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Experimentally we establish the quantitative phase diagram of 1/4-filled B”-(BEDT-
TTF)2SFs RSO3 with a tendency towards 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 CH2CF2 and CHFCF3 towards CHa2, a finite charge
disproportionation appears and grows up to 26 = 0.5e, as evidenced by charge-sensitive molec-
ular vibrations. This is accompanied by an increase of electronic correlation strength, i.e. the
inter-site 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 =CHs
(checkerboard-type) as compared to the other compounds (stripe-like). Our results validate theo-
retical predictions for 1/4-filled systems, substantiating the importance of charge fluctuations for

unconventional superconductivity at the verge between metal and insulator.

PACS numbers: 74.70.Kn, 71.30.+h, 75.25.Dk, 74.25.Gz

I. INTRODUCTION

Partial filling of electronic bands commonly features
metallic charge transport and is well-described by the
tight-binding model!2. For sufficiently small bandwidth,
however, 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 inter-site Coulomb repulsion V' gives
rise to a charge-ordered ground state described in terms
of the extended Hubbard model®. In both cases, super-
conductivity is found at the verge of metal and insula-
tor?, indicating that Cooper pairing is mediated by the
associated low-energy excitations. While in many corre-
lated systems, such as heavy-fermion compounds®, iron
pnictides® and high-T, cuprates’, spin fluctuations are
considered as the driving mechanism, dynamical mean-
field theory suggested that also pure charge fluctuations
may stabilize unconventional superconductivity®. Since
both scenarios seem possible, or even intertwined, at 1,/2
filling — latest results revealed the importance of metal-
lic quantum fluctuations in the genuine Mott state near
the Mott metal-insulator transition®!0 — 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 case of a 1010 charge distri-
bution. Hence, 1/4-filled materials are ideally suited to
study pure charge fluctuations as the lowest energy ex-
citations, and their effect on superconductivity. Very re-
cently, we could establish the coexistence of charge or-
der (CO) and superconductivity in 8”-(BEDT-TTF)o-
SF5CH,CF2S031!.

In this work we investigate 1/4-filled organic charge-
transfer salts of the (BEDT-TTF),X family with quasi

two-dimensional electronic properties by means of opti-
cal spectroscopy, dc transport and magnetic susceptibil-
ity (SQUID) measurements. Upon analyzing the opti-
cal properties of ”-(BEDT-TTF),SF5CH2SO3 (referred
to as #”-1) and p”-(BEDT-TTF).SF;CHFCF5S03 (5”-
MI), and comparing them with the results of 5”-(BEDT-
TTF)QSF5CH2CFQSO3 (ﬁ/I-SC) and /BI/-(BEDT—TTF)Q-
SF5CHFSO3 (B”-M)'214 a generalized phase diagram
of the ”-(BEDT-TTF)2SF5RSO;3 series is established
based on electronic correlations V/W as suggested by
Girlando et al.'*. While Kaiser et al. have studied the
effect of charge fluctuations on superconductivity'3, we
focus more on the static charge disproportionation lead-
ing to insulating ground states. We find that both the
charge disproportionation 2§ and transition temperature
Tco scale with inter-site Coulomb repulsion V.

II. MATERIALS AND CHARACTERIZATION

B"-(BEDT-TTF)2SF5;CH2SO5 and  [”-(BEDT-
TTF),SF;CHFCF2SO3 single crystals with dimensions
up to 2 x 2 x 0.5 mm?> were grown by electrochemical
methods'®>.  The optical reflectivity was measured
from as-grown surfaces for polarization along the three
main crystal axes in temperature and spectral ranges
of 5295 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 superconducting quantum interference
device (SQUID), the magnetization at a magnetic field
of 0.1 T was recorded as a function of temperature .

Fig. 1 illustrates the anion structure (see Fig. 4(a,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®!216. Table I
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FIG. 1. The anions X of the 8”/-(BEDT-TTF)2SF5 RSO3 se-
ries are placed at the tentative position in the phase diagram
of 1/4-filled Mott-Hubbard systems. Previous experimental
and theoretical investigations'? !¢ suggest decreasing correla-
tion strength in the order R = CH, (8”-1) — CHs (B8"-MI) —
CH: (8"”-SC) — CHz (B"-M).

lists the basic transport and structural characteristics of
the 8”-(BEDT-TTF)2SF5 RSO3 series. 8”-1 is known to
remain insulating up to room temperature, while 8”-MI
undergoes a metal-insulator transition at 170 K'®. g”-M
and 3”-SC are metallic at all temperatures; with 5”-SC
showing pronounced charge fluctuations and eventually
entering the superconducting state'3.

The unit-cell volumes Vi are rather different due to
the distinct length of alkyl groups R (cf. Fig. 1): since
CHs, and CHF are only about half the size of CHFCFo
and CHyCFq, Vyc is significantly smaller for the for-
mer two salts. Within each pair of compounds of simi-
larly sized anions, the charge disproportionation 2§ deter-

TABLE 1. Metal-insulator transition temperature Tco for
the 8”-(BEDT-TTF)2SF5 RSO3 compounds with a charge-
ordered ground state; 7. denotes a superconducting transi-
tion temperature. The unit cell volume Vyc and inter-layer
separation d; (at T' = 300 K), as well as the charge dispro-
portionation 2§ determined from the atomic distances within
the BEDT-TTF molecule!” do not exhibit a monotonous
trend 516,

6//_:[ ﬂ//_MI ﬂ//_SC /B”-M
R CHz CHFCF, CH»CF, CHF
Tco (K) > 300 170 - -

T. (K) - - 5.5 -
Voo (A®)| 1742.45  1841.9 1835.5  1761.55
dy (A) 17.30 17.35 17.11 17.18
25 (e) 0.2 0.10 0.14 0.06

mined according to the Guionneau-Day equation'” gets
smaller as the unit-cell volume increases. The trend of
26, however, does not simply follow the order suggested
by Girlando et al.'* illustrated in the phase diagram of
Fig. 1. This may be explained by the inaccuracy of the
Guionneau-Day method'®. Note, the inter-layer sepa-
ration d, is significantly shorter for the two metallic
systems. Hence, the wave function overlap between the
planes is smaller for 8”-I and 3”-MI, which pronounces
the two-dimensionality and nominally reduces the band-
width; 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 in-
dividual BEDT-TTF molecules, but directly above and
below them (cf. Fig. 4a,b); correspondingly the anion-
BEDT-TTF separation is reduced.

As a first characterization, we discuss the trans-
port and magnetic properties of the 5”-(BEDT-TTF),-
SF5 RSO3 family. Fig. 2(a) displays the temperature de-
pendence of the dc resistivity on a semi-logarithmic scale;
the data of 8”-SC and B”-M are taken from Ref. 13.
The behaviors of 5”-1 and S”-MI agree well with pre-
vious reports'® in the range T > 77 K. B”-I is first in-
sulating when cooled down with no obvious transition;
in the range 100-200 K we extract a transport gap A
of approximately 103 K (Fig. 2¢). Below T = 70 K a
more metallic behavior is observed with some hystere-
sis between heating and cooling runs indicating possible
structural modifications. 3”-MI shows metallic proper-
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FIG. 2. (a,b) In-plane dc resistivity of 8”-(BEDT-TTF),-
SF5RSO3 as a function of temperature. 3”-I shows an insu-
lating behaviour at high temperatures, in accord with Ref. 15;
below 70 K the resistance decreases towards 1" = 0. Cooling
through the charge-order transition Tco = 170 K the metallic
behavior of 3”-MI changes to an insulating one; but only be-
low 90 K a strong increase of p(T') is observed. 3”-SC and 3"-
M show metallic properties; the former compound becomes
superconducting below T. = 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 ”-I and B”-MI, but with
distinct temperature dependence. Note the measurement di-
rections along different crystal axes, yielding distinct absolute
values of the resistivity.®
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FIG. 3. The spin susceptibility of g”-MI, 8”’-SC and B"-M
was measured by SQUID magnetometry at a field of 0.1 T.
A constant was added to account for the diamagnetic back-
ground xp. The SQUID data (right scale) match well with
the electron-spin resonance (ESR) data from Refs. 15, and 19
(left scale). B"”-MI shows a pronounced drop of spin suscepti-
bility when charge order sets in below Tco = 170 K. x.; basi-
cally vanishes at low temperatures indicating spin pairing in
the insulating state. The other two compounds remain metal-
lic down to lowest temperatures and show a non-vanishing
spin susceptibility arising from Pauli paramagnetism. y.; de-
creases continuously upon cooling.

ties above Tco = 170 K; at lower temperatures it be-
comes insulating with a pronounced enhancement of the
resistivity below 90 K!8,

In addition to electronic transport, we measured the
magnetic susceptibility in a SQUID magnetometer at
B = 0.1 T. Fig. 3 compares X (T) (after subtraction
of the constant diamagnetic contribution) for 5”-MI, 5”-
SC and ”-M with the spin susceptibility obtained by
electron spin resonance experiments!®!?, the latter be-
ing normalized to room temperature. The magnetic field
direction was chosen approximately perpendicular to the
conducting layers with an accuracy £15°. In the normal
state, the spin susceptibility is positive due to Pauli para-
magnetism. The two metallic compounds show a smooth
decrease of x¢;(T) by a factor 2 from T' = 300 K down to
low temperatures; it remains more or less constant below
50 K519 indicative of a correlated metallic state.

The spin susceptibility of S”-MI is constant above
Tco = 170 K reflecting the metallic properties seen in
the transport data. In the charge-ordered state, how-
ever, X (1) drops significantly until it has basically van-
ished below 80 K, which coincides with the enhanced in-
crease of resistivity. Considering a stripe-like arrange-
ment of charge-poor and -rich molecules along the crys-
tallographic a-direction!®, we suggest that an antiferro-
magnetic spin arrangement sets in below Tco due to in-
creased exchange interaction along the stacks.
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FIG. 4. (a) Crystal structure of 8”-(BEDT-TTF)2SF5 RSO3
with all-organic anions (here R = CH2CF3) separating the
conducting planes. (b) The characteristic §”-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 8”/-MI (c,e) and 3”-1 (d,f), both of which show
very similar properties and anisotropy as the metallic sibling
compounds 3”-SC and ”-M*3.

III. RESULTS

The focus of our study are broadband in- and out-of-
plane optical experiments on ”-I and B”-MI in order
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 re-
flectivity and the corresponding conductivity are plotted
for all three optical axes, which are indicated in the crys-
tal structure of panels (a,b). The overall spectra of both
compounds are rather similar to 3”-SC and B”-M!2:13,
The conductivity is largest along the crystallographic b-
direction with a plasma edge around 60007000 cm™!.
For the second in-plane polarization (E || a) the optical
response is also metallic but the plasma frequency sig-
nificantly lower, w, ~ 3000-4000 cm~*.2° Perpendicular
to the conducting planes (F || ¢) the insulating behavior
leads to a flat overall reflectivity; the optical conductiv-
ity below 2000 cm~! is dominated by numerous sharp
molecular vibration modes.



A. Charge Order Revealed by Molecular
Vibrations

For determining the molecular charge locally, vibra-
tional spectroscopy has been established as the superior
method in the field of organic charge-transfer salts!421:22,
In particular we investigate the fully-symmetric charge-
sensitive va7(b1,,) vibration of the BEDT-TTF molecule
around 1400-1500cm ! that is best detected for light po-
larized out-of-plane. In Fig. 5(a) the optical conductiv-
ity of the fully insulating compound S3”-I is plotted over
a broad range; the particular spectral range of the vor
mode is enlarged in panel (b). Already at room temper-
ature two peaks are identified corresponding to inequiv-
alent BEDT-TTF site charges. The frequency separa-
tion is slightly reduced upon cooling with 2§ = 0.47e 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~'. Ac-
cording to Ref. 14, this represents a pretty small amount
of BEDT-TTF %5, and we relate this feature to the on-
set of metallicity below 100 K, as presented in Fig. 2; the
weak intensity implies a negligibly small fraction of nor-
mally charged BEDT-TTF. This observation 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 resem-
ble the high-temperature situation, i.e. the sites remain in
their original charge-poor/-rich state with a slight mod-

ification £Ap causing a shift on the order of 2 cm~1.

Although the mode vo7(by,,) provides the most accu-
rate estimate of the molecular charge by infrared spec-
troscopy due to its close-to-linear frequency-charge rela-
tion to the BEDT-TTF site charge®', we concomitantly
inspected several features in the far-infrared range that
also prove the distinct ionicities of BEDT-TTF molecules
in B”-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 o7 vibration. The two main
peaks are separated by approximately 15 cm™!; based
on the frequencies of neutral BEDT-TTF and its mono-
valent cation listed in Ref. 14 (there denoted as v31), the
corresponding charge disproportionation at 7' = 5 K is
estimated to 20 = 0.78¢. We note that possible non-
linearities of v34(p) may result in an overestimation of 26
in #”-I.

For comparison, in Fig. 5(c,d) the out-of-plane (E || ¢)
response of 3”-MI is presented, which exhibits a phase
transition around 170 K. The metal-insulator transition
is nicely revealed in the temperature dependence of the
Vo7 vibration, where two distinct peaks at 1445 and
1486 cm ™! evolve below Tco; they can be identified up
to room temperature, but become sharp only when the
charges are localized in the insulating state. The split-
ting of 41 cm™! at T = 5 K corresponds to 25 = 0.29.
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FIG. 5. The out-of-plane (F || ¢) optical conductivity of 3"-
I (a) and B”-MI (c) is dominated by molecular vibrations
on a negligibly small electronic background. The tempera-
ture evolution is illustrated by selected temperature values.
(b) The charge-sensitive v27(b1,) mode of 5”-1 shows two
main peaks at 1428 and 1495 cm ™' and a weak satellite at
1467 cm™'. The splitting corresponds to a charge dispropor-
tionation of 26 = 0.46e 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 ar-
rows. (d) For 8”-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 signifi-
cantly in the charge-ordered state below Tco = 180 K. When
cooled below 120 K, the satellite 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.

T T T T T
o __ s l p"-(BEDT-TTF),SF,CH,SO, Ellc 7
| — 30 "

140 | 50 (B"1) l 4
- 100
T 120 ——150
£
G 100 -
f, 80
]

~ 60

©

40

20

0 n " " n L
510 515 520 525 530 535

Frequency (cm™)

FIG. 6. In the far-infrared spectral range, the insulating salt
B"-1 reveals the charge-sensitive v34(b1,) mode, which ex-
hibits a structure very similar to the 27 mode. The separa-
tion of the two main peaks is approximately 15 cm ™' corre-
sponding to a charge disproportionation of 2§ = 0.78e at low
temperatures. The data are vertically shifted with respect to
each other.
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FIG. 7. Temperature evolution of the charge-sensitive mode va7(b1,) compared (a) for the insulating salt 8”-1, (b) for 8”-MI,
(c) for the superconductor 3”-SC and (d) for the all-metallic compound $”-M. The data for the latter two compounds are
reproduced from Ref. 12. While 3”-M shows only one sizeable 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.
(e) The modes are compared on a common scale for the lowest temperature, with the solid squares indicating the average
peak position (Vmax + Vmin)/2; the vertical magenta line indicates the position of the BEDT-TTF1%% molecule reported in the
literature'®?2. In the case of 8”/-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 vo7 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 0.5e position located at 1460 - 1470 cm ™. While initially most of the modes show
blue-shifts upon cooling, the general structure remains basically constant below 7" = 100 K. The small open symbols denote
satellite peaks. (g) Molecular charge separation 2§(7") as a function of temperature; the amount of charge disproportionation is
significantly reduced among the compounds in the order 5”-I — 8”-MI — 5”-SC — B8”"-M. We ascribe this to decreasing inter-site
Coulomb repulsion and correlation effects in the 8”-(BEDT-TTF)2SF5 RSO3 series. Solid, dashed lines are guides to the eye.

Two minor features appear at low temperatures, located and sharpen as the temperature is reduced, as repro-
around the frequency of BEDT-TTF10-% where the one duced in panels (a-d). Hence we focus on the 5 K spec-
at 1465 cm ™' bears significantly more spectral weight tra and combine them in Fig. 7(e) for comparison. The
than the intermediate peak in ”-1 discussed with re- charge disproportionation continuously decreases when
spect to Fig. 5 (b). Since 8”-MI is strongly insulating  going from the insulating 5”-1 (26 = 0.46¢e for T = 5 K)
at low temperatures, it becomes clear that the bare oc-  via 8”-MI (26 = 0.29¢) and ”-SC (2§ = 0.15¢) to
currence of a BEDT-TTF*%® mode does not allow us  the metallic compound B”-M (26 < 0.06e at the low-
to conclude on a metallic behavior. Therefore, we do est temperature). Following the suggestion of Girlando
not consider these intermediate features with small in- et al.'*, this order corresponds to the strength of effec-
tensity in the following. Note that the vibrations around tive inter-site correlations, summarized in the phase dia-
1410 cm~! are related to the ethylene endgroups — the gram (cf. Fig.1). A similar relation between 2§ and the
involvement of hydrogen atoms was evidenced by com- strength of electronic correlations V/W was reported for
paring the out-of-plane infrared spectra of 3”-SC and its the charge-ordered phase in the quasi one-dimensional
deuterated analogue''. The assignment is confirmed by Fabre salts (TMTTF), X 2%24. In general, the intensity
the fact that this feature at 1410 cm~' does not change of the individual modes increases with hole density, i.e.

position; in contrast to the 97 mode, which exhibits pro- towards lower frequencies; these observations are in ex-
nounced shifts between the different compounds as well cellent agreement with quantum chemical calculations'®.
as upon cooling. As the charge imbalance 20 becomes smaller when going

from S”-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 local-
ization and fluctuation strength. It was proposed* that
fluctuating (broad modes) and localized (separated sharp
peaks) charges coexist in 3”-SC; conversely, the absence
of broad features in the low-temperature vo7 spectra of

Observing significant differences of ionicity between
the molecular sites constitutes direct evidence for the
charge-ordered nature of the insulating state in 3”-I and
in 8”-MI. In Fig. 7 the temperature-dependent o7 spec-
tra of all four f”-(BEDT-TTF)2SF5RSO3 compounds
are summarized, including previously obtained results'2.
In all cases, the vibrational features get more pronounced



the insulating 3”-I and £”-MI compounds is fully in line
with these arguments.

For a quantitative comparison, the vo7 resonance fre-
quencies and the corresponding charge disproportiona-
tion are plotted in Fig. 7(f,g) as a function of tempera-
ture. For 8”-1 and 8”-MI the two main peaks are split
more or less symmetrically around the BEDT-TTF*05
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)»-
SF5 RSO3 compounds the temperature dependence of 26§
is rather weak. The intensity of the vibrational features
strongly increases upon cooling, but the charge dispro-
portionation 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 8”-(BEDT-TTF)2SF5 RSO3, which yields valuable in-
formation on the interaction strength and correlations.
The optical conductivity maps the electronic transitions
between the Hubbard bands; thus the shape of oy (w) re-
flects the band structure. If we assume a single-band,
1/2-filled Mott insulator, the lower and upper Hubbard
bands both will have the bandwidth W and will be shifted
by U?525. The electronic excitations are symmetric and
produce a broad absorption feature in the optical prop-
erties centered at U with a width of 2WW?. On the other
hand, 3/4-filled systems are prone to charge order when
the inter-site 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
respective charge pattern with the corresponding transi-
tions. 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 = 0.5+ )
and charge-poor B (0.5 — 0) sites arranged along —a + b,
i.e. diagonal direction, in accord with Ref. 15. For the
other three 8”-(BEDT-TTF),SF5 RSO3 compounds, in-
cluding ”-MI shown here, the stripes form parallel to
the a-axis.

The checkerboard arrangement observed for 8”-I im-
plies 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 inter-site Coulomb
energy V27, The situation is different for the stripe-like
pattern found in 8”7-MI, which — in the limit of 26 = 1e —
would correspond to alternating one-dimensional arrays
of completely occupied and empty sites, the former of
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FIG. 8. Different charge patterns in 8”-MI and B”-I as in-
ferred from optical spectroscopy results. While for 8”7-MI the
charge-poor and -rich molecules arrange in stripes along the
a-axis, in 3”-I a checkerboard pattern is observed. In the lat-
ter case, excitations along both in-plane axes occur between
charge-poor and -rich molecules and cost the energy V, and
V4, which are almost identical. In 8”-MI such excitations ap-
pear only for E || b whereas transitions between charge-rich
sites along the a-axis create double occupancies with an ad-
ditional on-site penalty U, shifting the Mott-Hubbard band
to higher energy.

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 inter-
site 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, excita-
tions perpendicular to a (E || b) move an electron from
a charge-rich to a charge-poor site, reducing the intra-
stripe repulsion to the nearest neighbors in 4+a direction
at the cost of the inter-stripe repulsion. As a result, the
excitation energy Vj is significantly lower because the re-
duced repulsion along a is of comparable order of magni-
tude as the increase along b-direction.?” The stripe pat-
tern suggests an enhanced one-dimensional coupling of
the spins on the charge-rich sites, similar to the itiner-
ant exchange mechanism in a 1/2-filled Mott insulator,
which may be the reason for the vanishing spin suscepti-
bility below the phase transition in S”-MI, displayed in
Fig. 3. As noted before, these considerations apply to the
extreme case 20 = le; for smaller charge disproportion-
ation 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”-I 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 97 mode below T' = 100 K, yielding
minor differences for excitations parallel to a as compared
to the b-axis.

Fig. 9(a,b) displays the in-plane optical properties of
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FIG. 9. Broadband optical conductivity of 8”-1 and 8”-MI
measured for different temperatures along the two main po-
larizations, E || a and E || b. (a,b) For both directions 5”-1
exhibits a pronounced Mott-Hubbard band with increasing
intensity upon cooling. The strong upturn of conductivity in
the far-infrared at low temperatures indicates a narrow Drude
contribution. (c,d) The in-plane optical response of 3”-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.

B"-1 recorded at various temperatures. The spectra in
the mid-infrared range agree well with previous studies?®.
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 is in fair agreement with the activation en-
ergy Aco obtained from transport measurements, shown
in Fig. 2. In addition, a narrow, weak Drude-like contri-
bution appears below T = 100 K corresponding to the
metallic behavior observed by low-temperature transport
measurements on the very same specimen.

The situation is different for 3”-MI, which exhibits
strongly anisotropic electronic properties, as shown in
Fig. 9(c,d). In particular for E || a, we observe a rapid
change in conductivity around 170 K when the material
becomes insulating; a pronounced gap opens for both
polarizations and the spectral weight shifts to higher en-
ergies 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 ecm ™!, with some uncertainty due to the strong vi-
brational features??. While appearing as positive peaks
around 1300 cm~! along a, these molecular vibrations
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FIG. 10. Low-temperature optical conductivity of ”-MI and
B"-1 (insets) for the two polarizations within the highly con-
ducting plane, E || @ and b. From the maxima of the bands,
the respective Coulomb interaction can be extracted, as in-
dicated; see text and Fig. 8 for details. The linear extrapo-
lations 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 max-
imum. At 100 K < 7" < 150 K the transport gap size (cf.
Fig. 2c¢) 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”-1, indicating
almost isotropic conduction properties.

show up as pronounced dips for F || b because of strong
emv-coupling to the large electronic background in the
same frequency range. On the other hand, the Mott-
Hubbard transition peaks around 1000 cm™!, and the
sharp band edge below 500 cm ™! shows good agreement
with the transport data. We also determine the band-
width W as the half-width at half maximum, which is
larger for the a-axis. Since the interaction is stronger
along this crystallographic direction, however, electronic
correlations are less pronounced for E || b.

C. Experimental Phase Diagram of Charge Order

Our present investigations combined with previous
studies'> 1428 provide a solid basis for the overall un-
derstanding of the microscopic charge arrangement in
the 3”-phase BEDT-TTF salts. The optical spectra of
all 8”-(BEDT-TTF)3SF5 RSO3 compounds recorded in
both in-plane polarizations are summarized in Fig. 11.
The overall shape is rather similar and in general the in-
tensity is larger for the polarization F || b; this indicates
that for all compounds the spectral features have a com-
mon origin, namely excitations between charge-poor and
charge-rich sites. It is interesting to note that 5”-SC ex-
hibits a well-defined Mott-Hubbard band only for F || b —
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FIG. 11. In-plane optical conductivity of the four 8”-(BEDT-TTF)2SF5 RSO3 compounds, 3”-I, 8”-MI, g”-SC, and 8"-M,
obtained at the lowest temperatures for (a) E || a and (b) F || b. The inset points out the excitation energy for transitions
between charge-poor and -rich sites; the inter-site Coulomb interaction V decreases in the fashion B”-1 — B”-MI — ”-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.

very similar to 8”-MI; it occurs at lower frequency, how-
ever, in accord with the smaller charge disproportiona-
tion 26. The transition along the a-direction appears at
higher energy and it is much broader in 5”-SC than for
B"-MI, reflecting the larger bandwidth.

For the direction F || a, a quantitative comparison be-
tween the materials is not straight forward because the
charge patterns are different and there is a rather dom-
inant metallic background for $”-SC and 3”-M, which
inhibits separation and unambiguous identification of the
Mott-Hubbard bands®. Along the b-axis, however, the
spectral features of all compounds correspond to elec-
tronic excitations from charge-poor to charge-rich sites
and thus are related to the inter-site Coulomb energy
V. As shown in the inset of Fig. 11(b), the interac-
tion strength is largest for 5”-I and decreases to 5”-MI
and 3”-SC; within the error bars V is comparable, or
slightly larger for 3”-M than for 3”-SC. By extracting
the band parameters V' and W from the Mott-Hubbard
bands following Fig. 10, we find that the charge dispro-
portionation 26 follows V and V/W in a monotonous
fashion, which is shown in Fig. 11(c,d). This corrob-
orates the main assumption that charge order in these
compounds is driven mainly by intersite Coulomb repul-
sion and can be treated in terms of the extended Hubbard
model. The fact that the order parameter 2§ is sup-
pressed with decreasing correlation strength V/W pro-
vides conclusive evidence that the underlying physics is
satisfactorily 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?.
To summarize our endeavour, we assembled a quantita-
tive phase diagram (Fig. 12) based on the experimental

findings (20, V/W) of this work. We thus provide evi-
dence that the charge-ordered phase truly is the result
of inter-site Coulomb interactions and superconductiv-
ity emerges right at the verge between metal and insula-
tor, classifying the 8”-(BEDT-TTF),SF5RSOg3 series as
a paradigmatic correlated electron system at 1/4 filling.

IV. DISCUSSION

The extensive comparison of four different molecular
conductors driven by the same physics enables us to in-
vestigate the charge-ordering phenomenon in never seen
detail. It appears from Fig. 7 (f,g) that the charge dispro-
portionation does not exhibit a pronounced temperature
dependence for any member of the 5”-(BEDT-TTF),-
SF5 RSO3 family — 20 even remains unchanged as (3”'-
MI crosses Tco. This is strikingly different compared
to electronic CO in quasi one-dimensional (TMTTF)2 X
where the order parameter increases in a second-order,
mean-field fashion below Tco 232431, The behavior of 8-
(BEDT-TTF),SF5 RSO3 differs also from the paradig-
matic charge-order material a-(BEDT-TTF),I5, where
the molecular charge varies abruptly at the metal-
insulator transition®?33 and reveals a clear first-order
transition with phase coexistence®*. Moreover, the ab-
sence of temperature dependence of 20 and its decoupling
from the general conduction properties 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
ionicities around % (Prich + Ppoor) ~ +0.55e, slightly
larger than pg = +0.5e, but no clear trend is found in
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FIG. 12. The results on the charge disproportionation 20 and
the electronic correlation strength V/W (Figs. 7 and 11) are
combined to a quantitative phase diagram. The 8”-(BEDT-
TTF)2SF5 RSOg3 series thus truly realizes a paradigmatic cor-
related electron system at 1/4 filling with a superconducting
state emerging between metal and insulator®, validating the

suggestions of Girlando and collaborators'.

relation to 26, V and V/W of the four compounds under
study. Neglecting 3”-I for the moment, which has a dif-
ferent charge pattern, there is a tendency of increasing
‘doping’ away from pg as the metallic state is approached
in the sequence 8”-MI — 3”-SC — ”-M. A combined ef-
fect of correlations and doping on superconductivity in
B"-SC seems possible — a consideration that was already
applied towards 6-(BEDT-TTF)2I3%°. Deviations from
1/4 filling were also suggested by calculations based on
the structure, yet towards less positively charged donors
p < po.2® We have to stress here, however, that the res-
onance frequency of the BEDT-TTF 157 mode deviates
from +0.5 e in many related materials®” 4, which may be
a result of structural properties rather than doping — in
particular for the moderate (5-10 cm~1) 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 ori-
gin of charge order in the materials studied here, and a
possible doping effect.

Let us finally comment on the small, but noticeable
reduction of 26 in 8”-I upon cooling that — together with
the splitting of the 97 mode — seemingly coincides with
the emerging metallicity at low temperatures. Although
we also observe enhanced conductivity in our dc trans-
port (Fig. 2) and low-frequency optical (Fig. 9a,b) re-
sults, we can only speculate about the origin. One pos-

sibility for the drop of resistivity are impurities such as
BEDT-TTF*%% — indeed, there is a minor feature close
to the resonance frequency for pg = 0.5 which seems un-
related 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 re-
sponse. 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(T') suggests an involvement of the struc-
tural degrees of freedom in the conduction properties.
Since the overall electrodynamic response is dominated
by the Hubbard bands, however, the relevant physics
in 3”-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 ”-(BEDT-TTF)2SF5 RSO3 provide a clear picture in
the sense of Mott-Hubbard physics at 1/4 filling, irre-
spective of the origin of the repulsive Coulomb interac-
tion that triggers charge order.

It might be worth, to go back to the family of «-
(BEDT-TTF), MHg(SCN), salts with M = TI, Rb, K
and NHy, which also exhibit density waves, charge order,
and superconductivity? 4. Maybe the 1/4-filled com-
pounds can be summarized in a generic phase diagram,
similar to the 1/2-filled Mott systems?®.

V. CONCLUSION

Here we could establish the phase diagram of
B"-(BEDT-TTF),SF5 RSO3 in accord with previous
suggestions®4 from our comprehensive dc transport,
magnetic and, especially, optical experiments. In partic-
ular, we quantitatively evaluate the 1/4-filled compounds
on basis of their electronic correlation strength: V/W de-
creases in the order R = CHy — CHFCF, — CHyCFy —
CHF. The two-dimensional nature as well as the metal-
lic and insulating properties of the electronic systems are
revealed from the anisotropic electrodynamic response.
Employing vibrational spectroscopy, we distinguish dif-
ferent site charges pg £ d associated with the charge-
ordered nature of the insulating states in these mate-
rials with effectively 1/4-filled bands. The charge dis-
proportionation 29 increases with larger Coulomb repul-
sion V' and correlation strength V/W, similar as in the
well-understood (TMTTF)X 2324 providing evidence
for Mott-Hubbard physics as the decisive mechanism
for electrodynamics. From the polarization-dependent
peak position of the broadband infrared absorption, map-
ping the electronic transitions between lower and up-
per Hubbard bands, we can directly examine the specific
charge pattern within the BEDT-TTF planes. In partic-
ular, the electronic excitations are strongly anisotropic
for R = CHFCF; and CH3;CF5 implying a stripe-like
arrangement of charge-poor and charge-rich molecules
along the crystallographic a-direction, in excellent agree-



ment 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 5”-1 — 5”-MI — B"”-SC — ”"-M for
decreasing electronic interactions and charge dispropor-
tionation. This consistent picture substantiates the no-
tion that superconductivity in 8”-SC is driven by charge
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