
ining the crystal and electronic structure as well as the
optical properties, we confirm the dimer Mott insulating
nature of the system and find a transition at ~ 20 K
to an interlayer charge-ordered phase, accompanied by a
significant lattice distortion that influences the molecular
interactions between donor and anion layers.

SYNTHESIS, EXPERIMENTAL AND
THEORETICAL METHODS

BEDT-TTF was prepared as described in Ref. [23, 24]
and recrystallized from chloroform (Aldrich). Prior
to use, 1,1,2-trichloroethane (TCE, Fluka) was dis-



tilled from phosphorus pentoxide (Aldrich) and fil-
tered through a column containing neutral alumina.
Tetrahydrofuran (THF, Aldrich) was distilled from
sodium/benzophenone.  12-crown-4 (Acros) was used
without further purification. Lithium pentafluo-
roethanesulfonate, Li(CF3CF3SO3), was prepared as
described in Ref. [25]. PPN(CF3CF3SO3) [PPN*
= bis(triphenylphosphoranylidene)ammonium] was pre-
pared through a metathesis reaction of (PPN)Cl with
Li(CF5CF2S03). (PPN)Cl (Aldrich, 5.57 g, 9.71
mmol) was dissolved in 950 ml of water. Separately,
Li(CF3CF2S03) (2.0 g, 9.71 mmol) was dissolved in 50
ml. The two solutions were combined with the precip-
itation of PPN(CF3CF2S03) as a white powder. This
solid was recrystallized from acetone/diethyl ether, re-
sulting in a white crystalline solid. Anal. Calcd for
038H30P2N18103F52 C, 61.87; H, 4.10; N, 1.90. Found:
C, 61.59; H, 3.99; N, 1.86. Mp. 176-178 °C. Plate-
like crystals of §’-(BEDT-TTF),CF3CF3S03 were grown
through the use of the previously described electrocrys-
tallization techniques,[14, 26, 27] as a minority phase in
the following procedure. Li(CF3CF3SO3) (60 mg) and
12-crown-4 (10 mg) were added to 15 ml TCE and stirred
for several minutes. This solution was divided between
the two chambers of an H-cell. BEDT-TTF (10 mg)
was loaded into the anode chamber. A current density
of 0.10 uA/cm? was initially applied and gradually in-
creased over a period of one week to 0.25 uA/cm?, at
which time crystallization of black crystals commenced
on the electrode surface. Crystals were grown at 25 °C
on platinum wire electrodes for a period of 27 days. Al-
ternatively, PPN(CF35CF2S0s3) (156 mg) was used as the
electrolyte, replacing Li(CF3CF2SO3) and 12-crown-4.

High quality crystals were glued to the tip of glass
fiber and mounted on a Bruker 3-circle diffractometer
equipped with an APEX II detector. Data were col-
lected at 300(2) K and 100(2) K, with temperature con-
trol achieved through use of an Oxford Cryostream 700
Plus LT Device. The data collection was carried out us-
ing MoKa radiation (A = 0.71073 A) with a frame expo-
sure time of 30 seconds. The raw intensity data were cor-
rected for absorption (SADABS [28]). The structure was
solved and refined using SHELXTL.[29] A direct-method
solution was calculated, which provided most of atomic
positions from the electron density map. Full-matrix
least squares / difference Fourier cycles were performed,
which located the remaining atoms. All non-hydrogen
atoms were refined with anisotropic displacement param-
eters. Hydrogen atoms were placed in ideal positions and
refined as riding atoms with relative isotropic displace-
ment parameters. Structural and refinement parameters
are provided in Table I. Five hemispheres of data were
collected with 0.30° w scans and a detector distance of
60 mm. Data to a resolution of 0.77 A were considered
in the reduction, using a plate-like crystal of dimensions
0.50 x 0.10 x 0.02 mm?3.

Table I.

Crystal data and structure refinement of
B'-(BEDT-TTF)2CF3CF2S0s3.

Formula Ca2H16F503S17
My 968.37
Phase B
Morphology plate
Cryst syst triclinic
Space group Pl
a/A 6.6055(2) 6.5869(4)
b/A 7.7518(3) 7.5224(5)
c/A 34.7636(11)  34.710(2)
a/° 89.4390(10)  89.592(2)
B/° 88.7030(10)  87.526(2)
v/° 74.2130(10)  73.440(2)
V/A° 1712.46(10)  1646.98(18)
Z 2
D./g cm® 1.878 1.953
p/mm™* 1.128 1.173
F(000) 978
R(int) 0.0309 0.0482
Total reflns 26031 24129
Unique reflns 7819 7439
I >20(1) 6263 6836
R(Fb), Rw (F&)® 0.0764, 0.1986 0.1087, 0.2269
T/K 300(2) 100(2)

“R(Fo) = 3" |[Fol — [Fell/ 3| Fol, Rw (F§) =
Do w( 5| = [F2)?/ S wF3)?

We determined the electronic structure of g’-(BEDT-
TTF);CF3CF2SO3 by performing density functional the-
ory calculations with the full potential local orbital
(FPLO) basis [30] and using the generalized gradient
approximation functional in its Perdew-Burke-Ernzerhof
(PBE) form [31]. We employed projective Wannier func-
tions within FPLO [32] to determine the tight binding
Hamiltonian for the band arising from the HOMO level
of BEDT-TTF. Calculations were performed on both the
room temperature and 100 K crystal structures of §'-
(BEDT-TTF);CF3CF5S03 reported in this paper. As
described below, the T" = 300 K structure has some dis-
order in the orientation of the pentafluoroethylsulfonate
anions and in one ethylene endgroup of the BEDT-TTF
molecules. We simplified the T' = 300 K structure by
choosing only the majority orientations.

For infrared measurements, a 2.2 x 0.7 x 0.1 mm?
single crystal of 8’-(BEDT-TTF),SF5CF2SO3 was used.
The optical axes of the crystal were determined as those
displaying the largest anisotropy at 300 K. Two direc-
tions within the conducting plane were probed; one is
close to the more conductive b-a direction and the other
is close to the perpendicular b+a direction. Polar-
ized infrared reflectance measurements in the frequency



range 600 - 7000 cm ™! were performed using a Perkin-
Elmer 1725 X Fourier-transform infrared spectrometer,
equipped with an Olympus infrared microscope, and a
gold grid polarizer. For each polarization, reflectance
spectra were measured at several temperatures between
10 and 300 K, and the temperature was controlled with
an Oxford Instruments continuous-flow cryostat. In
other frequency ranges, the 300 K polarized reflectance
spectra were measured using a Perkin-Elmer Lambda 19
spectrometer (7000 - 30000 cm~1), a Bruker Equinox 55
FT-IR spectrometer equipped with a Bruker IRScope 11
infrared microscope (7000 - 15000 cm~1!), and a Bruker
113V spectrometer with bolometer detector (50 - 600
ecm~!). The optical conductivity o(w) was calculated
through the use of Kramers-Kronig analysis of the mea-
sured reflectance. First, we extended the range of data
outside the middle infrared using 300 K spectra for all
the temperatures. Then, the high-frequency data were
extrapolated as w~2, and the low-frequency data were ex-
trapolated as a constant, appropriate for semiconducting
materials.[33] Optical conductivity spectra for T' = 300
and 10 K have already been published in Ref. 34 and are
reproduced here for comprehensive discussion. Raman
spectra down to 10 K were recorded through the use of a
Raman LABRAM HRS&00 spectrometer equipped with a
microscope, a He-Ne 632.8 nm laser line (spectral resolu-
tion 2 cm~1), and the Oxford Instruments continuous-
flow cryostat; the spectra were collected in two sepa-
rate experiments. The decomposition of the complex
electronic and vibrational bands was performed by stan-
dard peak fitting techniques which allowed extraction of
the center peak frequency and integral area (oscillator
strength). Oscillators were fitted using a Voigt function
which gave the most satisfactory results. Errors (stan-
dard deviations) were estimated statistically based upon
the results obtained from slightly different ranges of data
and/or baselines.

RESULTS

Crystal Structure

B'-(BEDT-TTF)2CF35CF3SO;3 crystallizes in the tri-
clinic space group P1 (see Table I). The structure
is characterized by layers of partially oxidized BEDT-
TTF molecules separated by anionic layers. There
are two crystallographically nonequivalent BEDT-TTF
molecules (hereafter designated as molecules A and B)
per unit cell. As illustrated in Figure 1 (a), layers of
BEDT-TTF molecules of type A are located at z = 0,
while those of type B are located at z = 0.5. Both of
these layers are characterized by dimerized stacking of
BEDT-TTF molecules typical of the 5" packing type.[35—
37] Other structures with two equivalent conducting lay-
ers in the unit cell are observed in S’-Cat[Pd(dmit)s]s
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Figure 1. Packing diagrams of 3’-(BEDT-TTF)>CF3CF2S03
at 100 K. (a) BEDT-TTF molecules A and B are drawn with
yellow and orange sulfur atoms, respectively. (b) BEDT-TTF
layer of molecules A located at z = 0. (c) Lattice of BEDT-
TTF molecule centers for 3/-(BEDT-TTF):CF5CF2S03 with
important hopping paths. (d) CFsCF2SOj3 anions.

salts, where Cat is a nonmagnetic monovalent cation such
as EtoMeoPH, EtMesSb™T, etc., that display a solid cross-
ing column structure.[38]

At room temperature one of the two ethylene groups of
molecule B is disordered, with 82% of the groups in the
staggered conformation. At 100 K, there is no significant
disorder in the cation layers with the ethylene groups of
both molecules A and B in the staggered conformation.
Short intermolecular S- - - S contacts, less than the 3.60 A
sum of van der Waals radii, are primarily present between
BEDT-TTF molecules in adjacent stacks (Fig. 1 (b)). In
the anionic layer located at z = 0.75, the R-SO3 bonds in
the anions point approximately along the a+b direction
(Fig. 1 (d)), while in the layer located at z = 0.25, these
bonds point along -(a+b).

It is useful to consider how seemingly minor changes in
the anion structure result in significant modifications to
the crystal structure. In the present case, the R = SF5
group in /'-(BEDT-TTF)2SF5CF5S03 has been replaced
with a CF3 group in the RCF2SOj; anion. Although



the BEDT-TTF radical cations in both the g’-(BEDT-
TTF)2 RCF2S03 (R = SF; or CF3) structures pack in a
B’-motif and have two crystallographically independent
BEDT-TTF molecules, the overall structures are differ-
ent. In the case of #’-(BEDT-TTF),CF3CF2S0s3, alter-
nating layers have crystallographically unique molecules,
while for #’-(BEDT-TTF);SF5CF2SO3 each layer is
identical, but there are alternating stacks within the lay-
ers (Supplemental Material,[39] Fig. S8). This is likely
a result of the difference in packing within the anion
layers: in the case of 8/-(BEDT-TTF),CF3CF;SO3 the
dipole moments of the CF3CF35035 anions within a layer
all point in the same direction, while in the case of
ﬁ/—(BEDT—TTF)2SF5CF2803, the SF5CFQSO:; dipoles
point in opposing directions in adjacent chains within the
layers. For more structural details, see the Supplemental
Material.[39]

Electronic Structure

Electronic ~ band  structures of  f'-(BEDT-
TTF);CF3CF3S03 are calculated for T = 100 K
and room temperature within density functional theory
with the PBE functional. Please note that the PBE
functional incorrectly predicts a metallic state (see
Supplemental Material [39]) and inclusion of correla-
tion effects beyond the PBE functional in terms of a
many-body approximation such as dynamical mean field
theory are needed to describe the Mott insulating nature
probed by the optical conductivity measurements. Such
an approach has already been shown in the past to suc-
cessfully describe the optical conductivity observations
in other Mott insulating charge transfer salts [42]. Here
we are primarily interested in the underlying network
of hopping parameters of our system as well as in the
distribution of molecular charges. This is well described
with the PBE functional. The density of states that is
resolved for the two symmetry inequivalent molecules in
the two BEDT-TTF layers of the compound shows that
there is a small charge disproportionation between the
layers, i.e. a small charge difference between the BEDT-
TTF molecules. Quantifying the charges by adding up
the atom projected selfconsistent charges of the DFT
run, we find charges of +0.44 and +0.42 at T" = 100 K
and of +0.46 and +0.43 at T = 300 K. Fig. 1 (c) shows
the lattice of BEDT-TTF molecule centers, connected by
the paths that turn out to have significant tight binding
parameters. Tables IT and IIT list the most important
tight binding parameters. The largest values are ¢; and
ts which leads to the predominantly one dimensional
character of the material, with chains running in b-a
direction (see Fig. 1 (¢)). This is in good agreement with
the Fermi surfaces that are corrugated sheets underlining
the essentially one-dimensional nature of the compound
(Fig. 2). Note that the importance of the ¢5 hopping and

B'-(BEDT-TTF),CF3CF,S0O4 (b) T=300 K

Figure 2. Fermi surface of 5'-(BEDT-TTF)2CF3CF2SO03 at
(a) T =100 K and (b) T"= 300 K.

thus the most conductive b-a direction can not be read
off from either the dimer stacking direction (which is b)
or the direction with the closest S-S contacts (which is
a).

parameter 7 t1 to ts ta ts
ET(1) distance (A) 0 3.65 [4.90 | 6.59 |6.86| 6.98
value (meV) ||-237.41221.6|-73.0(-32.0|43.9|119.2
ET(2) distance (A)|| 0 |3.72|4.92|6.59 [6.78] 7.11
value (meV)||-246.3|205.6|-49.6|-21.9|55.4|123.8
Table II. Tight binding parameters of A-(BEDT-

TTF)2CF3CF2503 at T = 100 K (ET = BEDT-TTF);
u is the onsite energy/chemical potential. The strongest
hopping t; is the hopping within the BEDT-TTF dimers,
and the second strongest hopping t5 along the b-a direction
defines the most conductive in-plane direction.

parameter w t1 ta ts3 | ta | ts
ET(1) distance (A)|| 0 |3.69|5.02|6.61[6.90| 7.11
value (meV)||-219.9|209.8|-53.2|-32.7|41.7|106.0
BT(2) distance (A)|| 0 |3.73|5.01 |6.61|6.83| 7.20
value (meV) ||-235.6[204.7|-38.6|-22.3|48.7|103.3
Table III. Tight binding parameters of A-(BEDT-

TTF)QCFgCFQSOg at T = 300 K (ET = BEDT—TTF);
u is the onsite energy/chemical potential.

Optical Properties: Dimer Mott Response

Figure 3 displays the infrared reflectance and optical
conductivity spectra of B'-(BEDT-TTF),CF3CF2SO;3
polarized in the two principal polarization directions,
measured at selected temperatures 300, 100 and 10 K.
Substantially higher reflectance is detected in the b-a
direction, which is a diagonal in the donor BEDT-TTF
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Figure 3. Polarized reflectance and optical conductivity spectra of 8'-(BEDT-TTF)>;CF5CF2SO; for the E|/b-a (a, ¢) and
E|b+a (b, d) directions, at selected temperatures 7' = 300 K, 100 K and 10 K. The insets in panels (a) and (c) display the
simplified structure of the conducting layer and a close-up view of the 300 K optical conductivity in the vibrational range,
respectively. Two components, Hubbard and dimer, of the electronic band at 10 K, are marked in the panel (c).

plane (Fig. 3(a,b)). Such an anisotropic response is ex-
pected for a dimerized ’-type structure and in agreement
with the results of band structure calculations that reveal
a one-dimensional nature of the material (see Fig. 2) with
strongest inter-dimer hopping along the b-a direction.

The overall shape of the spectra is characteristic for
a dimer-Mott insulator, with a mid-infrared electronic
band and relatively strong molecular vibrational modes
below a 1500 cm~! (insets in Figs. 3(a,c)) that are
known to originate from the coupling of the totally
symmetrical modes of the BEDT-TTF molecule with
the electronic transitions within the broken symmetry
dimerized structure (electron-molecular vibration (e-mv)
coupling).[43, 44] The optical conductivity spectra cal-
culated based on the reflectance allow discussion of the
low-lying electronic excitations that usually appear in
the middle infrared frequency range due to the Coulomb
interactions. At room temperature, the spectra of 3’-
(BEDT-TTF),CF3CF3503 (Fig. 3(c,d)) display broad
electronic absorption bands centered at about 2700 cm™*

and 4000 cm~! in the E||b-a and E||b+a directions, re-
spectively. The lowering of the temperature from 300 to
10 K mainly results in increased conductivity in the diag-
onal b-a direction in the relatively narrow range around
the maximum of the asymmetric band at 2800 cm™!
(Fig. 3(c)). There is no change in the overall character
of the spectra in both polarization directions.

Optical conductivity spectra of dimer-Mott insulators
have been usually discussed within a dimerized picture at
half-filling, that considers the interdimer and intradimer
charge transfer (CT) as separate excitations.[42, 45] The
interdimer CT (Hubbard band) is described in terms of
a Hubbard model that takes into account the transitions
between lower and upper Hubbard bands related with
the effective on-dimer Coulomb interaction U. On the
other hand, the intradimer excitation (dimer band) is as-
signed to a transition between bonding and antibonding
orbitals of molecules in a dimer. In the strong dimeriza-
tion limit (U, V < t1, where t; is the intradimer transfer
integral), the dimer band is expected to appear above
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the Hubbard band, at the frequency ~ 2t;. Conduc-
tivity spectra of f’-(BEDT-TTF),CF3CF2SO3 polarized
in the more conductive b-a direction clearly show two
components. Therefore we model the spectra using two
oscillators, as shown for the 10 K spectrum in Fig. 3(c).
Figure 4 presents the peak frequency (a) and oscillator
strength (b) of these features as a function of tempera-
ture. At room temperature, the two bands are centered
at a2 2700 cm~! and 3600 cm~! (Fig. 4(a)). The position
of the higher frequency excitation shows excellent agree-
ment with ~ 3400 cm™! (420 meV), the value estimated
based on the electronic structure calculation with 2t
(Table IIT). Therefore, we assign the 3600 cm~! compo-
nent to the dimer mode, and subsequently the lower fre-
quency component that significantly increases its spectral
weight (SW) on lowering the temperature (Fig. 4(b)) to
the Hubbard band. Both electronic components slightly
shift to lower frequency below 200 K on lowering the tem-
perature, but this tendency is reversed below about 50 K
(Fig. 4(a)).

The optical response of §'-(BEDT-TTF);CF3CF3S05
is similar to B’-(BEDT-TTF)SF5CF250s3,[20] as one
could expect in view of the close chemical relationship be-
tween the two materials. Despite significant differences in
the anion layer, we also notice close similarity with the
dimer-Mott insulator f'-(BEDT-TTF)5ICl;.[46] There-
fore, we can conclude that the overall ground state prop-
erties of §/-(BEDT-TTF);CF35CF,SO3 are controlled by
the degree of anisotropy of the lattice of dimers that con-
stitute the conducting donor plane.

In the following discussion of optical properties of
B'-(BEDT-TTF)2CF5CF3S03 we focus on two issues:
charge-ordering and low-temperature lattice distortion.

Raman Spectra: Charge-Order Transition

In order to explore the possibility of interlayer
charge disproportionation suggested for [’-(BEDT-
TTF),CF3CF2SO3 by both the structural measurements
and electronic structure calculations, we perform Raman
scattering experiments in the frequency range of the C=C
stretching vibrations that allow the estimation of charge
on the donor molecules.[47] Assuming the planar Doy
point group symmetry for BEDT-TTF, these modes are
labelled v5(A,), assigned mainly to symmetric ring C=C
stretching, bridge C=C stretching v3(A,), and antisym-
metric ring C=C stretching, vo7(B1,). The modes v
and v9; are regarded as the best probes of the charge p
localized on the donor molecule because these modes are
only weakly affected or not affected by electron-molecular
vibration coupling [47, 48].

Figure 5(a,b) displays the temperature dependence of
the Raman spectra of §’-(BEDT-TTF);CF3CF2SO3, po-
larized along the b+a direction. At room temperature,
two bands observed centered at 1469 and 1492 cm™! are
assigned as vz and o, respectively, of the BEDT-TTF
molecule with charge +0.5e. A weak shoulder at about
1460 cm ! that develops into a separate band centered at
1464 cm~! when lowering the temperature below 300 K,
is most probably due to infrared-active vo7 activated in
Raman as a result of the interaction within a symmetric
dimer.[49] Such an interaction within a unit cell of the
two modes of Bj,, symmetry yields two modes, of which
one is infrared-active and the other Raman-active.[50]
Similar Raman spectra in this frequency range have been
observed in the dimerized 8'-(BEDT-TTF),ICl; salt.[51]

The peak positions of the vy, v3 and ro7 modes esti-
mated based on a fitting analysis taking into account ad-
ditional components for the 57 and 5 modes below 30 K,
are shown in Fig. 5(c). On lowering the temperature be-
tween 300 K and 30 K, vo7, v3 and v, gradually become
narrower and slightly shift towards higher frequencies.
Below 30 K a clear splitting of the v5 mode is observed
(Fig. 5(a,b)). Such a behavior is usually discussed in
terms of charge ordering. The charge disproportionation
suggested in f'-(BEDT-TTF),CF3CF3S03 by the crys-
tal structure measurements is far from the range where
the hybridization between vo and v3 could cause the de-
viation from the linear relationship vo(p) = 1447 cm ™!
+ 120(1 - p) em™!, which is otherwise valid.[47] There-
fore, we estimate the charge disproportionation 26p, from
the frequency difference between the two v5 mode com-
ponents, 1497 and 1509 ecm™! at 10 K, as 2dp ~ 0.1le.
While the observed v, bands are slightly broadened due
to the poor signal-to-noise level in the Raman experi-
ment, there is no evidence for charge-order fluctuations in
B'-(BEDT-TTF),CF3CF3503 [52-54] and therefore we
would conclude that the observed charge disproportion-
ation corresponds to a charge ordered state.
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Figure 5. Temperature dependence of the Raman spectra of
B'-(BEDT-TTF)2CF3CF2S0;3 for Sample 1 (a) and Sample
2 (b). Polarization of the incident and detected light was
parallel to the b+a direction; spectra are shifted for clarity.
Panel (c) displays the Raman shift of the va7 (A), v2 (O),
and v3 (O) mode components, as observed in the spectra of
Sample 1 (red color) and Sample 2 (blue). The dashed line
marks the approximate temperature point below which the
splitting of the v» mode is observed. Lines between points
are intended to guide the eye.

The r3 mode strongly couples to the electronic back-
ground and is therefore sensitive to structural mod-
ifications, including those related with charge order
transition.[48, 55, 56] As a result the mode usually
splits into several components that are infrared- and/or
Raman-active. The highest frequency mode compo-
nent is observed as a single band in Raman spectra
where appears at the average frequency characteris-
tic for the charge 0.5¢ even in the presence of charge
disproportionation.[47, 56] In the Raman spectra of §'-
(BEDT-TTF);CF3CF5S03, v3 appears as a single band
between room temperature and T ~ 30 K. Upon cooling
below this temperature, a significant change in the shape
of the mode takes place that we interpret as the splitting

of about 5 cm™!. Taking into account the charge dif-
ference 20p =~ 0.1le we suggest, that another component
that appears at about 1476 cm™' below 30 K is actu-
ally the charge sensitive vo7 mode (Fig. 5(c)). Similarly
to vo, 97 allows estimation of charge localized on the
BEDT-TTF molecule, according to the formula vo7(p) =
1398 cm ™! + 140(1 - p) em~1.[47] While at temperatures
above 30 K, the observed frequency of the single v57 mode
corresponds to the charge of ~ 0.5¢, on lowering below
30 K the mode component shifts to about 1461 cm™!
(Fig. 5(c)). If we consider the 1476 cm~! band as an-
other 197 component, we can estimate the charge dispro-
portionation from the frequency difference between 1461
and 1476 cm ! at 10 K, as 2dp ~ 0.1e, in agreement with
the value estimated based on the v components.

Therefore, the Raman spectra provide a clear evi-
dence that the observed charge disproportionation cor-
responds to charge ordering that appears in /-(BEDT-
TTF),CF3CF2SO3 on lowering the temperature below
30 K. In order to give evidence for a lattice distortion
associated with the charge ordering, we now focus on vi-
brational modes observed in infrared spectra.

Infrared Modes: Lattice Distortion

The vs stretching C=C mode characterized by the
large factor-group splitting is one of the most promi-
nent vibrational features in the infrared spectra of low-
dimensional organic conductors. The unit cell of f§'-
(BEDT-TTF);CF3CF3S03 accommodates four donor
molecules involved in two conducting layers separated
by anions, as shown in Fig. 1 (a). If these molecules
are equivalent and do not interact, the v3 mode should
be fourfold degenerate. On the other hand, in the pres-
ence of both a strong electron-molecular vibration in-
teraction and charge ordering, as much as four differ-
ent bands are expected in Raman and infrared spec-
tra, depending on the crystal symmetry [47, 48, 55].
At room temperature, the conductivity spectra of S’-
(BEDT-TTF),CF35CF32S03 reveal two modes in two dif-
ferent polarizations: the one marked v3g strongly per-
turbed by the e-mv interaction appears centered at 1327
cm ™! in the b-a direction, and the moderately perturbed
vsar centered at 1374 cm ™! in the perpendicular direc-
tion (inset in Fig. 3(c)). No significant change is ob-
served in the v3 mode down to about 25 K, where another
v3 component, vz, emerges centered at 1446 cm™! in
the conductivity spectra in both polarization directions
(Fig. 6(a,b)). The strong temperature dependence of the
mode (insets in Fig. 6) suggests, that a significant lattice
distortion takes place in S'-(BEDT-TTF),CF3CF2SO0;3
at about 25 K, most probably involving symmetry low-
ering. Taking into account another v3 component cen-
tered at about 1469 cm~! in Raman spectra (Fig. 5(c)),
we observe as much as four v3 modes at low T (Ta-
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Figure 6.  Optical conductivity spectra of A-(BEDT-
TTF)2CF3CF2S03 at 10 K, in the frequency range of the
electron-molecular vibration-activated vz mode, for (a) the
more conductive direction (E||b-a) and (b) the perpendicular
to the more conductive direction (E|b+a). Insets in panels
(a) and (b) display a close-up view of the temperature depen-
dence of the vsy mode at 1446 cm™' mode that appears in
both spectra below 30 K.

ble IV). Unfortunately, no crystal data are available
at low T to verify a possible symmetry lowering in /3’-
(BEDT-TTF),CF5CF2S03 at the charge order transi-
tion as suggested by the Raman results. Nevertheless,
the softening and intensity enhancement of several vibra-
tional modes observed in the optical conductivity spectra
(see the v3 mode components in Fig. 5(c) and in Sup-
plemental Material,[39] Fig. S10) and temperature de-
pendence of the mid-infrared electronic excitations be-
low 25 K (Fig. 4) are also consistent with a structural
modification.

This low-temperature lattice effect in the BEDT-TTF
donor layer most probably involves the significant change
regarding interactions between ethylene end groups of
the donor molecule and the CF3CF2SO35 anions, both
involved in providing a connection between neighbouring
donor layers through the anion layer. In fact, when low-
ering the temperature between 25 and 20 K we observe
a striking 10 cm™! redshift of vy, the C-H symmetric
stretching mode of the BEDT-TTF ethylene groups, in-

Table IV. Experimental Raman and infrared (IR) frequen-
cies (cm™') of the vz mode components in 3'-(BEDT-
TTF)2CF3CF2S03 at temperatures 7' = 300 K and 10 K.

Raman IR IR
| (v+a) E| (b-a) E| (v+a)
300 K 10 K 300 K 10 K 300 K 10 K
1469 1472
1446 1447
1374 1383
~ 1327 ~ 1333

N
©
=
N
T

Peak Frequency (cm™)

2006
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Figure 7. The v, vibrational BEDT-TTF mode observed in
the more conductive E||b-a direction observed in optical con-
ductivity spectra of 3’-(BEDT-TTF)>CF3CF2SO0s3, inset: op-
tical conductivity spectra at 10, 20, 25 and 30 K in this fre-
quency range.

dicating a sudden C-H bond lengthening (Fig. 7). Other
vibrational modifications related with the ordering of the
terminal ethylene groups that is characteristic for BEDT-
TTF-based organic charge transfer salts is shown in Sup-
plemental Material [39] (see, also, references [40, 41]
therein).

DISCUSSION

The results of the presented Raman study provide a
strong evidence for a sharp charge order transition in
B'-(BEDT-TTF),CF3CF;S03 at T =~ 20 K, with 26p
~ 0.le. This finding is consistent with both the crystal
structure data and electronic band structure calculations
that suggest a possibility of interlayer charge dispropor-
tionation due to the presence of two nonequivalent donor
layers in the unit cell. The Dimer Mott response observed
in the optical conductivity spectra is also in agreement



with such a scenario.[54] An interlayer charge dispro-
portionation resulting in the appearance of charge-rich
and charge-poor layers in the crystal structure, is rather
unique among BEDT-TTF salts. In particular, it sug-
gests a possibility of charge transfer between neighbour-
ing donor layers. The interlayer charge disproportiona-
tion is essentially different than the intradimer charge
disproportionation suggested for §'-(BEDT-TTF),ICl,
based on a dielectric study,[57] and recently investigated
using Raman spectra measured under an electric field.[51]

In §'-(BEDT-TTF);CF5CF2S03, a significant red-
shift of 14 below 25 K (Fig. 7(b)) implies, that both
a low-temperature lattice distortion and charge order
are strongly related with distinct structural changes in-
volving counterions and short contacts of the hydrogen-
bonding character that are present between BEDT-
TTF molecule and CF3CF2SO5 anion. A specific pat-
tern of such an interaction is known to participate in
the disorder-driven localization in case of S”-(BEDT-
TTF)2SF5;CHFCF3S03.[58] The cation-anion interac-
tions are also suggested to induce or stabilize charge-
ordered state in some other dimerized BEDT-TTF
conductors.[59, 60] On the other hand, charge dispro-
portionation present in the material can cause shifts of
anions due to the modified electrostatic interactions.[11]
Therefore a question arises, if charge ordering and sym-
metry lowering in §’-(BEDT-TTF);CF3CF2S03 is due
or related with the cation-anion interactions. As we al-
ready discussed, the anions remain disordered both at
room temperature and at 100 K. On the other hand, the
low-temperature redshift of the 11 mode we observe is
probably due to the shortening of the hydrogen bond be-
tween the donor and anion molecules. Such an effect sug-
gests that anions become ordered below 25 K, resulting
in the more rigid lattice of the lower symmetry. Hav-
ing in mind that the interlayer charge disproportionation
in #-(BEDT-TTF);CF5CF2S05 is structurally allowed
already at room temperature, we suggest that the modi-
fication in the cation-anion interaction pattern is rather
a result of the appearance of charge order at low temper-
ature, than a driving force.

CONCLUSIONS

The f'-(BEDT-TTF),CF3CF3S03 organic conductor
has been crystallized and characterized by X-ray diffrac-
tion measurements, optical experiments, and electronic
band structure calculations. Based on optical conduc-
tivity measurements we identify the Mott nature of this
system. The Raman spectra show that a (possibly in-
terlayer) charge-ordered state develops in this material
below 25 K. In the same temperature range in the in-
frared spectra we observe significant signatures of lattice
distortion. We find that the transition has a strong influ-
ence on the interactions between the conducting cation

layer and the anion layer. The ordering of the BEDT-
TTF ethylene groups below 150 K is detected both by
the structural measurements and by the infrared study.

Further structural measurements are needed to confirm
the low-temperature lattice distortion. At the same time,
a magnetic study would be essential to examine the possi-
bility of the interplay between charge, lattice and spin de-
grees of freedom in §'-(BEDT-TTF);CF35CF2SO3. This
remains a subject of future studies.
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