
PHYSICAL REVIEW B 92, 085149 (2015)

Emergence of charge degrees of freedom under high pressure in the organic
dimer-Mott insulator β ′-(BEDT-TTF)2ICl2
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To elucidate the pressure evolution of the electronic structure in an antiferromagnetic dimer-Mott (DM)
insulator β ′-(BEDT-TTF)2ICl2, which exhibits superconductivity at 14.2 K under 8 GPa, we measured the
polarized infrared (IR) optical spectra under high pressure. At ambient pressure, two characteristic bands due to
intra- and interdimer charge transfers have been observed in the IR spectra, supporting that this salt is a typical
half-filled DM insulator at ambient pressure. With increasing pressure, however, the intradimer charge transfer
excitation shifts to much lower energies, indicating that the effective electronic state changes from half-filled to
3/4-filled as a result of weakening of dimerization. This implies that the system approaches a charge-ordered
state under high pressure, in which charge degrees of freedom emerge as an important factor. The present results
suggest that charge fluctuation inside of dimers plays an important role in the high-temperature superconductivity.
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I. INTRODUCTION

Low-dimensional layered organic conductors are a promis-
ing class of materials that exhibit high-temperature super-
conductivity. Among them, an antiferromagnetic dimer-Mott
(DM) insulator β ′-(BEDT-TTF)2ICl2, which shows supercon-
ductivity at 14.2 K under high pressure (∼8 GPa) [1], has
aroused great interest because its transition temperature is
highest among the organic superconductors known to date.
At ambient pressure, β ′-(BEDT-TTF)2ICl2 is a DM insula-
tor with an antiferromagnetic transition temperature TN of
22 K [2,3]. As typically seen in bandwidth-controlled Mott
transition systems, such as κ-(BEDT-TTF)2X, where X =
Cu2(CN)3,Cu[N(CN)2](Br,Cl) [4–6], β ′-(BEDT-TTF)2ICl2
also exhibits superconductivity when the antiferromagnetic
phase is suppressed by applying pressure. It has been, there-
fore, believed that antiferromagnetic spin fluctuation plays an
essential role in the high-Tc superconductivity [7–9].

The crystal structure of β ′-(BEDT-TTF)2ICl2 consists of
an alternating stack of the conductive BEDT-TTF layers and
insulating ICl2 layers along the a axis as shown in Fig. 1(a)
[10]. Although the charge transfer between these layers leads
to a 3/4-filled band system, due to strong dimerization of two
BEDT-TTF molecules the 3/4-filled band splits into bonding
and antibonding bands, resulting in an effective half-filled
band system [see Figs. 1(b) and 1(c)]. The effective model to
describe the electronic state is therefore considered to be the
half-filled Hubbard model, in which each dimer is regarded
as a unit and charge degrees of freedom inside of dimers
are disregarded. According to band-structure calculations
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[10,11], β ′-(BEDT-TTF)2ICl2 has a quasi-one-dimensional
(Q1D) electronic structure with a pair of slightly warped open
Fermi surfaces owing to the cancellation of t2 and t5 [see
Fig. 1(b)]. This material, however, becomes a Mott insulator
due to the strong on-dimer Coulomb repulsion Ud . Thus,
β ′-(BEDT-TTF)2ICl2 has been considered to be a typical Q1D
DM insulator with one hole per each dimerized molecules at
ambient pressure.

However, unlike κ-(BEDT-TTF)2X, the phase diagram of
β ′-(BEDT-TTF)2ICl2 under pressure simply cannot be ac-
counted for within the framework of the bandwidth-controlled
Mott transition system. Recent 13C NMR measurements under
pressure up to 3 GPa [12] have revealed that the antiferromag-
netic moment of 1μB/dimer at ambient pressure, which is
a hallmark of a DM insulator, decreases to 0.5μB/dimer at
0.6 GPa. This result implies that the DM insulator picture of
β ′-(BEDT-TTF)2ICl2 may be violated under high pressure.
Indeed, first-principles band-structure calculations [11] have
pointed out that the degree of dimerization is significantly
reduced with increasing pressure, suggesting that the elec-
tronic structure of β ′-(BEDT-TTF)2ICl2 changes from the
effective half-filled to a 3/4-filled band system under pressure.
In this situation, the effective model should be the 3/4-filled
extended Hubbard model that takes into account the charge
degrees of freedom inside of dimers and interdimer Coulomb
interactions. Recent theoretical calculations based on the
extended Hubbard model [13,14] have revealed that in weakly
dimerized systems both charge and spin fluctuations play an
important role in unconventional superconductivity, pointing
out the need to revisit the pairing mechanism that drives
the high-Tc superconductivity of β ′-(BEDT-TTF)2ICl2. Since
detailed knowledge of the electronic structure is an essential
starting point for understanding the superconducting pairing
mechanism, experimental studies on the electronic structure of
β ′-(BEDT-TTF)2ICl2 under high pressure are highly desired.
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FIG. 1. (Color online) (a) Crystal structure of β ′-
(BEDT-TTF)2ICl2. (b) Arrangement of BEDT-TTF molecules
within the bc plane viewed along the long axis of the BEDT-TTF
molecule. U0 is the on-molecule Coulomb interaction, V0 is the
intradimer Coulomb interaction, and Ud is the effective on-dimer
Coulomb interaction. The transfer integrals t1 ∼ t5 are also shown.
The ovals represent dimers. In the strong dimerization limit, td ≈ t1.
(c) Schematic of intra- and interdimer charge transfer excitations
in a DM insulator. �d denotes the dimerization gap. (d) Optical
reflectivity and (e) conductivity spectra of β ′-(BEDT-TTF)2ICl2 for
E ‖ b∗ and E ‖ c at various temperatures at ambient pressure. Solid
lines in (e) indicate the Hubbard and dimer bands. The spectra in (e)
are offset for clarity.

However, the high-pressure effects on the electronic structure
of β ′-(BEDT-TTF)2ICl2 have not been reported so far, except
for the first-principles band-structure calculations [11].

The infrared (IR) optical conductivity is a powerful probe
to elucidate low-energy excitations reflecting the electronic
structure of matter. Especially, in strongly correlated organic
compounds, characteristic electronic structures associated
with the on-site and intersite Coulomb interactions emerge
in the mid-IR region [15,16]. In this study, in order to
investigate the pressure evolution of the electronic structure
of β ′-(BEDT-TTF)2ICl2, we performed polarized reflectivity
measurements under high pressure by using a synchrotron
radiation light source of SPring-8 and a diamond-anvil
cell (DAC) [17,18]. We show that the electronic structure
of β ′-(BEDT-TTF)2ICl2 evolves from effective half-filled
to 3/4-filled with increasing pressure. Moreover, we find
that the dimensionality of the electronic structure switches
from Q1D to two dimensional (2D), in which the high-Tc

superconductivity emerges.
The rest of the paper is as follows. In Sec. II we briefly

present the experimental details of the optical conductivity
experiments at ambient pressure and under high pressure. The
results of the optical conductivity at ambient pressure and

under high pressure are presented in Secs. III A and III B and
discussed in the following Secs. III C–III E. Finally, our main
results are summarized in Sec. IV. Analytical details of the
optical conductivity spectra under pressure are given in the
Appendix.

II. EXPERIMENT

Single crystals of β ′-(BEDT-TTF)2ICl2 were grown by an
electrochemical oxidation method [19]. For high-precision re-
flectivity measurements, single crystals with very flat surfaces
are required. In this study, deuterated β ′-(BEDT-TTF)2ICl2
single crystals, which have much clearer surfaces than
the hydrogenated ones, were used. One should note that
in β ′-(BEDT-TTF)2ICl2 substitution effects by deuterated
BEDT-TTF molecules on the fundamental magnetic and
optical properties are negligibly small. Polarized reflectivity
measurements in the mid-IR region (600–8000 cm−1) at
ambient pressure were performed in vacuum with a Fourier-
transform microscope spectrometer along the b∗ (which is per-
pendicular to the c axis within the bc plane and corresponding
to the stacking direction of the BEDT-TTF molecules) and
c axes. The reflectivity in the range of 8000–45 000 cm−1

was measured at room temperature and ambient pressure.
The optical conductivity was calculated by a Kramers-Kronig
(KK) transformation. Above 45 000 cm−1, the standard ω−4

extrapolation was used. At low frequencies, a constant ex-
trapolation was used since the material is insulating with a
large optical gap of ∼2000 cm−1 (which is estimated from the
dc resistivity [20]). Polarized reflectivity measurements under
high pressure were performed by using a DAC in the range of
500–8000 cm−1. For simultaneous measurements of E ‖ b∗
and E ‖ c, two small samples with flat surfaces were placed
on the culet face of the diamond anvil with a small amount
of Apiezon M grease. To perform accurate measurements of
the reflectivity for tiny samples, synchrotron radiation light at
BL43IR in SPring-8 was used. In this study, to obtain good
hydrostaticity, we used glycerin as the pressure transmitting
medium, which produces more hydrostatic pressure than solid
media, such as KBr and NaCl [21,22]. The pressure was
monitored with the ruby fluorescence method. The reflectivity
was determined by comparison with a gold thin film on the
gasket. For data under pressure, a Lorentz fitting analysis was
used to obtain the optical conductivity spectra.

III. RESULTS AND DISCUSSION

A. Optical conductivity at ambient pressure

The polarized reflectivity measurements in the mid-IR
region at ambient pressure were performed in vacuum along
the b∗ and c axes. Figure 1(d) shows the optical reflectivity
spectra R(ω) at various temperatures for E ‖ b∗ and E ‖ c,
which are consistent with previous results [23]. A large
anisotropy of the reflectivity is clearly observed, reflecting
the strong 1D electronic structure of β ′-(BEDT-TTF)2ICl2.
Several vibrational features can be seen below ∼1500 cm−1;
these are attributed to the totally symmetric ag vibrational
modes of the BEDT-TTF molecule. In the mid-IR region,
R(ω) for E ‖ b∗ shows broad features as typically seen in a
DM insulator. The corresponding optical conductivity spectra

085149-2



EMERGENCE OF CHARGE DEGREES OF FREEDOM UNDER . . . PHYSICAL REVIEW B 92, 085149 (2015)

(b)

1.0

0.8

0.6

0.4

0.2

0

R
d 

(ω
)

6543210
Wavenumber (10

3
cm

-1
)

Expected in DAC
 4 K
 100 K
 297 K

E || b* E || b*

 8.2 K
 100 K
 295 K

8.5 GPa5.9 GPa

E || b*

 8.4 K
 100 K
 295 K

2.9 GPa

E || b*

 8.6 K
 100 K
 295 K

1.0

0.8

0.6

0.4

0.2

0

R
d 

( ω
)

0.54 GPa

E || b*

 6.5 K
 100 K
 295 K

(c) (e) (f)(d)(a)

σ 1
 (

10
3 Ω

-1
cm

-1
)

6543210

Wavenumber (10
3
cm

-1
)

295 K

0.54 GPa

100 K

6.5 K

E || b*

0

0

0

1

2
(g)

6543210

Wavenumber (10
3
cm

-1
)

295 K

100 K

8.4 K

5.9 GPa

E || b*(i)

6543210

Wavenumber (10
3
cm

-1
)

8.5 GPa

295 K

100 K

8.2 K

E || b*(j)

6543210

Wavenumber (10
3
cm

-1
)

295 K

100 K

8.6 K

2.9 GPa

E || b*(h)

Hubbard dimer

FIG. 2. (Color online) (a) Reflectivity spectra expected in a DAC at several temperatures for E ‖ b∗, which were calculated from the
reflectivity spectra in Fig. 1(d) measured in vacuum. (b) Experimental setup for the reflectivity measurements under high pressure using a DAC.
(c)–(f) Reflectivity spectra measured in the DAC for E ‖ b∗ at 0.54, 2.9, 5.9, and 8.5 GPa, respectively. Solid lines indicate the fitting results.
The spectra around 2000 and 3000 cm−1 are blank owing to strong absorption by diamond and glycerin, respectively. (g)–(j) The corresponding
optical conductivity spectra for E ‖ b∗. The gray lines in (g) show the σ1(ω) spectra measured at ambient pressure. The Hubbard and dimer
bands are shown. The spectra are offset for clarity.

σ1(ω) obtained from the KK transformation are plotted in
Fig. 1(e). At room temperature, σ1(ω) for E ‖ b∗ has a broad
and asymmetric shape in the range of 2000–6000 cm−1. As
lowering the temperature, however, a peak structure centered
at 3000 cm−1 becomes sharper, which makes it clearer that the
spectra for E ‖ b∗ consist of two bands located at 3000 and
4000 cm−1. In sharp contrast, σ1(ω) for E ‖ c exhibits very
low conductivity, reflecting the 1D nature of the electronic
structure as was expected in the reflectivity spectra.

In a DM insulator, there are two absorption bands in
the mid-IR region: the so-called Hubbard and dimer bands
corresponding to the inter- and intradimer charge transfers,
respectively [see Fig. 1(c)]. The excitation energy of the
interdimer charge transfer EHub is given by the effective
on-dimer Coulomb interaction Ud , which causes splitting of
the antibonding band. In the extended Hubbard model, the
effective on-dimer Coulomb interaction Ud is represented by
Ud = 2td + (U0 + V0)/2 − √

4t2
d + (U0 − V0)2/4, where U0

is the on-molecule Coulomb interaction, V0 is the intradimer
Coulomb interaction, and td is the intradimer transfer integral
[24]. On the other hand, the excitation energy of the intradimer
charge transfer Edimer is given by 2td in the strong dimerization
limit (U0,V0 � td ). Recent band-structure calculations based
on the maximally localized Wannier orbitals (MLWO) for a
series of dimerized hall-filled organic salts [25] have a re-
markable development in estimates of model parameters. The
calculations based on the MLWO for β ′-(BEDT-TTF)2ICl2
have estimated the intradimer charge transfer 2td ≈ 2t1 to be
500 meV (which corresponds to approximately 4000 cm−1),
showing an excellent agreement with the experimental value
of 4000 cm−1. Therefore the band at 4000 cm−1 is assigned
to the dimer band. On the other hand, the band at 3000 cm−1

is characterized by the sharpness; it is much sharper than that
of the 2D κ-type system [15,16], which reflects the narrow
density of states in the 1D Mott insulator [20]. This fact
strongly supports that the band at 3000 cm−1 is assigned to
the Hubbard band. In the strong dimerization limit, the central
frequency of the Hubbard band becomes smaller than that of
the dimer band [see Fig. 4(e) for details]. Therefore, the present
result that the excitation energy of the Hubbard band transition
is lower than that of the dimer band transition indicates that
β ′-(BEDT-TTF)2ICl2 is located in the strong dimerization
regime at ambient pressure.

B. Optical conductivity under pressure

In order to elucidate the pressure evolution of σ1(ω),
the polarized reflectivity measurements under high pressure
were performed by using a DAC. In a DAC, the reflectivity
is measured at a sample/diamond interface, not at a
sample/vacuum interface [see Fig. 2(b)]. Therefore the large
refractive index of diamond (∼2.4) makes a difference
between the spectra measured in a DAC and vacuum Rd (ω)
and R(ω) (see the Appendix for details). In addition to this,
multiple reflections in a thin layer of Apiezon M grease
between the sample and the diamond also affects the Rd (ω)
spectra. Our analysis considering the above corrections has
shown that the thickness of the thin layer of Apiezon M grease
is about 300–400 nm. Figure 2(a) shows the Rd (ω) spectra for
E ‖ b∗ expected from R(ω) measured in vacuum at ambient
pressure, which well reproduces Rd (ω) actually measured at
a low pressure of 0.54 GPa [see Fig. 2(c)].

To extract σ1(ω) from the measured Rd (ω) spectra, we fit
Rd (ω) to a Lorentz oscillator model (see the Appendix for
details). We show examples of the fitting for E ‖ b∗ and E ‖ c
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FIG. 3. (Color online) (a) Reflectivity spectra measured at var-
ious pressures for E ‖ c. Solid lines indicate the fitting results.
(b) Optical conductivity spectra obtained from the fitting analysis
for E ‖ c. The spectra are offset for clarity.

in Figs. 2(c)– 2(f) and 3(a), respectively. The measured Rd (ω)
is well reproduced by two Lorentz oscillators in the mid-IR
region as well as several sharp phonons below ∼1500 cm−1

in the case of E ‖ b∗. The corresponding optical conductivity
spectra for E ‖ b∗ and E ‖ c obtained from the fitting
analysis are shown in Figs. 2(g)–2(j) and 3(b), respectively. At
0.54 GPa, σ1(ω) for E ‖ b∗ exhibits very similar behavior to
that of ambient pressure; the Hubbard and dimer bands have
been observed in the mid-IR region. With a further increase
in pressure, the Hubbard band becomes broader as shown in
Figs. 2(h)–2(j), but the central frequency does not change so
much with pressure. In sharp contrast, the dimer band shifts
to much lower frequencies between 0.54 and 2.9 GPa, and
with increasing pressure the spectral weight (SW) becomes
much larger.

C. Pressure-induced modulation of the degree of dimerization

To clarify the pressure evolutions of the Hubbard and
dimer bands, we plot the pressure dependence of the central
frequencies and SWs of each band in Figs. 4(a) and 4(b).
Between 0.54 and 2.9 GPa, the central frequency of the dimer
band rapidly decreases. In contrast, the pressure dependence
of the Hubbard band is gentle compared to that of the dimer
band. As a result, above 2.9 GPa, the central frequency of the
dimer band becomes lower than that of the Hubbard band. As
mentioned above, in the strong dimerization limit, the central
frequency of the Hubbard band should be smaller than that
of the dimer band. The present result therefore indicates that
the simple DM insulator picture of β ′-(BEDT-TTF)2ICl2 has
been violated above 2.9 GPa.

Recent theoretical calculations based on the extended Hub-
bard model [26,27] have suggested that by weakening the de-
gree of dimerization or by increasing the interdimer Coulomb
interaction, the DM insulating state can be suppressed and
evolve into a charge-ordered (CO) insulating state where the
electronic charge distributions are polarized inside of dimers
[see the schematic phase diagram of Fig. 4(d)]. According to
the calculations, the intradimer charge transfer corresponding
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FIG. 4. (Color online) (a)–(c) Pressure dependences of the cen-
tral frequencies, SWs, and total SWs of the Hubbard and dimer
bands for E ‖ b∗ and E ‖ c at the lowest temperature, respectively.
(d) The excitation energies of the Hubbard and dimer bands in
the strong Coulomb interaction limit are shown as a function of
degree of dimerization. The schematic phase diagram expected in
the extended Hubbard model with the molecular dimer degree of
freedom and the effective model Hamiltonian derived from it is also
shown on the bottom plane as functions of degree of dimerization
and bandwidth under the condition where the Coulomb interaction
parameters are fixed. Here, the on-molecular Coulomb interaction
U0, the intradimer Coulomb interaction V0, the interdimer Coulomb
interaction V , the intradimer transfer integral td , and the interdimer
transfer integral t are taken into account. The Hartree-Fock-type
approximation is adopted in the analyses of the extended Hubbard
model. Dimerization and bandwidth axes in the phase diagram
correspond to the parameters td/t and t/U0, respectively. (e) The
p-T phase diagram of β ′-(BEDT-TTF)2ICl2. TMI (green circle) and
Tc (blue circle) were determined by the resistivity measurements [1].
TN (orange circle) was obtained from the 13C NMR measurements
under pressure up to 3 GPa [12]. The magnetic properties above 3
GPa (the blank area) have yet to be determined. The arrows depict
pressure values studied here.

to the dimer band transition significantly softens compared
to 2td approaching the phase boundary between the DM and
the CO insulating phases, resulting in a collective excitation
[28,29]. On the other hand, the Hubbard band transition
smoothly evolves into a charge transfer excitation induced
by the intersite Coulomb interaction V as indeed observed
in quarter-filled organic conductors in a CO phase [30–33].
Very importantly, in this situation, the excitation energy of the
dimer band transition can be smaller than that of the Hubbard
band transition. In light of this fact, the present result for
β ′-(BEDT-TTF)2ICl2 that the excitation energy of the dimer
band transition becomes smaller than that of the Hubbard band
under pressure strongly suggests that the electronic structure
of β ′-(BEDT-TTF)2ICl2 changes from effective half-filled to
3/4-filled as a result of weakening of dimerization with in-
creasing pressure. Such a decrease in dimerization under pres-
sure has been discussed also about (TMTTF)2X salts [34,35].
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Under pressure, in addition to weakening of dimerization,
an increase in the bandwidth has been observed. Figure
4(c) shows the pressure dependence of the total SWs for
E ‖ b∗ and E ‖ c at the lowest temperature. The total SW
continuously increases with increasing pressure for both
polarization directions, reflecting the increase in the bandwidth
due to the increase in the transfer integrals. Therefore in
β ′-(BEDT-TTF)2ICl2, when the pressure is applied, the system
would follow the track as sketched in Fig. 4(d). What is
remarkable here is that the system crosses the vicinity of the
CO phase, which can be associated with the superconducting
pairing mechanism of β ′-(BEDT-TTF)2ICl2 as discussed later.
In the case of κ-(BEDT-TTF)2X, a slight application of
pressure (<0.1 GPa) induces a Mott transition. Thus, the
degree of dimerization is almost unchanged in the low-pressure
region, so that the system remains in the strong dimerization
limit. Indeed, this has been confirmed by the chemical pressure
studies for κ-(BEDT-TTF)2Cu[N(CN)2]BrxCl1−x [15,16] in
which the central frequencies of neither the Hubbard nor
the dimer bands change with x, indicating that the system
is located far away from the CO phase.

D. Dimensional crossover of the electronic structure
under pressure

Another important finding in this study is that the SW for
E ‖ c significantly increases with increasing pressure. The
total SW for E ‖ c at 8.5 GPa becomes twice compared to that
at ambient pressure, whereas for E ‖ b∗ it increases only by
25%. Consequently, the anisotropy of the total SW becomes
smaller. This result indicates that the dimensionality of the
electronic structure of β ′-(BEDT-TTF)2ICl2 evolves from
Q1D to 2D with increasing pressure. According to the previous
theoretical studies based on the fluctuation-exchange (FLEX)
approximation including only the on-site Coulomb interaction
[7–9], with increasing pressure, the nesting condition of the
Fermi surface becomes degraded owing to the dimensional
crossover of the Fermi surface. As a result, the magnetic struc-
ture described by the localized spins in the strongly correlated
Mott insulating state changes into an itinerant SDW state. With
a further increase in pressure, TN decreases, and the antifer-
romagnetic phase can be suppressed. Finally, unconventional
superconductivity with dxy-wave symmetry emerges. Thus,
the origin of the superconductivity of β ′-(BEDT-TTF)2ICl2
is considered to be associated with antiferromagnetic spin
fluctuation. However, in the above calculations, intra- and
interdimer Coulomb interactions are not included. Our present
study highlights the 3/4-filled nature of β ′-(BEDT-TTF)2ICl2
under pressure, in which the intradimer charge degrees of
freedom and interdimer Coulomb interactions become more
important. Recent theoretical calculations analyzed by the
random-phase approximation and FLEX based on the extended
Hubbard model [14] have pointed out that the superconducting
phase appears near the charge-density-wave (CDW) phase
as well as the SDW phase. Although the extended s-wave
pairing symmetry is favored near the CDW phase, dxy-wave
superconductivity is realized due to spin fluctuation near
the SDW phase. Since both superconducting gap symme-
tries are classified by A1g irreducible representation, the
two superconducting states are cooperative with each other.

Then charge fluctuation inside of dimers can enhance the
spin-fluctuation-induced superconductivity. In this context,
the present experimental results for β ′-(BEDT-TTF)2ICl2
suggest that in addition to antiferromagnetic spin fluctuation,
charge fluctuation plays an important role in the high-Tc

superconductivity of β ′-(BEDT-TTF)2ICl2.

E. p-T phase diagram of β ′-(BEDT-TTF)2ICl2

Finally, we compare the p-T phase diagrams obtained in the
present study and the previous resistivity measurements using
a cubic anvil cell [1]. According to the resistivity measure-
ments, β ′-(BEDT-TTF)2ICl2 shows superconductivity above
∼7 GPa, and Tc reaches 14.2 K at 8.2 GPa [see Fig. 4(e)].
In the present study, we have focused on the mid-IR region,
so we cannot discuss details of the electronic structure near
the Fermi level, such as a Drude peak. However, the optical
response in the low-energy region below ∼1000 cm−1 seems
to capture the features associated with the electronic structure
near the Fermi level. Below 2.9 GPa, Rd (ω) in the low-energy
region does not change so much with temperature, reflecting
the large optical gap independent of temperature. At 5.9 GPa,
however, Rd (ω) in the low-energy region slightly increases
with decreasing temperature from room temperature, and
below 200 K it decreases with decreasing temperature and
becomes temperature independent below 100 K. This result
indicates that the metal-insulator (MI) transition at 5.9 GPa
occurs at about 200 K, which is consistent with the p-T
phase diagram obtained from the resistivity measurements.
At 8.5 GPa, Rd (ω) in the low-energy region increases with
decreasing temperature and exhibits a maximum at 80 K,
which suggests that the MI transition occurs at ∼80 K. This
implies that the highest pressure we reached corresponds to
about 7 GPa in the p-T phase diagram obtained from the
resistivity measurements. The discrepancy between the present
study and the resistivity measurements may come from a
difference in the hydrostatic stress conditions.

The magnetic properties of the low-temperature magneti-
cally ordered phase have been investigated up to 3 GPa by
the 13C NMR measurements [12]. Although we measured
the optical conductivity down to low temperatures at each
pressure, a clear difference in the optical spectra above and
below the magnetic transition has not been observed. This is
because the electronic excitations associated with the Hubbard
and dimer bands are not largely affected by the magnetic order.
The experimental result that there is no large temperature
variation at low temperatures in the optical spectra at 2.9 and
5.9 GPa suggests that the system does not enter an insulating
state, such as a CO phase that drastically changes the electronic
structure in the mid-IR region. Therefore the antiferromagnetic
Mott insulating phase or the SDW phase should be realized in
the low-temperature region above 3 GPa as discussed above.
Further experimental studies on the magnetic properties under
higher pressures are desired.

IV. CONCLUSIONS

To summarize, we have performed optical conductivity
measurements for β ′-(BEDT-TTF)2ICl2 under high pressure.
At ambient pressure, two characteristic bands due to intra-
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and interdimer charge transfers have been observed in the
optical spectra only for the polarization along the stacks of
BEDT-TTF molecules, strongly supporting that this salt is
a Q1D DM insulator at ambient pressure. With increasing
pressure, however, the intradimer charge excitation shifts to
much lower frequencies as a result of weakening of dimer-
ization, implying that the electronic structure evolves from
effective half-filled into 3/4-filled under pressure. Moreover,
we have shown that the dimensionality of the electronic
structure switches from Q1D to 2D, in which the high-
temperature superconductivity emerges. These results indicate
that the phase diagram of β ′-(BEDT-TTF)2ICl2 is different
from that of κ-(BEDT-TTF)2X where the superconducting
phase appears in the effective half-filled band system. The
present results suggest that the system approaches the charge-
ordered state under pressure, in which the possible charge-
fluctuation-mediated high-Tc superconductivity emerges.
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APPENDIX: ANALYSIS OF OPTICAL CONDUCTIVITY
SPECTRA IN A DIAMOND-ANVIL CELL

In a DAC, the reflectivity is measured at a sample/diamond
interface. According to Fresnel’s formula, the reflectivity
spectra R(ω) at an interference between a sample and a
transparent medium is given by

R(ω) = [n(ω) − n0]2 + k(ω)2

[n(ω) + n0]2 + k(ω)2
, (A1)

where n(ω) and k(ω) are the real and imaginary parts of the
complex refractive index of the sample, respectively, and the
refractive indices n0 for vacuum and diamond are 1 and 2.419,
respectively. Therefore Rd (ω) measured in a DAC generally
becomes smaller than R(ω) measured in vacuum. In addition to
this, multiple reflections in a thin layer of Apiezon M grease
between the sample and the diamond [see Fig. 2(b) in the
main text] also affects Rd (ω), especially in the high-energy
region [17,18]; this is because shorter wavelength lights are

more likely to be influenced by such multiple reflections. The
reflectivity considering the multiple reflections can be given
by [36]

Rd =
∣∣∣∣
(n0 − n′)(n′ + n̂)eiδ + (n0 + n′)(n′ − n̂)e−iδ

(n0 + n′)(n′ + n̂)eiδ + (n0 − n′)(n′ − n̂)e−iδ

∣∣∣∣
2

, (A2)

where δ = 2πωn′t, n̂ = n + ik is the complex refractive
index of the sample, n0 = 2.42 and n′ = 1.77 are the refractive
indices of diamond and Apiezon M grease, and t is the
thickness of the Apiezon M grease. Our analysis considering
the above equation has shown that the thicknesses of the thin
layer are about 300 and 430 nm for the E ‖ b∗ and E ‖ c
samples, respectively. Figure 2(a) in the main text shows the
Rd (ω) spectra for E ‖ b∗ expected from R(ω) measured in
vacuum at ambient pressure, which well reproduces Rd (ω)
actually measured at a low pressure of 0.54 GPa [see Fig.
2(c)]. Here, to calculate Rd (ω) expected in a DAC at ambient
pressure, n(ω) and k(ω) were derived from the KK analysis
of R(ω) measured in vacuum at ambient pressure. Then,
the obtained parameters were substituted into Eq. (A2) with
t = 300 nm.

To extract σ1(ω) from the measured Rd (ω) spectra, we fit
Rd (ω) to a Lorentz oscillator model. In this model, the real
and imaginary parts of the complex dielectric function ε1(ω)
and ε2(ω) are given by

ε1(ω) = ε∞ +
∑

i

ω2
p,i

(
ω2

0,i − ω2
)

(
ω2

0,i − ω2
)2 + γ 2

i ω2
, (A3)

ε2(ω) =
∑

i

ω2
p,i

γiω(
ω2

0,i − ω2
)2 + γ 2

i ω2
, (A4)

where ε∞ is the high-frequency dielectric constant, ωp,i, ω0,i ,
and γi are the plasma frequency, the central frequency, and
the linewidth of the ith Lorentz oscillator, respectively. The
real and imaginary parts of the complex refractive index of the
sample n(ω) and k(ω) are described by the above Lorentzian
parameters through the relations ε1(ω) = n2(ω) − k2(ω) and
ε2(ω) = 2n(ω)k(ω). Then, by fitting the measured Rd (ω)
based on Eq. (A2), we can obtain the Lorentzian parameters.
Thus, we can extract σ1(ω) through the relation σ1(ω) =
ωε2(ω)/(4π ). We show the fitting results for E ‖ b∗ and E ‖ c
in Figs. 2(c)– 2(f) and 3(a), respectively. The corresponding
optical conductivity spectra for E ‖ b∗ and E ‖ c are shown
in Figs. 2(g)–(j) and 3(b), respectively.
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