
Superconductivity competitive with checkerboard-type charge ordering in the organic conductor
�-(meso-DMBEDT-TTF)2PF6

Naoki Morinaka,1,2 Kazuyuki Takahashi,1 Ryoma Chiba,1,2 Fumiko Yoshikane,1 Shoichi Niizeki,1 Masayuki Tanaka,3

Kyuya Yakushi,3 Masahito Koeda,1 Masato Hedo,1 Tetsuya Fujiwara,1 Yoshiya Uwatoko,1 Yutaka Nishio,2

Kohji Kajita,2 and Hatsumi Mori1,*
1Institute for Solid State Physics, The University of Tokyo, Kashiwa 277-8581, Japan

2Department of Physics, Toho University, Funabashi 274-8510, Japan
3Institute for Molecular Science, Okazaki 444-8585, Japan

�Received 1 January 2009; revised manuscript received 27 August 2009; published 28 September 2009�

The pressure dependence of resistivity for the checkerboard-type charge-ordered �CO� molecular conductor
�-�meso-DMBEDT-TTF�2PF6 has been investigated. Under the low pressure of 0.6 kbar, the temperature of
resistivity minimum �Tmin� falls from 90 K at an ambient pressure to 67 K, and after the resistivity has been
increased, the superconducting �SC� transition is observed at 4.6 K. By applying magnetic field, the SC state
is suppressed and the large positive magnetoresistance �MR� is demonstrated below Tmin in the CO state. Since
the positive MR was observed even in the metallic state under high pressures, the summarized pressure-
temperature �P−T� phase diagram reveals that the SC state neighbors to the CO-insulating and charge-
fluctuated metallic states.
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I. INTRODUCTION

Since the discovery of the first organic superconductor
in 1980, over 120 kinds of organic superconductors have
been found.1 These organic superconductors are categorized
as either strongly correlated systems or weakly correlated
systems. In the latter system, the superconducting �SC�
state is competitive with the electronic states induced
by the nesting of the Fermi surface, charge density wave
�CDW�, spin density wave �SDW�, or anion ordering. The
SC critical temperature �Tc� of this system is
relatively low up to 2 K for TMTSF2CF3SO3 �TMTSF
=tetramethyltetraselenafulvalene�,2 although the mechanism
of superconductivity for TMTSF salts is intriguing.3

On the other hand, the Tc of strongly correlated systems
is the highest among organic superconductors
up to 14 K for ��-�BEDT-TTF�2ICl2 �BEDT-TTF
=bis�ethylenedithio�tetrathiafulvalene�.4 Especially, the SC
state competitive with the antiferromagnetic Mott insulating
state has been extensively studied in �-type and ��-type
BEDT-TTF salts.5 However, another strongly correlated sys-
tem, where the SC state is competitive with the charge-
ordered �CO� state, has been only studied theoretically;6,7 the
dxy �Ref. 7� and triplet8–10 superconductivities mediated by
charge fluctuation have been theoretically proposed. These
peculiarities in superconductivity have not been clarified ex-
perimentally yet, since there are few molecular conductors,
whose SC states neighbor or are close to CO states. As for
��-�DODHT�2PF6, the summarized phase diagram demon-
strates that the SC state is close to the CO state.11 The super-
conductivity in the CO conductor of �-�BEDT-TTF�2I3 has
been observed under uniaxial pressure12 and understood
theoretically mediated by spin fluctuation.13

Recently, we have found the pressure-induced supercon-
ductor with Tc=4.3 K under 4 kbar for
�-�meso-DMBEDT-TTF�2PF6.1,14 At an ambient pressure,
the salt shows the metal-insulator transition at 90 K, origi-

nating from checkerboard-type charge ordering.15 If the CO
pattern is caused only by the intersite Coulomb interaction
�V�, this salt should have a border-type rather than
checkerboard-type pattern. This checkerboard-type CO state
is peculiar, and the application of an electric-field has not
only induced the giant nonlinear conduction, but also af-
forded the electric-field-induced metastable state.16

To investigate the relationship between the checkerboard-
type charge ordering and superconductivity, the temperature
dependences of electrical resistivity under both pressure and
a magnetic field have been measured for
�-�meso-DMBEDT-TTF�2PF6. The SC phase was observed
in a broad range from 0.6 kbar with Tc=4.6 K to 5.2 kbar
with 2.6 K and neighbors the checkerboard-type CO-
insulating state and charge-fluctuated metallic state.

II. EXPERIMENTAL

Single crystals of �-�meso-DMBEDT-TTF�2PF6 were
prepared by an electrochemical method with 0.25 �A in
chlorobenzene for 4–6 days. Electrical resistivity was mea-
sured by the four-probe method with a carbon paste as con-
tacts in the range of 2–300 K and 0–9 T. The current of
10 �A is passed along the crystal long c axis and the mag-
netic field is also applied to c axis. The pressure is applied by
utilizing a BeCu-NiCrAl cramp cell with Daphne 7373 as a
pressure medium. The sample and Pb resistivies are mea-
sured simultaneously to detect the sample resistivity and the
applied pressure. As shown in Fig. 1�b�, the Tc of Pb pressure
monitor at an ambient pressure is 7.1906 K which is the
same as the reference data.17 The average �Tc
�=Tonset-Tof fset� of Pb under pressures is very small,
0.0133 K, which corresponds to 0.35 kbar. This indicates the
homogenious pressure is applied not only to Pb but also the
sample.
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III. RESULTS AND DISCUSSION

A. Superconducting transition under pressure

The temperature dependence of electrical resistivity at an
ambient pressure for �-�meso-DMBEDT-TTF�2PF6 is illus-
trated in Fig. 2. The resistivity at 300 K is 0.05 � cm, de-
creases slightly down to the resistivity minimum temperature
�Tmin� of 90 K, and increases sharply with a deviation at 70
K. At that temperature, the superlattice �h ,k /2, l /2� starts
growing and becomes saturated below 50 K. The crystal

structure analysis at 11.5 K by the synchrotron x-ray radia-
tion reveals the checkerboard-type CO �Fig. 2�; two rich
charge molecules of +0.75�2 and two poor charge ones of
+0.25�2 are arranged alternately along both the stacking
and side-by-side directions.1,15,18

When 0.6 kbar pressure is applied to this sample, the Tmin
falls from 90 to 67 K, the resistivity increases slightly below
Tmin, and the resistivity drops sharply at 4.6 K as shown in
Fig. 1. This transition is confirmed to be superconductivity
by the suppression of the resistivity drop when the magnetic
field is applied, as shown in Fig. 3�a�. This sample is very
sensitive to the pressure; the CO-insulating state is sup-
pressed rapidly and the superconductivity appears from the
low pressure of 0.6 kbar, even though the Tmin is relatively
high �90 K� at an ambient pressure. The Tc also decreases
when more pressure is applied, as shown in Fig. 1. All eight
samples show the superconductivity with the similar pressure
dependences, and the SC region is widely extended from
Tc=4.6 K at 0.6 kbar to 2.6 K at 5.2 kbar with an average
dTc /dP=−0.4 K /kbar, smaller than in the case of BEDT-
TTF salts.17

B. Magnetoresistance under pressure

The temperature dependences of resistivities under 0–9 T
at various pressures are shown in Fig. 3. Below Tmin
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FIG. 1. �Color online� Temperature dependence of resistivity
under pressure for �a� �-�meso-DMBEDT-TTF�2PF6 and �b� Pb
pressure monitor.
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FIG. 2. �Color online� Molecular structure of meso-DMBEDT-
TTF, long-range checkerboard-type charge-ordered state below 70
K, and temperature dependence of resistivity for
�-�meso-DMBEDT-TTF�2PF6 at ambient pressure.
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FIG. 3. �Color online� Temperature dependence of magnetore-
sistivity under �a� 0.6 kbar, �b� 1.5 kbar, and �c� 11.8 kbar for
�-�meso-DMBEDT-TTF�2PF6.
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=67 K under 0.6 kbar and 43 K under 1.5 kbar, the resistiv-
ities increases and the large positive magnetoresistances
�MR� are observed. Recently, Tanaka et al. reported the ra-
man spectroscopy under pressure to identify the charge of
the donor molecule �D� for �-�meso-DMBEDT-TTF�2PF6.
The �13 raman mode indicates D0.5+ at 60 K under 0.8 kbar,
the coexistence of D0.5+ with the larger spectrum intensity
and the CO state �D0.75+ and D0.25+� with the lower intensity
at 58 and 55 K under 0.7 kbar, another coexistence of the CO
state with the higher intensity and D0.5+ with lower intensity
at 53 K under 0.7 kbar, and only the CO state at 50 K, 40 K
under 0.7 kbar and 8 K under 0.5 kbar.16 As the charge or-
dering appears, the resistivity increases and MR becomes
large. This agreement between transport and raman measure-
ments was also observed under 1.5 kbar; below 40 K, the

resistivity increases, MR becomes large �Fig. 3�b��, and the
raman spectra indicate the appearance of charge ordering.16

These facts show that large MR is a good indicator of the
presence of the CO state.

The magnetic-field dependence of electrical resistivity un-
der 1.7 kbar is shown in Fig. 4�a�. At 2 K, the magnetic field
suppresses the SC state; even in the normal state above 2.2 T
the MR increases, and its ratio, �R /R2.2T= �R−R2.2T� /R2.2T,
reaches to 0.12 at 9 T. At other temperatures from 5–25 K,
the ratio of MR, �R /R0T increases up to 0.11 at 9 T �Fig.
4�b��. When pressure is applied, �R /R0T increases from
0.26 under 4 kbar, 0.32 under 7 kbar, and 0.34 under 11 kbar
to 0.35 under 13 kbar at 2 K �Figs. 4�c�–4�f��. Moreover,
�R /R0T is scaled with �BB /kBT from 10–25 K between
1.7 and 13 kbar, where �B is the Bohr magneton and kB is the
Boltzmann constant �Figs. 4�h�–4�l��. Under 1.7 and 4 kbar,
this scaling is applicable above 4 K except in the SC region.
Under 7, 11, and 13 kbar, MR is large even in the metallic
region and scaled by �R /R0T	 ��BB /kBT�0.5−0.7 �Figs.
4�i�–4�l��, whose power law constant, 0.5–0.7, is smaller
than that of conventional MR, 2. In the scaled temperature
range, the similar CO electronic state is realized. The plot of
�R /R0T as a function of pressure is shown in Fig. 4�g�. It is
remarkable that �R /R0T increases as the pressure is applied;
this suggests that the metallic region are also in the charge-
fluctuated state.

A large MR is also reported for the CO molecular con-
ductors, 
-�BEDT-TTF�2MZn�SCN�4 �M=Cs,Rb�, and is
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FIG. 4. �Color online� Plots of �a� resistivity, magnetoresistance
as a function of magnetic field under �b� 1.7, �c� 4, �d� 7, �e� 11, �f�
13 kbar, and �g� pressure dependence of MR, MR as functions of
�BB /kBT under �h� 1.7, �i� 4, �j� 7, �k� 11, and �l� 13 kbar for
�-�meso-DMBEDT-TTF�2PF6. The dotted lines denote the fitting
of �R /R0T	 ��BB /kBT�� ��= �i�0.7, �j� 0.5, �k� 0.5, and �l� 0.6 �.
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explained as a Pauli spin blockade; according to the Pauli
exclusion principle, the localized magnetic-field-induced
spins around the CO domains block conducting electrons.20

The large MR of �-�meso-DMBEDT-TTF�2PF6 might have
the same origin as the Pauli spin blockade. The Lorentz ef-
fect should be negligible since the current and magnetic field
are applied along the same crystal long c axis.

The pressure—temperature �P-T� phase diagram is dem-
onstrated in Fig. 5; at ambient pressure, the resistivity mini-
mum temperature is 90 K �Tmin denoted by square cross�,
below which the diffuse superlattice indicates the coexist-
ence of long-range checkerboard-type charge-ordered �LR-
CCO� and short-range charge-ordered �SR-CO� states, and
below 70 K, the LR-CCO state is stabilized by the measure-
ments of x-ray superlattice15 and raman spectroscopy de-
noted by thin solid diamond.18 With applying the low pres-
sure such as 0.6 kbar, Tmin is lowered to 67 K, and after the
increase of resistivity due to the LR-CCO state, the SC state
appears at 4.6 K as shown in Figs. 1 and 3�a�. The onsets of
all SC transition temperatures for eight samples are denoted
by solid circles. The Tc decreases gradually when pressure is
applied to 2.6 K under 5.2 kbar. At 1–3 kbar, the Tmin’s of
resistivity measurements denoted by crossed squares agree
well with the dotted boundary from the LR-CCO and SR-CO
states to the metallic �or SR-CO� state, as observed by the
raman spectroscopy under pressure. The solid triangles, dia-
monds, and inverted triangles denote that the intensity of the
D0.5+ spectrum is higher, comparable, and lower, respec-

tively, than that of the CO �D0.75+, D0.25+� spectrum.18 At
more than 3 kbar above Tc, the metallic state extends, where
the large MR under pressure as shown in Figs. 3�c� and 4�f�
indicates that even the metallic state is in a charge-fluctuated
state, namely the SR-CO state. Therefore, these measure-
ments of electrical resistivities under various pressures and
magnetic fields experimentally proves that the SC state is
next to LR-CCO and SR-CO states.19

IV. CONCLUSION

In conclusion, the pressure dependence of resistivity at
various magnetic fields for the checkerboard-type charge-
ordered molecular conductor �-�meso-DMBEDT-TTF�2PF6
reveals that the SC state widely extends from Tc=4.6 K un-
der the low pressure of 0.6 kbar to 2.6 K under 5.2 kbar, and
that the SC state neighbors the LR-CCO insulating state and
the SR-CO metallic state by the observation of resistivity
increase and the large MR under pressure. These findings
agree well with the raman spectra and are the important ex-
perimental observation that the localized and fluctuated CO
states are next to the SC state.
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