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Experimentally, we establish the quantitative phase diagram of 1/4-filled 8”-(BEDT-TTF),SFsRSO; with
a tendency toward charge order. Comprehensive optical, transport, and susceptibility measurements reveal the
insulating nature and magnetic properties of the charge-ordered ground state. Going from R = CHF via CH,CF,
and CHFCF, toward CH,, a finite charge disproportionation appears and grows up to 28 = 0.5¢, as evidenced by
charge-sensitive molecular vibrations. This is accompanied by an increase of electronic correlation strength, i.e.,
the intersite Coulomb repulsion V' becomes more pronounced in relation to the bandwidth W. The broadband
electronic excitations and their anisotropy unveil a distinct charge pattern for R = CH, (checkerboard type) as
compared to the other compounds (stripelike). Our results validate theoretical predictions for 1/4-filled systems,
substantiating the importance of charge fluctuations for unconventional superconductivity at the verge between

metal and insulator.
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I. INTRODUCTION

Partial filling of electronic bands commonly features
metallic charge transport and is well-described by the tight-
binding model [1,2]. For sufficiently small bandwidth, how-
ever, the mutual interaction among the conduction electrons
triggers localization of charge carriers. While a Mott insulator
at 1/2 filling is governed by the on-site term U in relation to
the bandwidth W, in 1/4-filled systems the intersite Coulomb
repulsion V gives rise to a charge-ordered ground state de-
scribed in terms of the extended Hubbard model [3]. In both
cases, superconductivity is found at the verge of metal and
insulator [4], indicating that Cooper pairing is mediated by the
associated low-energy excitations. While in many correlated
systems, such as heavy-fermion compounds [5], iron pnictides
[6], and high-T, cuprates [7], spin fluctuations are considered
as the driving mechanism, dynamical mean-field theory sug-
gested that also pure charge fluctuations may stabilize uncon-
ventional superconductivity [8]. Since both scenarios seem
possible, or even intertwined, at 1/2 filling—recent results
revealed the importance of metallic quantum fluctuations in
the genuine Mott state near the Mott metal-insulator transition
[9,10]—it is difficult to separate the individual contributions
of charge and spin. On the other hand, magnetic interactions
are irrelevant in charge-ordered systems, where the itinerant
exchange mechanism is quenched in the case of a 1010 charge
distribution. Hence, 1/4-filled materials are ideally suited to
study pure charge fluctuations as the lowest energy excitations
and their effect on superconductivity. Very recently, we could
establish the coexistence of charge order (CO) and supercon-
ductivity in 8”-(BEDT-TTF),SFsCH,CF,SO05 [11].
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In this paper, we investigate 1/4-filled organic
charge-transfer salts of the (BEDT-TTF),X family with quasi
two-dimensional electronic properties by means of optical
spectroscopy, dc transport, and magnetic susceptibility
superconducting quantum interference device (SQUID)
measurements. Upon analyzing the optical properties of
B”-(BEDT-TTF),SFsCH,SO3; (referred to as B”-I) and
B”-(BEDT-TTF),SFsCHFCF,SO; (B8”-MI), and comparing
them with the results of B”-(BEDT-TTF),SFsCH,CF,S0;
(B”-SC) and B"-(BEDT-TTF),SFsCHFSO; B’-
M) [12-14], a generalized phase diagram of the
B”-(BEDT-TTF),SFsRSO; series is established based on
electronic correlations V/W as suggested by Girlando et al.
[14]. While Kaiser et al. have studied the effect of charge
fluctuations on superconductivity [13], we focus more on the
static charge disproportionation leading to insulating ground
states. We find that both the charge disproportionation 28
and transition temperature Tco scale with intersite Coulomb
repulsion V.

II. MATERIALS AND CHARACTERIZATION

B”-(BEDT-TTF), SFsCH,SO; and B”-(BEDT-TTF),
SFsCHFCF,SO3 single crystals with dimensions up to
2 x 2 x 0.5 mm® were grown by electrochemical methods
[15]. The optical reflectivity was measured from as-grown
surfaces for polarization along the three main crystal axes
in temperature and spectral ranges of 5-295 K and 20-
8000 cm™!, respectively. The dc resistivity was acquired in
four-point geometry from room temperature down to helium
temperatures. Using a commercial SQUID, the magnetization
at a magnetic field of 0.1 T was recorded as a function of
temperature.

©2019 American Physical Society
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FIG. 1. The anions X of the B”-(BEDT-TTF),SFsRSO;3 series
are placed at the tentative position in the phase diagram of 1/4-
filled Mott-Hubbard systems. Previous experimental and theoretical
investigations [12—16] suggest decreasing correlation strength in the
order R = CH, (8”-I)-CHFCF, (B8”-MI)-CH,CF, (8”-SC)-CHF
(B"-M).

Figure 1 illustrates the anion structure [see Figs. 4(a) and
4(b) for the complete crystal structure] and the correspond-
ing positions in the phase diagram of 1/4-filled materials
subject to strong electronic interactions [8,12-16]. Table I
lists the basic transport and structural characteristics of the
B”-(BEDT-TTF),SFsRSO; series. -1 is known to remain
insulating up to room temperature, while 8”-MI undergoes a
metal-insulator transition at 170 K [15]. 8”-M and B”-SC are
metallic at all temperatures, with 8”-SC showing pronounced
charge fluctuations and eventually entering the superconduct-
ing state [13].

The unit-cell volumes V¢ are rather different due to the
distinct length of alkyl groups R (cf. Fig. 1): since CH;
and CHF are only about half the size of CHFCF, and
CH,CF,, Viyc is significantly smaller for the former two salts.
Within each pair of compounds of similarly sized anions,

TABLE 1. Metal-insulator transition temperature Tco for the
B”-(BEDT-TTF),SFsRSO; compounds with a charge-ordered
ground state; 7, denotes a superconducting transition temperature.
The unit cell volume Vyc and interlayer separation d; (at 7 = 300
K), as well as the charge disproportionation 26 determined from the
atomic distances within the BEDT-TTF molecule [17] do not exhibit
a monotonous trend [15,16].

B-1 B’-MI B’-SC B'-M
R CH, CHFCF, CH,CF, CHF
Teo (K) >300 170 - -
7. (K) - - 55 -
Vie (AY) 1742.45 1841.9 1835.5 1761.55
d, (A) 17.30 17.35 17.11 17.18
25 (e) 0.2 0.10 0.14 0.06
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FIG. 2. (a), (b) In-plane dc resistivity of B”-(BEDT-TTF),
SFsRSO; as a function of temperature. 8”-1 shows an insulating
behavior at high temperatures, in accord with Ref. [15]; below
70 K, the resistance decreases toward 7" = 0. Cooling through the
charge-order transition 7o = 170 K, the metallic behavior of 8”-MI
changes to an insulating one; but only below 90 K a strong increase
of p(T) is observed. B”-SC and B”-M show metallic properties; the
former compound becomes superconducting below 7. = 5.5 K (data
taken from Ref. [13]). (c) The transport gap Aco extracted from the
Arrhenius plot is of the order of 10° K for both 8”-1 and B”-MI,
but with distinct temperature dependence. Note the measurement
directions along different crystal axes, yielding distinct absolute
values of the resistivity [18].

the charge disproportionation 28 determined according to the
Guionneau-Day equation [17] gets smaller as the unit-cell
volume increases. The trend of 2§, however, does not simply
follow the order suggested by Girlando et al. [14] illustrated
in the phase diagram of Fig. 1. This may be explained by the
inaccuracy of the Guionneau-Day method [15]. Note that the
interlayer separation d; is significantly shorter for the two
metallic systems. Hence, the wave-function overlap between
the planes is smaller for 8”-1 and 8”-MI, which pronounces
the two-dimensionality and nominally reduces the bandwidth;
as a result, correlations V/W are—as we will later see—
stronger for the insulating compounds. On the other hand,
the anions are not located between the individual BEDT-TTF
molecules, but directly above and below them [cf. Figs. 4(a)
and 4(b)]; correspondingly, the anion-BEDT-TTF separation
is reduced.

As a first characterization, we discuss the transport and
magnetic properties of the 8”-(BEDT-TTF),SFsRSO; family.
Figure 2(a) displays the temperature dependence of the dc
resistivity on a semilogarithmic scale; the data of 8”-SC and
B”-M are taken from Ref. [13]. The behaviors of B”-I and
B”-MI agree well with previous reports [15] in the range
T > 77 K. B”-1 is first insulating when cooled down with
no obvious transition; in the range 100-200 K we extract a
transport gap A of approximately 10° K [Fig. 2(c)]. Below
T =70 K, a more metallic behavior is observed with some
hysteresis between heating and cooling runs indicating possi-
ble structural modifications. 8”-MI shows metallic properties
above Tgcp = 170 K; at lower temperatures, it becomes insu-
lating with a pronounced enhancement of the resistivity below
90 K [18].
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FIG. 3. The spin susceptibility of g”-MI, B”-SC, and S”"-M
was measured by SQUID magnetometry at a field of 0.1 T. A
constant was added to account for the diamagnetic background yp.
The SQUID data (right scale) match well with the electron-spin
resonance (ESR) data from Refs. [15,19] (left scale). 8”-MI shows
a pronounced drop of spin susceptibility when charge order sets
in below To = 170 K. . basically vanishes at low temperatures,
indicating spin pairing in the insulating state. The other two com-
pounds remain metallic down to lowest temperatures and show a
nonvanishing spin susceptibility arising from Pauli paramagnetism.
Xel decreases continuously upon cooling.

In addition to electronic transport, we measured the mag-
netic susceptibility in a SQUID magnetometer at B = 0.1 T.
Figure 3 compares x.(7) (after subtraction of the constant
diamagnetic contribution) for 8”-MI, 8”-SC, and 8”-M with
the spin susceptibility obtained by electron spin resonance
experiments [15,19], the latter being normalized to room
temperature. The magnetic field direction was chosen ap-
proximately perpendicular to the conducting layers with an
accuracy +15°. In the normal state, the spin susceptibility
is positive due to Pauli paramagnetism. The two metallic
compounds show a smooth decrease of x.(7) by a factor of 2
from 7 = 300 K down to low temperatures; it remains more
or less constant below 50 K [15,19], indicative of a correlated
metallic state.

The spin susceptibility of 8”-MI is constant above Tco =
170 K, reflecting the metallic properties seen in the transport
data. In the charge-ordered state, however, x.(7") drops sig-
nificantly until it has basically vanished below 80 K, which co-
incides with the enhanced increase of resistivity. Considering
a stripelike arrangement of charge-poor and -rich molecules
along the crystallographic a direction [15], we suggest that an
antiferromagnetic spin arrangement sets in below T¢o due to
increased exchange interaction along the stacks.

III. RESULTS

The focus of our paper is broadband in- and out-of-
plane optical experiments on 8”-1 and B”-MI to determine
the charge disproportionation and pattern, as well as the
strength of electronic interactions. The strongly anisotropic
optical response of these materials is illustrated in Fig. 4,
where the room-temperature reflectivity and the correspond-
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FIG. 4. (a) Crystal structure of 8”-(BEDT-TTF),SFsRSO; with
all-organic anions (here R = CH,CF,) separating the conducting
planes. (b) The characteristic 8”-arrangement within the BEDT-TTF
layers yields stacks along the a direction; the largest transfer integrals
are perpendicular to them, close to the b axis. Accordingly, the main
low-energy absorption is found for E || b in the optical reflectivity
and conductivity of B”-MI (c), (e) and 8”-I (d), (f), both of which
show very similar properties and anisotropy as the metallic sibling
compounds B”-SC and B”-M [13].

ing conductivity are plotted for all three optical axes, which
are indicated in the crystal structure of Figs. 4(a) and 4(b).
The overall spectra of both compounds are rather similar to
B”-SC and B”-M [12,13]. The conductivity is largest along the
crystallographic b direction with a plasma edge around 6000—
7000 cm~'. For the second in-plane polarization (E || a) the
optical response is also metallic but the plasma frequency
significantly lower, w, ~ 3000-4000 cm™~! [20] Note, for 8-
MI, the polarization denoted E L b in Ref. [48] corresponds
to the crystallographic ¢ direction rather than the in-plane
component E || a. Perpendicular to the conducting planes
(E || ¢), the insulating behavior leads to a flat overall reflec-
tivity; the optical conductivity below 2000 cm~! is dominated
by numerous sharp molecular vibration modes.

A. Charge order revealed by molecular vibrations

For determining the molecular charge locally, vibrational
spectroscopy has been established as the superior method
in the field of organic charge-transfer salts [14,21,22]. In
particular, we investigate the fully symmetric charge-sensitive
vy7(by,) vibration of the BEDT-TTF molecule around 1400
1500 cm™! that is best detected for light polarized out-of-
plane. In Fig. 5(a), the optical conductivity of the fully insulat-
ing compound B”-1is plotted over a broad range; the particular
spectral range of the v,7; mode is enlarged in Fig. 5(b). Already
at room temperature, two peaks are identified corresponding
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FIG. 5. The out-of-plane (E | c¢) optical conductivity of B”-I
(a) and B”-MI (c) is dominated by molecular vibrations on a neg-
ligibly small electronic background. The temperature evolution is
illustrated by selected temperature values. (b) The charge-sensitive
vy7(by,) mode of B”-1 shows two main peaks at 1428 and 1495 cm™!
and a weak satellite at 1467 cm™'. The splitting corresponds to a
charge disproportionation of 26 = 0.46¢ at T = 5 K. While the peak
separation does not change much with temperature, the main features
split up into doublets below 100 K, as illustrated by the arrows.
(d) For B”-MI, there are two main peaks at 1445 and 1486 cm™!,
corresponding to 26 = 0.29¢ at 5 K, which are already present at
room temperature. They narrow significantly in the charge-ordered
state below Tco = 180 K. When cooled below 120 K, the satel-
lite around 1470 cm™' splits into two peaks. The modes around
1410 cm™! correspond to ethylene end group vibrations involving
hydrogen atoms. The data in (b) and (d) are vertically offset for
clarity reasons.

to inequivalent BEDT-TTF site charges. The frequency sep-
aration is slightly reduced upon cooling with 26 = 0.46¢ at
T = 5 K. Most important, however, is the additional splitting
that occurs below 100 K; at these temperatures another, minor
mode appears around 1466 cm~!. According to Ref. [14], this
represents a pretty small amount of BEDT-TTF*%, and we
relate this feature to the onset of metallicity below 100 K, as
presented in Fig. 2; the weak intensity implies a negligibly
small fraction of normally charged BEDT-TTF. This obser-
vation is strongly affirmed by the additional splitting of the
peaks at 1430 and 1495 cm~! that occurs at low temperatures.
We conclude a small, but noticeable reorganization of charge
leading to a superstructure, likely a doubling of the unit
cell. The general charge pattern, however, should resemble
the high-temperature situation, i.e., the sites remain in their
original charge-poor/-rich state with a slight modification
+Ap causing a shift on the order of 2 cm™'.

Although the mode v,7(by,) provides the most accurate
estimate of the molecular charge by infrared spectroscopy due
to its close-to-linear frequency-charge relation to the BEDT-
TTF site charge [21], we concomitantly inspected several
features in the far-infrared range that also prove the distinct
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FIG. 6. In the far-infrared spectral range, the insulating salt
B"-1 reveals the charge-sensitive vs4(by,) mode, which exhibits a
structure very similar to the v,; mode. The separation of the two
main peaks is approximately 15 cm™', corresponding to a charge
disproportionation of 2§ = 0.78e at low temperatures. The data are
vertically shifted with respect to each other.

ionicities of BEDT-TTF molecules in B8”-1. The vibration
around 500-530 cm~! plotted in Fig. 6 is assigned to the
v34(by,) mode and shows a very similar structure as the vy;
vibration. The two main peaks are separated by approximately
15 cm~!; based on the frequencies of neutral BEDT-TTF and
its monovalent cation listed in Ref. [14] (there denoted as v3y),
the corresponding charge disproportionation at 7 =5 K is
estimated to 256 = 0.78e. We note that possible nonlinearities
of v34(p) may result in an overestimation of 28 in g”-1.

For comparison, in Figs. 5(c) and 5(d), the out-of-plane
(E || ¢) response of B”-MI is presented, which exhibits a
phase transition around 170 K. The metal-insulator transition
is nicely revealed in the temperature dependence of the vy;
vibration, where two distinct peaks at 1445 and 1486 cm™!
evolve below Tco; they can be identified up to room temper-
ature, but become sharp only when the charges are localized
in the insulating state. The splitting of 41 cm™! at T =5 K
corresponds to 2§ = 0.29¢. Two minor features appear at
low temperatures, located around the frequency of BEDT-
TTF*%3, where the one at 1465 cm~! bears significantly more
spectral weight than the intermediate peak in B8”-I discussed
with respect to Fig. 5(b). Since 8”-Ml is strongly insulating at
low temperatures, it becomes clear that the bare occurrence
of a BEDT-TTF**3 mode does not allow us to conclude
on a metallic behavior. Therefore, we do not consider these
intermediate features with small intensity in the following.
Note that the vibrations around 1410 cm~' are related to
the ethylene endgroups—the involvement of hydrogen atoms
was evidenced by comparing the out-of-plane infrared spectra
of B”-SC and its deuterated analog [11]. The assignment is
confirmed by the fact that this feature at 1410 cm~! does not
change position; in contrast to the v,7 mode, which exhibits
pronounced shifts between the different compounds as well
as upon cooling.
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FIG. 7. Temperature evolution of the charge-sensitive mode v,7(by,) compared (a) for the insulating salt 8”-I, (b) for 8”-MI, (c) for the
superconductor 8”-SC, and (d) for the all-metallic compound B”-M. The data for the latter two compounds are reproduced from Ref. [12].
While 8”-M shows only one sizable feature (possibly consisting of two broad modes very close to each other) at all temperatures, the modes
of the other compounds significantly narrow and split when the temperature decreases. (¢) The modes are compared on a common scale for
the lowest temperature [11], with the solid squares indicating the average peak position (Vi + Vmin)/2; the vertical magenta line indicates
the position of the BEDT-TTF®° molecule reported in the literature [14,22]. In the case of B”-M, we give only an upper bound of the peak
separation. Apparently, the features become narrower and more intense as the charge disproportionation is enhanced. The data are vertically
shifted. (f) Temperature dependence of the v,; resonance frequencies determined by fitting the modes in panels (a)-(d). One can nicely see
that the peaks split more or less symmetrically around the 0.5¢ position located at 1460-1470 cm~!. While initially most of the modes show
blueshifts upon cooling, the general structure remains basically constant below 7 = 100 K. The small open symbols denote satellite peaks. (g)
Molecular charge separation 25(7") as a function of temperature; the amount of charge disproportionation is significantly reduced among the
compounds in the order B”-1-B"-MI-B"-SC—B"-M. We ascribe this to decreasing intersite Coulomb repulsion and correlation effects in the
B”-(BEDT-TTF),SFsRSO; series. Solid, dashed lines are guides to the eye.

Observing significant differences of ionicity between the
molecular sites constitutes direct evidence for the charge-
ordered nature of the insulating state in B”-1 and in B”-
MI. In Fig. 7, the temperature-dependent vp7 spectra of all
four 8”-(BEDT-TTF),SF5RSO; compounds are summarized,
including previously obtained results [12]. In all cases, the
vibrational features get more pronounced and sharpen as the
temperature is reduced, as reproduced in Figs. 7(a)-7(d).
Hence we focus on the 5 K spectra and combine them
in Fig. 7(e) for comparison. The charge disproportionation
continuously decreases when going from the insulating 8”-I
(286 = 0.46¢ for T = 5 K) via 8”-MI (286 = 0.29¢) and B”-SC
(26 = 0.15¢) to the metallic compound B8”-M (28 < 0.06e at
the lowest temperature). Following the suggestion of Girlando
et al. [14], this order corresponds to the strength of effective
inter-site correlations, summarized in the phase diagram (cf.
Fig. 1). A similar relation between 25 and the strength of elec-
tronic correlations V/W was reported for the charge-ordered
phase in the quasi one-dimensional Fabre salts (TMTTF),X
[23,24]. In general, the intensity of the individual modes
increases with hole density, i.e., toward lower frequencies;
these observations are in excellent agreement with quantum
chemical calculations [14]. As the charge imbalance 2§ be-
comes smaller when going from 8”-1 to 8”-M, we observe a
significant broadening of the vibrational peaks. This reflects
the close link between the amount of redistributed charge
and the charge localization and fluctuation strength. It was
proposed [14] that fluctuating (broad modes) and localized

(separated sharp peaks) charges coexist in 8”-SC; conversely,
the absence of broad features in the low-temperature v,;
spectra of the insulating 8”-1 and B8”-MI compounds is fully
in line with these arguments.

For a quantitative comparison, the v,7 resonance frequen-
cies and the corresponding charge disproportionation are
plotted in Figs. 7(f) and 7(g) as a function of temperature.
For B”-1 and B”-MI, the two main peaks are split more
or less symmetrically around the BEDT-TTF %3 position at
1468 cm~!. For completeness reasons, also the minor features
are plotted as small, empty symbols. In Fig. 7(g), we can
see that in all four 8”-(BEDT-TTF),SFsRSO3 compounds the
temperature dependence of 24 is rather weak. The intensity of
the vibrational features strongly increases upon cooling, but
the charge disproportionation remains basically unaffected, it
might even decrease for the insulating compounds.

B. Broadband response: Electronic excitations
and charge pattern

Now we turn to the in-plane electrodynamic response of
B”-(BEDT-TTF),SFsRSO3, which yields valuable informa-
tion on the interaction strength and correlations. The opti-
cal conductivity maps the electronic transitions between the
Hubbard bands; thus the shape of o(w) reflects the band
structure. If we assume a single-band, 1/2-filled Mott insu-
lator, the lower and upper Hubbard bands both will have the
bandwidth W and will be shifted by U [25,26]. The electronic
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FIG. 8. Different charge patterns in f”-MI and B”-1 as inferred
from optical spectroscopy results. While for 8”-MI the charge-poor
and -rich molecules arrange in stripes along the a axis, in g”-I a
checkerboard pattern is observed. In the latter case, excitations along
both in-plane axes occur between charge-poor and -rich molecules
and cost the energy V, and V,, which are almost identical. In 8”-MI,
such excitations appear only for E || b whereas transitions between
charge-rich sites along the a axis create double occupancies with
an additional on-site penalty U, shifting the Mott-Hubbard band to
higher energy.

excitations are symmetric and produce a broad absorption
feature in the optical properties centered at U with a width
of 2W [9]. On the other hand, 3/4-filled systems are prone
to CO when the intersite Coulomb repulsion V is sufficiently
strong. The upper Hubbard band consists of unoccupied states
with a weight of 1/4 of the original band and the lower
Hubbard band constitutes 3/4 of the electronic states; hence
the corresponding transitions are not symmetric, at least on
the high-energy wing of the band.

In Fig. 8, we contrast the low-temperature spectra of
B”-1 and B”-MI for both polarizations and sketch the re-
spective charge pattern with the corresponding transitions.
We associate the distinct optical excitations with specific
charge arrangements in the two materials. In the former
compound, we see the charge-rich A (p =0.54§) and
charge-poor B (0.5 — §) sites arranged along —a + b, i.e.,
diagonal direction, in accord with Ref. [15]. For the other
three B”-(BEDT-TTF),SF5RSO3 compounds, including B”-
MI shown here, the stripes form parallel to the a axis.

The checkerboard arrangement observed for 8”-1 implies
that the charge-poor and -rich molecules alternate along both
the a and b axes. Hence, nearest-neighbor excitations always
move a charge from an occupied to an empty site which incurs
an additional intersite Coulomb energy V [27]. The situation
is different for the stripelike pattern found in 8”-MI, which—
in the limit of 26 = le—would correspond to alternating
one-dimensional arrays of completely occupied and empty
sites, the former of which constitute effectively 1/2-filled
chains while the latter are unoccupied. Thus, transitions for
E || a can be treated like for 1/2-filled Mott insulators. As the
charge is excited among charge-rich molecules, the intersite
repulsion V, is reduced on the expense of the on-site Coulomb
energy U due to creation of a double occupancy. Since
U > V;, the corresponding Mott-Hubbard band peaks at
higher frequencies. On the other hand, excitations perpen-
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FIG. 9. Broadband optical conductivity of 8”-I and 8”-MI mea-
sured for different temperatures along the two main polarizations,
E |l a and E || b. (a), (b) For both directions, B”-1 exhibits a pro-
nounced Mott-Hubbard band with increasing intensity upon cooling.
The strong upturn of conductivity in the far infrared at low temper-
atures indicates a narrow Drude contribution. (c), (d) The in-plane
optical response of B”-MI is strongly anisotropic. For E || a, the
Mott-Hubbard band is centered between 2000-3000 cm~'. Along
the b direction, it peaks around 1000 cm~! and acquires a strongly
asymmetric shape.

dicular to a (E || b) move an electron from a charge-rich to
a charge-poor site, reducing the intrastripe repulsion to the
nearest neighbors in ta direction at the cost of the interstripe
repulsion. As a result, the excitation energy V} is significantly
lower because the reduced repulsion along a is of comparable
order of magnitude as the increase along b direction [27]. The
stripe pattern suggests an enhanced one-dimensional coupling
of the spins on the charge-rich sites, similar to the itinerant
exchange mechanism in a 1/2-filled Mott insulator, which
may be the reason for the vanishing spin susceptibility below
the phase transition in 8”-MI, displayed in Fig. 3. As noted be-
fore, these considerations apply to the extreme case 25 = le;
for smaller charge disproportionation, each transition involves
a finite on-site Coulomb repulsion Un;n; because n; # 0 even
on the charge-poor sites. However, such an on-site term does
not introduce anisotropy to the checkerboard pattern of 8”-1
since the amount of charge on the nearest-neighbor sites along
a and b is identical. The slight difference in band shapes
among the two in-plane polarizations may be related to the
splitting of the vy; mode below 7' = 100 K, yielding minor
differences for excitations parallel to a as compared to the
b axis.

Figures 9(a) and 9(b) display the in-plane optical prop-
erties of B”-I recorded at various temperatures. The spectra
in the midinfrared range agree well with previous studies
[28]. For both polarizations within the conducting plane, the
overall intensity of the Mott-Hubbard band increases upon
cooling with an optical gap around 900 cm~! (Fig. 10); this
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FIG. 10. Low-temperature optical conductivity of 8”-MI and 8”-
I (insets) for the two polarizations within the highly conducting
plane, E || @ and b. From the maxima of the bands, the respective
Coulomb interaction can be extracted, as indicated; see text and
Fig. 8 for details. The linear extrapolations of the low-frequency
edge are used to determine the Mott-Hubbard gaps A; (i = a, b),
indicated by the dashed magenta lines. The bandwidth W is estimated
at half maximum. At 100 K < 7' < 150 K, the transport gap size [cf.
Fig. 2(c)] coincides with the low-temperature optical results. Insets:
Although shape and intensities of the bands are not identical, the
bandwidth, gap size, and Coulomb repulsion are similar for the two
in-plane polarizations of 8”-I, indicating almost isotropic conduction
properties.

is in fair agreement with the activation energy Aco obtained
from transport measurements, shown in Fig. 2. In addition,
a narrow, weak Drude-like contribution appears below 7' =
100 K, corresponding to the metallic behavior observed by
low-temperature transport measurements on the very same
specimen.

The situation is different for B”-MI, which exhibits
strongly anisotropic electronic properties, as shown in
Figs. 9(c) and 9(d). In particular for E || a, we observe a
rapid change in conductivity around 170 K when the ma-
terial becomes insulating; a pronounced gap opens for both
polarizations and the spectral weight shifts to higher ener-
gies intensifying the Mott-Hubbard band. The overall gap
size and Coulomb repulsion are larger for E || a. As seen
in the magnified presentation of Fig. 10, in this direction
the electronic excitations are centered around 2600 cm™!
and the gap is estimated somewhere above 1000 cm™!, with
some uncertainty due to the strong vibrational features [29].
While appearing as positive peaks around 1300 cm~' along
a, these molecular vibrations show up as pronounced dips
for E || b because of strong electron-molecular vibrational
coupling to the large electronic background in the same
frequency range. On the other hand, the Mott-Hubbard tran-
sition peaks around 1000 cm~!, and the sharp band edge
below 500 cm™! shows good agreement with the transport
data. We also determine the bandwidth W as the half width
at half maximum, which is larger for the a axis. Since
the interaction is stronger along this crystallographic direc-

tion, however, electronic correlations are less pronounced
for E || b.

C. Experimental phase diagram of charge order

Our present investigations combined with previous stud-
ies [12-14,28] provide a solid basis for the overall
understanding of the microscopic charge arrangement in
the 8”-phase BEDT-TTF salts. The optical spectra of all
B"-(BEDT-TTF),SFsRSO; compounds recorded in both in-
plane polarizations are summarized in Fig. 11. The overall
shape is rather similar and in general the intensity is larger for
the polarization E || b; this indicates that for all compounds,
the spectral features have a common origin, namely excita-
tions between charge-poor and charge-rich sites. It is interest-
ing to note that 8”-SC exhibits a well-defined Mott-Hubbard
band only for E || b—very similar to S”-MI; it occurs at
lower frequency, however, in accord with the smaller charge
disproportionation 2§. The transition along the a direction
appears at higher energy and it is much broader in 8”-SC than
for B”-MI, reflecting the larger bandwidth.

For the direction E || a, a quantitative comparison between
the materials is not straightforward because the charge pat-
terns are different and there is a rather dominant metallic
background for 8”-SC and 8”-M, which inhibits separation
and unambiguous identification of the Mott-Hubbard bands
[30]. Along the b axis, however, the spectral features of all
compounds correspond to electronic excitations from charge-
poor to charge-rich sites and thus are related to the intersite
Coulomb energy V. As shown in the inset of Fig. 11(b),
the interaction strength is largest for 8”-1 and decreases to
B”-MI and B”-SC; within the error bars V is comparable,
or slightly larger for 8”-M than for 8”-SC. By extracting
the band parameters V and W from the Mott-Hubbard bands
following Fig. 10, we find that the charge disproportionation
2§ follows V and V/W in a monotonous fashion, which is
shown in Figs. 11(c) and 11(d). This corroborates the main
assumption that CO in these compounds is driven mainly by
intersite Coulomb repulsion and can be treated in terms of the
extended Hubbard model. The fact that the order parameter 2§
is suppressed with decreasing correlation strength V/W pro-
vides conclusive evidence that the underlying physics is satis-
factorily described by bandwidth tuning, advancing the phase
diagram of charge-ordered systems to a solid framework—
similar as for Mott insulators at 1/2-filling [9]. To summarize
our endeavour, we assembled a quantitative phase diagram
(Fig. 12) based on the experimental findings (28, V/W) of this
work. We thus provide evidence that the charge-ordered phase
truly is the result of intersite Coulomb interactions and su-
perconductivity emerges right at the verge between metal and
insulator, classifying the 8”-(BEDT-TTF),SFsRSOj series as
a paradigmatic correlated electron system at 1/4 filling.

IV. DISCUSSION

The extensive comparison of four different molecular con-
ductors driven by the same physics enables us to investigate
the charge-ordering phenomenon in detail. It appears from
Figs. 7(f) and 7(g) that the charge disproportionation does
not exhibit a pronounced temperature dependence for any
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FIG. 11. In-plane optical conductivity of the four 8”-(BEDT-TTF),SFsRSO; compounds, 8”-I, 8”-MI, ”-SC, and 8”-M, obtained at the
lowest temperatures for (a) E || a and (b) E || b. The inset points out the excitation energy for transitions between charge-poor and -rich sites;
the intersite Coulomb interaction V decreases in the fashion g”-I-8”-MI-B"-SC. (c), (d) The charge disproportionation 2§ increases with V
and V/W in accord with the extended Hubbard model (cf. Fig. 1 and Ref. [14]). The interaction parameters V, W in (d) were determined

according to Fig. 10.

member of the 8”-(BEDT-TTF),SFsRSO; family—28 even
remains unchanged as 8”-MI crosses Tco. This is strikingly
different compared to electronic CO in quasi one-dimensional
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FIG. 12. The results on the charge disproportionation 25 and the
electronic correlation strength V/W (Figs. 7 and 11) are combined to
a quantitative phase diagram. The 8”-(BEDT-TTF),SFsRSOj; series
thus truly realizes a paradigmatic correlated electron system at 1/4
filling with a superconducting state emerging between metal and in-
sulator [8], validating the suggestions of Girlando and collaborators
[14].

(TMTTF),X where the order parameter increases in a second-
order, mean-field fashion below Tcq [23,24,31]. The behavior
of B”-(BEDT-TTF),SFsRSOj3 also differs from the paradig-
matic CO material «-(BEDT-TTF),I3, where the molecular
charge varies abruptly at the metal-insulator transition [32,33]
and reveals a clear first-order transition with phase coexis-
tence [34]. Moreover, the absence of temperature dependence
of 26 and its decoupling from the general conduction prop-
erties through the phase transition may point to an external
origin, for instance like anion ordering in (TMTTF),X [24].

A close look on the average charge per molecule yields ion-
icities around %(prich + Ppoor) X +0.55¢, slightly larger than
po = +0.5¢, but no clear trend is found in relation to 26, V,
and V/W of the four compounds under study. Neglecting -1
for the moment, which has a different charge pattern, there is a
tendency of increasing “doping” away from pq as the metallic
state is approached in the sequence B8”-MI-8"-SC-"-M. A
combined effect of correlations and doping on superconduc-
tivity in B”-SC seems possible—a consideration that was
already applied toward 6-(BEDT-TTF),I5 [35]. Deviations
from 1/4 filling were also suggested by calculations based on
the structure, yet toward less positively charged donors p <
po [36]. We have to stress here, however, that the resonance
frequency of the BEDT-TTF v,; mode deviates from +0.5 e
in many related materials [37—40], which may be a result of
structural properties rather than doping—in particular for the
moderate (5-10 cm™") frequency shifts observed in our case.
Further low-temperature studies on the ground state, e.g., by
magnetic resonance, Hall effect, or dielectric spectroscopy,
may elucidate the origin of CO in the materials studied here,
and a possible doping effect.

Let us finally comment on the small, but noticeable re-
duction of 28 in B”-1 upon cooling that—together with the
splitting of the v,; mode—seemingly coincides with the
emerging metallicity at low temperatures. Although we also
observe enhanced conductivity in our dc transport (Fig. 2)
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and low-frequency optical [Figs. 9(a) and 9(b) results, we can
only speculate about the origin. One possibility for the drop
of resistivity are impurities such as BEDT-TTF+%°—indeed,
there is a minor feature close to the resonance frequency for
po = 0.5, which seems unrelated to the main peaks. A small
number of free carriers is in accord with the low plasma
frequency and marginal spectral weight of the metallic-like
low-energy and dc response. On the other hand, the slow
increase of resistivity in 8”-1 upon cooling may be related
to additional doped charge carriers, which undergo a Kondo-
like transition below 70 K. Apart from that, the pronounced
thermal hysteresis in p(7) suggests an involvement of the
structural degrees of freedom in the conduction properties.
Since the overall electrodynamic response is dominated by the
Hubbard bands, however, the relevant physics in -1 is that
of an insulator, legitimating the position of this compound on
the strongly correlated side of the phase diagram (Fig. 12).
After all, the charge excitations in 8”-(BEDT-TTF),SFsRSO3
provide a clear picture in the sense of Mott-Hubbard physics at
1/4 filling, irrespective of the origin of the repulsive Coulomb
interaction that triggers CO.

It might be worth going back to the family of o-(BEDT-
TTF),MHg(SCN), salts with M = TI, Rb, K, and NHy,
which also exhibit density waves, CO, and superconductivity
[41-45]. Maybe the 1/4-filled compounds can be summarized
in a generic phase diagram, similar to the 1/2-filled Mott
systems [9].

V. CONCLUSION

Here we could establish the phase diagram of
B’-(BEDT-TTF),SFsRSO; in accord with previous
suggestions [8,14] from our comprehensive dc transport,
magnetic, and, especially, optical experiments. In particular,
we quantitatively evaluate the 1/4-filled compounds on basis
of their electronic correlation strength: V/W decreases
in the order R = CH,-CHFCF,-CH,CF,—CHF. The
two-dimensional nature as well as the metallic and insulating

properties of the electronic systems are revealed from the
anisotropic electrodynamic response. Employing vibrational
spectroscopy, we distinguish different site charges py =+ &
associated with the charge-ordered nature of the insulating
states in these materials with effectively 1/4-filled bands. The
charge disproportionation 24 increases with larger Coulomb
repulsion V and correlation strength V/W, similar to the
well-understood (TMTTF),X [23,24], providing evidence
for Mott-Hubbard physics as the decisive mechanism for
electrodynamics. From the polarization-dependent peak
position of the broadband infrared absorption, mapping the
electronic transitions between lower and upper Hubbard
bands, we can directly examine the specific charge pattern
within the BEDT-TTF planes. In particular, the electronic
excitations are strongly anisotropic for R = CHFCF, and
CH,CF,, implying a stripelike arrangement of charge-poor
and charge-rich molecules along the crystallographic a
direction, in excellent agreement with our SQUID data
(cf. Fig. 3) and the structural properties [15]. Therefore,
our results confirm that these four materials can be
summarized in a common phase diagram in the order
B"-1-p"-MI-B"-SC-"-M  for  decreasing electronic
interactions and charge disproportionation. This consistent
picture substantiates the notion that superconductivity in
B”-SC is driven by charge fluctuations [8,11,13] as a result of
strong electronic correlations.
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