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1. Introduction: Roles of Pressure Application in
the Study of Molecular Conductors

The application of hydrostatic pressure to molec-
ular conductors provides a variety of electronic states
such as metallic, superconducting, and magnetic and
nonmagnetic insulating states.1 Many phenomena of
physical importance have been discovered, such as
unconventional superconductivity, density waves, the
Mott transition, and charge disproportionation. It is
noteworthy that a monotonic increase in resistance

with decreasing temperature, which had been ob-
served in many molecular crystals, was found to be
understood in terms of the Mott transition and
charge disproportionation that are caused by Cou-
lomb interaction between conduction electrons.2-5

The application of pressure to molecular crystals
has been successful for two reasons: (1) softness of
molecular crystals and (2) anisotropy in the electronic
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structure. Softness is one of the characteristic prop-
erties of molecular conductors. Their elastic stiffness
constant is smaller than those of conventional ma-
terials, such as popular semiconductors and ordinary
metals, by an order of magnitude. Therefore, inter-
molecular or interatomic distances can be largely
modified by moderate pressures to show dramatic
changes in electronic properties. This characteristic
is considered to be common to all molecular materials
bonded by van der Waals force.

However, hydrostatic-pressure application has a
flaw in that an isotropic pressure is applied to a
sample. When the sample is isotropic in structure, it
is compressed isotropically, as schematically shown
in Figure 1. In anisotropic materials such as organic
conductors, the sample suffers an anisotropic con-
traction, the anisotropy of which is inherent and
cannot be controlled. If a phenomenon of interest is
dominated by the overall volume effect, hydrostatic-
pressure studies may provide precise knowledge
about electronic states. In many molecular conduc-
tors, however, electronic properties are determined
by not only the unit cell volume but also the molec-
ular orientation and intermolecular distances along
different directions. Therefore, it is crucial, in studies
of molecular conductors, to learn which intermolecu-
lar interaction dominates which electronic properties.

Studies of uniaxial compression have been explored
to elucidate the relationship between the crystal
structure and electronic properties, by modifying the
intermolecular or interatomic distance along a de-
sired direction. In principle, the uniaxial compression
(or elongation) is realized by applying a compressive
(or stretching) force to a pair of parallel faces of a
parallelepiped sample. However, this causes not only
the compression (or elongation) along the intended

direction but also expansion (or contraction) along
transverse directions, as shown in Figure 1. This
phenomenon is called Poisson’s effect. The stress in
the sample is uniaxial but the strain is not. There-
fore, this experimental method is called the uniaxial
stress method. Very recently, a uniaxial strain method
was also developed, in which intermolecular dis-
tances can be modified along any desired direction
with no appreciable changes in the transverse direc-
tions, as shown in Figure 1.

This paper is organized as follows: Section 2 is a
brief review of the uniaxial stress method and its
application to various materials. Section 3 and suc-
ceeding sections will be devoted to the development
of the uniaxial strain method and its application to
studies of the electronic properties of molecular
conductors.

2. Uniaxial Stress Studies of Electronic
Properties of Various Materials

2.1. Semiconductors and Oxides
The uniaxial stress method is popular in studies

of semiconductors.6-8 It is usually used for two
purposes. One is the study of band parameters and
their control by breaking the material’s symmetry.
For example, a crystal of cubic symmetry turns into
a tetragonal one under uniaxial compression along
one of the principal axes. This may allow an optical
transition that is forbidden in the original cubic
symmetry, leading to much knowledge about elec-
tronic states, possible excitons, and luminescence
related to the transition. The other purpose of a
uniaxial stress study is to clarify features of local
strain (or deformation) in a crystal and to control
them. For example, local electronic states around an
impurity or a lattice defect in silicon may affect the
characteristics of a semiconducting device. Quantum
dots and thin epitaxial layers formed on a sheet of a
semiconductor wafer usually involve local strains due
to the heterostructure. An application of uniaxial
stress can modify such local strains, leading to the
control and improvement of electronic devices.

The uniaxial stress method was also applied to
studies of the mechanism of the high-transition-
temperature (high-Tc) superconductivity.9-12 It occurs
usually in a very anisotropic layered structure of
oxides. The uniaxial compression was applied along
the direction perpendicular to a conducting plane or
along one of the axes in the conducting plane to
elucidate the roles of the interatomic distance along
various directions in the superconductivity. Some
enhancement of superconductivity, for example, dlnTc/
dP = 0.02 GPa-1,9 has even been discovered in such
investigations.

There are three ways of applying uniaxial stress.
One is direct compression of a bulk sample by a
piston or an anvil. Another is direct stretching of a
needlelike sample by holding its ends. The third is
indirect compression or elongation of a thin sample
glued onto a bulk plate that is bent by applying an
external force.

The piston or anvil method is the most popular
among the three methods. In the piston method, the

Figure 1. Compression of materials by various methods.
Uniaxial stress causes Poisson’s effect, which expands the
material in the plane normal to the applied pressure.
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maximum stress reached is usually 1 GPa (10 kbar)
or less because of sample fracture or possible break-
age of apparatuses. Optical, X-ray, and neutron
measurements can be made in addition to electrical
measurements.6 Besides the piston, a pair of diamond
anvils for hydrostatic-pressure studies has been
employed to apply uniaxial stress of 5-10 GPa to a
semiconductor having four electrical leads for resis-
tance measurements.13 Even a conventional set of
diamond anvils having a gasket and a liquid pressure
medium such as alcohol can be used to apply the
uniaxial stress at low temperature.14 The alcohol,
which is frozen at low temperatures, serves as a
plastic plate inserted between the diamond anvil and
the sample to ensure close contact between them.

Stretching of a needlelike sample creates a nega-
tive uniaxial stress. One of the difficulties of this
method is how to hold the two ends of the sample.
Glue is used to attach the sample ends to mechanical
parts of the apparatus to pull the sample. This
method has been applied to studies of conventional
semiconductors and two molecular superconductors,
as described in the next section.

2.2. Molecular Conductors

Softness of a molecular material makes it easy to
create a large deformation in a sample by applying
a relatively small external force. Therefore, the
application of pressure, be it hydrostatic or uniaxial,
can be regarded not only as a structural perturbation
to a sample but also as another method of creating
materials having new structures.

The elongation method to stretch needlelike ma-
terials was applied to the first polymeric supercon-
ductor (SN)x with the critical temperature Tc of about
0.3 K to study roles of three-dimensional nature in
dominating electrical conduction in the metallic
state.15-17 Bouffard et al. conducted pioneering work
on applying the uniaxial stress to tetrathiofulvalene-
tetracyanoquinodimethane (TTF-TCNQ), the most
famous, first organic compound showing highly me-
tallic properties, to clarify the relationship between
intermolecular distance along three crystallographic
axes and the anisotropy in electrical resistivity.18

They employed the method of indirect elongation of
a sample glued onto a beam bent by an external force.
By analyzing the obtained results, they discussed the
relationship between mechanisms of the metallic
conduction along the one-dimensional axis and the
diffusive one along the transverse axes.

Tokumoto et al.19 and Kusuhara et al.20 conducted
work on applying the uniaxial stress to organic
superconductors to modify the superconducting tran-
sition temperature Tc. The former employed the
piston method to apply the uniaxial (compressive)
stress of about 1 MPa (10 bar) to κ-(BEDT-TTF)2Cu-
(NCS)2, where BEDT-TTF denotes bisethylenedi-
thiotetrathiafulvalene, and found a small decrease
in Tc. They selected samples that have a good shape
conducive to compression by the piston. The latter
developed a unique method of stretching a long
sample of κ-(BEDT-TTF)2Cu(NCS)2. They glued the
two ends of the sample to a frame of aluminum using

epoxy. The sample suffers an effective stretch along
one of the axes in its conducting layer with decreas-
ing temperature because thermal contraction of the
sample is greater than that of the aluminum frame.
They observed an increase in Tc of 0.5-2 K.

One of the flaws of molecular materials is mechan-
ical fragility and weakness against heating and
organic solvent. This makes it difficult to apply the
high pressures necessary to cause a measurable
change in the sample. In addition, the shape of as-
grown samples restricts the direction of stress ap-
plication. Campos et al. developed a novel experi-
mental method, the epoxy method, to overcome the
above difficulties.21 They encased a sample in epoxy
resin, DuPont’s Stycast 1266, that can be polymerized
at room temperature, as shown in Figure 2. The
piston safely compressed the sample-epoxy compos-
ite even at low temperatures. The merit of this
method is the similarity of elastic properties between
the sample and epoxy. This ensures the similarity of
deformation in the sample and the epoxy, leading to
protection of the sample from mechanical fracture.
They investigated the effects of stress applied per-
pendicular to the conducting plane of R-(BEDT-
TTF)2NH4Hg(SCN)4 and found an increase in Tc and
the inducement of superconductivity in R-(BEDT-
TTF)2KHg(SCN)4.

The uniaxial stress method described in this sec-
tion is useful enough to study the properties of
materials having high symmetry because Poisson’s
effect, which changes the intermolecular distance in
the transverse direction, does not seriously affect the
interpretation of experimental results. However, in
the studies of anisotropic materials such as molecular
conductors, the uniaxial stress method encounters a
difficulty. For example, a layered material com-
pressed or elongated by the uniaxial stress method
along an axis in the layer suffers Poisson’s effect
along both the other axis in the layer and the third
axis perpendicular to the layer. The effects are
usually different in magnitude from each other, and
their roles in dominating electronic properties must
also be different. Therefore, it is difficult to determine
which elongation [intralayer or interlayer inter-
molecular (or interatomic) distance] is related to the
observed changes in electronic properties under
uniaxial stress. For example, Kusuhara et al., as
mentioned above, encountered an ambiguity in in-
terpreting their results because of this problem. To
overcome this difficulty, it is desirable to control the
intermolecular or interatomic distance along a de-
sired direction without any change in other direc-
tions. The uniaxial strain method was thus devel-
oped, as described in the following sections.

Figure 2. Encasement of a sample in epoxy resin for
electrical resistance measurements.
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3. Development of Uniaxial Strain Method

3.1. Apparatuses for Electrical Resistance
Measurements

In principle, Poisson’s effect accompanying the
application of uniaxial stress can be suppressed when
a hard cylinder surrounds the side face of a sample.
For studies of molecular materials, which are fragile
and have irregular shapes, the epoxy method must
be employed. Thus, the apparatus depicted in Figure
3 was developed to induce uniaxial strain in molec-
ular conductors without Poisson’s effect.22 As the
epoxy, Stycast 1266 was employed, as Campos et al.
did. The deformation of the sample-epoxy composite
would be purely uniaxial, because Young’s modulus
of Be-Cu, of the order of 1011 N/m2 or more, is
sufficiently large compared with that of epoxy (and
also many other organic solids), the Young’s modulus
of which is of the order of 1010 N/m2 or less. Poisson’s
effect in the epoxy is expected to be suppressed by
the hard cell of Be-Cu. If the elastic constant of the
sample is similar to that of epoxy, the deformation
of the sample would be similar to the deformation of
the sample-epoxy composite and would lead to the
creation of uniaxial strain in the sample. Young’s
modulus of the most precisely studied organic con-
ductor, TTF-TCNQ, has been evaluated to be about
1 × 1010 N/m2 along the one-dimensional axis at room
temperature.23 This suggests that the uniaxial strain
method described here creates a rather ideal uniaxial
strain in crystals of molecular conductors.

Polymerization procedures sometimes deteriorate
the sample due to chemical reaction between, pre-
sumably, the catalyst used for polymerization and the
sample (or glue for attaching electrical leads to the
sample). Two methods enabled this problem to be
overcome: coating the sample with some paint such
as General Electric varnish 7031, or encasing the
sample in epoxy just before the liquid epoxy began
to solidify.

Organic solids other than epoxy may be used to
encase a sample. For example, Young’s modulus
values of nylon and polystyrene are about one-third
of that of epoxy. They can be used for samples softer
than TTF-TCNQ. It is noted, however, that one
should encase a sample in organic solids without
heating because many molecular conductors are
damaged at temperatures higher than, for example,
50 °C. It was found that any oil used for conventional

hydrostatic-pressure studies could be used to encase
a sample in the uniaxial strain method. The setup is
same as that for hydrostatic-pressure studies. The
only difference is that the cell with the sample is first
cooled to low temperatures at ambient pressure to
freeze the oil, and then the piston of the cell is
depressed via a long stainless steel rod from outside
the cryostat. This method was called the frozen-oil
method. Figure 4 shows the schematic view of the
rod for depressing the piston. Three short rods were
screwed together with a sheet of epoxy between rods
to reduce heat input. Sheaths of Teflon were wrapped
around the rods to reduce the possible friction
between the rods and the stainless steel pipe. Need-
less to say, the magnitude of compression can be
controlled during measurements.

When the uniaxial strain is created at room tem-
perature followed by measurements at low temper-
ature, one must be careful about thermal contraction
of the sample, pressure medium, and pressure cell
to ensure the existence of uniaxial strain at low
temperature. X-ray measurements, the details of
which will be described below, at low temperature
have verified that the uniaxial strain created at room
temperature is still present at low temperature if the
magnitude of strain at room temperature is higher
than a threshold.

Measurements of electrical resistance and ther-
mopower were made by encasing an ordinary set of
sample and electrical leads, as shown in Figure 3.
The feed-through for electrical leads need not be very
tight because the pressure medium in the cell is not
liquid but solid. The epoxy method makes it possible
to rotate the clamped cell to study, for example,
magnetic field effects on electronic properties of the
sample. The frozen-oil method has the advantage
that a sample can be used in many experimental runs
because the sample can be taken out of the liquid oil
at room temperature without any damage to the
sample.

3.2. Apparatuses for X-ray Structural Analysis
Lattice parameters and atomic positions of uniaxi-

ally strained crystals must be determined by X-ray
diffraction, because most crystals of molecular con-
ductors have low symmetry, such as P1 and P1h, and
it is not straightforward to predict atomic displace-
ments due to the uniaxial strain. To measure X-ray
diffraction under uniaxial strain, the pressure cell
shown in Figure 5 was designed. The Be-Cu cylinder
employed in electrical measurements was replaced

Figure 3. Uniaxial strain cell for electrical resistance
measurements.

Figure 4. Stainless steel rod to depress the piston of the
pressure cell.
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with a Be tube and a supporting shell of Be-Cu to
ensure high transmission of Mo KR X-rays. About
80% of Mo KR X-rays can pass through the Be tube
with a wall thickness of 4 mm in total. Direct
measurements showed that 85% of Mo KR X-rays
passed through the epoxy rod of of 2 mm diameter.
It was possible to apply piston pressures as high as
1 GPa (10 kbar) to the sample-epoxy rod in the Be
tube. Higher pressures caused the Be tube to break.
Considering Poisson’s effect in ordinary materials, it
is suggested that this piston pressure, 1 GPa (10
kbar), presumably causes a pressure of about 0.5 GPa
(5 kbar) or less at the inner face of the Be tube.

As is often done in X-ray measurements with a
diamond anvil cell, the goniometer was controlled by
taking into account angular restriction by the window
of the Be-Cu shell. Absorption corrections were
made against X-ray beams passing diagonally through
the Be tube and the sample-epoxy rod.

X-ray measurements at low temperature were
made by setting the pressure cell on a cold stage of a
cryostat. The pressure cell was cooled by conduction
to have a minimum temperature as low as 6 K.

4. Uniaxial Strain Studies of Electronic Properties
of Molecular Conductors

Uniaxial strain studies have been carried out
mostly on BEDT-TTF-based molecular conductors,
such as R-(BEDT-TTF)2KHg(SCN)4, in which mol-
ecules have a layered structure and a quasi-two-
dimensional nature of the electrical properties.
One exception is the first organic superconductor,
(TMTSF)2PF6, which has a stack-columnar structure
of tetramethyltetraselenafulvalene (TMTSF) and
quasi-one-dimensional electrical properties. In sec-
tion 4.1, we will describe several examples of modify-
ing the band structure to find novel electronic prop-
erties in metallic phases under uniaxial strain.
Examples of controlling the electron-electron Cou-
lomb interactions that play important roles in sta-
bilizing insulating states and, possibly, superconduc-
tivity, are shown in section 4.2.

4.1. Control of the Band Structure

4.1.1. Electrical and X-ray Structural Studies of
R-(BEDT-TTF)2XHg(SCN)4

It was found that one can modify and control the
band structure to stabilize the metallic, supercon-
ducting, or density-wave state, due to the electronic
low-dimensional nature of R-(BEDT-TTF)2XHg(SCN)4,
where X ) K and NH4, by changing the direction and

magnitude of uniaxial strain. Figure 6 shows the
crystal structure of R-(BEDT-TTF)2XHg(SCN)4 (X )
K, NH4), and Figure 7 denotes the arrangement of
BEDT-TTF molecules in the conducting layer viewed
along the molecular long axis.24 The BEDT-TTF
molecules form columns parallel to the c-axis, and
the parallel arrangement of those columns provides
a plane for the two-dimensional motion of conduction
electrons. The band structure calculation based on
the extended Hückel and the tight-binding approxi-

Figure 5. Uniaxial strain cell for X-ray diffraction mea-
surements.

Figure 6. Crystal structure of R-(BEDT-TTF)2NH4Hg-
(SCN)4.24

Figure 7. Arrangement of BEDT-TTF molecule in the
conducting layer of R-(BEDT-TTF)2NH4Hg(SCN)4.24
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mation has given the band dispersion and the Fermi
surface, as shown in Figure 8.24,25 The Fermi surface
is composed of a pair of sheetlike surfaces and an
elliptical cylinder. The former suggests the presence
of a one-dimensional metallic nature and the latter,
a two-dimensional metallic one. At ambient pressure,
the NH4 compound shows metallic behavior with
decreasing temperature followed by the onset of
superconductivity at about 1 K.26,27 The supercon-
ducting critical temperature Tc was found to decrease
with increasing hydrostatic pressure. The K com-
pound also shows metallic behavior with a small
anomaly at about 8 K, but shows no superconductiv-
ity in the lower temperature range.28-30 The anomaly
at 8 K has been ascribed to a reconstruction of the
band structure due to an instability characteristic of
the one-dimensional electronic system, as suggested
by the sheetlike Fermi surface.31,32 Hydrostatic pres-
sure suppresses the anomaly at 8 K, leading to a
simple metallic state without superconductivity.33

The generation of uniaxial strain in NH4 and K
compounds changes the temperature dependence of
electrical resistance, as shown in Figures 9 and
10.34-36 The resistance was measured perpendicular
to the conducting plane, the ac plane, according to
the conventional dc four-lead method. The uniaxial
strain was generated by using the frozen-oil method.

The uniaxial strain parallel to the c-axis enhanced
the superconducting transition temperature Tc of the
NH4 compound to about 6 K under the piston pres-
sure of 0.5 GPa (5 kbar). This gives the pressure
derivative dlnTc/dP of about 8 GPa-1. It is surprising
that such a large increase in Tc was caused by
compressing superconducting materials because pres-
sure application has been usually believed to reduce
Tc. For example, the pressure derivative was evalu-
ated to be -0.5 GPa-1 for (TMTSF)2X,37-39 -1.2
GPa-1 for â-(BEDT-TTF)2I3, 40,41 and -1.3 GPa-1 for
κ-(BEDT-TTF)2Cu(NCS)2.42 Some oxide superconduc-
tors showed increases of Tc with pressure, but their
pressure derivative was of the order of 0.1 GPa-1.43

Also, the uniaxial stress study found an increase with
the pressure derivative of only 0.02 GPa-1.9

On the other hand, uniaxial strain parallel to the
a-axis easily suppressed the superconductivity. The
piston pressure of 0.45 GPa (4.5 kbar) induced an
anomaly in resistance at about 8 K reminiscent of
that observed in the K compound at ambient pres-
sure. It was verified by angle-dependent magneto-
resistance measurements (AMR) that this anomaly
had exactly the same origin as that of the K com-

pound, which is the change in the geometry of the
Fermi surface. (AMR can be used to investigate the
geometry of the Fermi surface of conducting elec-
trons.44) Under greater strain, the sample showed
simple metallic behavior.

Figure 8. Band dispersion and the Fermi surface of
R-(BEDT-TTF)2NH4Hg(SCN)4 at ambient pressure.24,25

Figure 9. Temperature dependence of the electrical
resistance of R-(BEDT-TTF)2NH4Hg(SCN)4 under uniaxial
strain.34-36

Figure 10. Temperature dependence of the electrical
resistance of R-(BEDT-TTF)2KHg(SCN)4 under uniaxial
strain.34-36
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In the K compound, the uniaxial strain generated
by the piston pressure of 0.3-0.4 GPa (3-4 kbar)
parallel to the c-axis suppressed the resistance
anomaly, as shown in Figure 10, and stabilized the
simple metallic state. The piston pressure of 1 GPa
(10 kbar) induced superconductivity. In both K and
NH4 compounds, the uniaxial strain perpendicular
to the conducting ac plane gave results similar to
those under the c-axial strain, although the effects
were weaker. It is expected that the in-plane strain
plays a dominant role in determining the electronic
properties.

These results suggested the phase diagram de-
picted in Figure 11.34,36,45 It was conjectured that the
K and NH4 compounds at ambient pressure were
located on the phase diagram, as shown in the figure,
and that their positions were shifted by the uniaxial
strain parallel to the a- or c-axis, leading to the
changes in electronic properties observed in resis-
tance measurements.

The above conjecture should be checked by band
calculations based on X-ray structure analyses. Such
calculations have been carried out for the NH4
compound.46,47 First, lattice parameters were mea-
sured at room temperature under uniaxial strain.
Figures 12 and 13 show examples of the results for
the uniaxial strain in the conducting plane. In both

cases, the volume decreased by about 0.8% at about
0.2 GPa (2 kbar), but the a- and c-axes were selec-
tively compressed under the uniaxial strains parallel
to the respective axes. It is evident that these
compressions created rather ideal uniaxial strains in
the lattice. However, the compression parallel to the
b*-axis, which is normal to the conducting ac-plane,
caused an appreciable decrease of the parameter c.
This negative Poisson’s effect is presumably due to
a mismatch of the elastic constants between epoxy
and the sample parallel to the c-axis.

Atomic coordinates were also deduced from the
X-ray measurements. Under uniaxial strain, some
changes were noted in the geometry between neigh-
boring molecules. These changes were examined from
the viewpoint of overlap integrals, regarding the
shape of a BEDT-TTF molecule to be a rectangle
formed by sulfur atoms on the outer six-member
rings. Figure 14 shows important overlap integrals.
It was found that the molecular distance dominated
the overlap integrals of the intracolumnar group (C
group), and the dihedral angle and the angle between
the long axes dominated those of the intercolumnar
one (P group).

For the intracolumnar C group, the overlap inte-
grals increased with decreasing distance. Under the
strain parallel to the a-axis, the distance for C1
increased and those for C2 and C3 decreased, leading
to the results in Table 1.

With the strain parallel to the b*-axis, which is
perpendicular to the conducting plane, the distance

Figure 11. Phase diagram of R-(BEDT-TTF)2NH4Hg-
(SCN)4 for the control of the lattice parameter ratio c/a.
Curves are guides for the eye. R-(BEDT-TTF)2KHg(SCN)4
was considered to be located as shown by the arrow.34,36,45

Figure 12. Change in the lattice parameters of R-(BEDT-
TTF)2NH4Hg(SCN)4 under the uniaxial strain parallel to
the a-axis. (Reprinted with permission from ref 46. Copy-
right 2001 Elsevier Science.)

Figure 13. Change in the lattice parameters of R-(BEDT-
TTF)2NH4Hg(SCN)4 under the uniaxial strain parallel to
the c-axis. (Reprinted with permission from ref 46. Copy-
right 2001 Elsevier Science.)

Figure 14. Important overlap integrals in the conducting
layer of R-(BEDT-TTF)2NH4Hg(SCN)4.

Electronic Properties of Molecular Conductors Chemical Reviews, 2004, Vol. 104, No. 11 5599



for C1 increased and that for C3 decreased, the same
as with the a-axial strain. Concerning C2, the strain
reduced the intermolecular distance between the A1
and A2 molecules and increased the shift of the A1
molecule relative to the A2 one along the molecular
long axis. This is expected to contribute to the
increase of C2. The presence of vacancies in the anion
layer above the A1 molecule and below the A2 one is
considered to drive such molecular movements. Un-
der the c-axial strain, the external force is along the
intracolumnar group, causing the decrease of the
distance and the increase of the overlap integral.

For the intercolumnar group, the overlap integrals
increased with decreasing dihedral angle and de-
creasing angle between the long axes; that is, the
molecules become almost parallel to each other.

Calculation of the band structure based on the
obtained atomic coordinates revealed the follow-
ing:47 (1) At ambient pressure, the electronic proper-
ties have both one- and two-dimensional natures as
described already. The uniaxial strain parallel to the
a-axis enhanced the one-dimensional nature. This is
consistent with the electrical properties that showed
a resistance anomaly at about 8 K, suggesting the
onset of an electronic instability characteristic of the
one-dimensional electronic system. (2) As shown in
Figure 15, the uniaxial strain parallel to the c-axis
reduced the bandwidth and weakened the one-
dimensional nature, as suggested by the more warped
Fermi surface running parallel to the kc-axis. These
changes enhance the electronic density of states at
the Fermi level. These are considered to be favorable
for the enhancement of superconductivity because the
instability due to the one-dimensional nature is
suppressed and Tc predicted by the BCS theory for
superconductivity increases with the increasing den-
sity of states. The increase of Tc to 6K was found to
be semiquantitatively consistent with this theoretical
prediction.47 (3) The uniaxial strain parallel to the
a-axis enhanced the one-dimensional nature, which

was considered to be favorable for the onset of the
density wave state.

A band structure of the K and NH4 compounds at
ambient pressure has been calculated.48 Comparison
of Fermi surfaces of these compounds suggested that
the K compound had a more one-dimensional nature,
which could explain the presence and absence of the
density-wave state in the K and NH4 compounds,
respectively. This conjecture was directly verified by
the uniaxial strain study.

Thus, it was found that the changes in the elec-
tronic properties of R-(BEDT-TTF)2XHg(SCN)4 (X )
K, NH4) caused by uniaxial strain were well ex-
plained by the changes in the band structure derived
from the crystal structure under the uniaxial strain.

4.1.2. Electrical Measurements of Other Types of
Molecular Conductors: θ-(DIETS)2[Au(CN)4] and
(TMTSF)2PF6

a. θ-(DIETS)2[Au(CN)4]. A supramolecular con-
ductor, θ-(DIETS)2[Au(CN)4], where DIETS denotes
diiodo(ethylenedithio)diselenadithiafulvalene, based
on iodine bonding, was synthesized to show super-
conductivity at 8.6 K under uniaxial strain created
by the piston pressure of 1 GPa (10 kbar).49,50 Figure
16 shows a schematic view of the crystal structure
at ambient pressure. DIETS is an asymmetrical
molecule containing two iodine atoms on one of the
edges of the skeleton.

In recent progress of supermolecular chemistry, the
halogen-based intermolecular interactions have been
attracting much attention for the design and control
of crystal structures of molecular conductors.51 Among
halogen atoms, the iodine atom has the following
remarkable features: (1) its introduction to TTF
family donors does not harm the intrinsic donor
ability because of the small electronegativity of the
iodine atom, and (2) a strong and directional interac-

Figure 15. Band dispersion and the Fermi surface of
R-(BEDT-TTF)2NH4Hg(SCN)4 under the uniaxial strain
parallel to the c-axis. The dashed curves denote those at
ambient pressure.46,47

Table 1. Calculated Overlap Integrals (×10-3) under
Each Conditon of Uniaxial Compression46,47

ambient a-0.2GPa b*-0.1GPa c-0.15GPa

intracolumnar C1 -2.4 -2.0 -1.8 -3.6
C2 6.0 6.6 8.8 7.2
C3 -0.7 -1.1 -1.0 -1.1

intercolumnar P1 -8.7 -9.3 -8.4 -7.3
P2 -9.5 -10.0 -6.3 -7.6
P3 13.6 14.1 12.1 13.3
P4 13.4 13.0 12.7 12.5 Figure 16. Crystal structure of θ-(DIETS)2[Au(CN)4]

viewed along the conducting layer (upper figure) and that
along the molecular long axis (lower one).49,50

5600 Chemical Reviews, 2004, Vol. 104, No. 11 Kagoshima and Kondo



tion exists between the iodine atom of the TTF family
donor and a lone pair on the nitrogen atom, because
the lowest unoccupied molecular orbital (LUMO) of
the donor is strongly localized on the iodine atom.
This strong I-N interaction was named an “iodine
bond” by Imakubo et al.,49 who reported several
unique crystal structures of supramolecular organic
conductors based on the iodine bond.52

θ-(DIETS)2[Au(CN)4] has the iodine bond, that is,
the I-N contact, the distance (3.02 Å) of which is
shorter than the sum of the van der Waals radii (3.53
Å) of the iodine atom of DIETS and the nitrogen one
of the metal-cyanate anion. It is interesting to see
the possible roles of the iodine bond in dominating
electronic properties of organic conductors.

Figure 17 shows the temperature dependence of
the electrical resistivity of θ-(DIETS)2[Au(CN)4] mea-
sured perpendicular to the conducting ab-plane at
ambient pressure and with the uniaxial strain per-
pendicular to the conducting plane. At ambient
pressure, there is a rapid increase in resistivity at
about 225 K. Hydrostatic-pressure application sup-
pressed the resistance increase but did not stabilize
the metallic state. It was found, however, that the
uniaxial strain perpendicular to the conducting plane
suppressed the insulating behavior and induced
superconductivity at about 8.6 K, as shown in Figure
17. Such behavior was not observed under the
uniaxial strain along other directions. Although the
exact role of the iodine bond is not clear at present,
the high anisotropy of the pressure effect upon the
electrical conductivity suggests some kind of relation-
ship between the iodine bond and the electronic state
at low temperature.

It has been conjectured that the bandwidth in the
conducting plane is increased by the uniaxial strain
perpendicular to the conducting plane, leading to the
metallic state where superconductivity can occur.53

The crystal structure shown in Figure 16 supports
this idea because DIETS molecules aligning in a
zigzag along the b-axis possibly increase the inter-
molecular overlap integral in the conducting ab-plane
when they are compressed along the c-axis. If the
iodine bond plays an important role in this mecha-
nism, one can employ the iodine bond in designing
new molecular conductors.

b. (TMTSF)2PF6. (TMTSF)2PF6, discovered in
1979, is the first organic superconductor.54,55 Its
crystal structure is basically composed of TMTSF
stacks parallel to the a-axis, as shown in Figure 18,
which is the axis of the one-dimensional behavior of
conduction electrons.56 At ambient pressure, it shows
a metal-insulator transition at about 12 K due to
an instability characteristic of the one-dimensional
electronic system, giving rise to spin-density waves.
Hydrostatic pressures of about 0.6 GPa (6 kbar)
suppressed the insulating state and induced super-
conductivity. Other isostructural compounds, such as
(TMTSF)2AsF6 and (TMTSF)2TaF6, showed proper-
ties similar to those of the PF6 compound but with
slightly different critical pressures at which super-
conductivity is induced. (TMTSF)2ClO4 showed su-
perconductivity at ambient pressure, although this
compound has the anion ClO4 that has no inversion
symmetry and undergoes orientation ordering at
about 24 K.1

It had been conjectured that hydrostatic-pressure
application reduces the interstack distance and thus
suppresses the one-dimensional nature of the elec-
tronic system and stabilizes the superconductivity.
If this is true, uniaxial strain parallel to the b- or
c-axis should induce superconductivity.

Measurements of the uniaxial strain effect on
(TMTSF)2PF6 gave contradictory results:35,57 Figure
19 shows the electrical resistance measured parallel
to the one-dimensional a-axis under the uniaxial
strain parallel to the same axis. Superconductivity
with a Tc of 1 K was induced by the uniaxial strain
under the piston pressure of about 1 GPa (10 kbar).
However, insulating properties remained under the
uniaxial strain parallel to the b- and c-axes induced
at the same piston pressure.58 These results can be
interpreted in two ways: One is that the enhance-
ment of the bandwidth parallel to the one-dimen-
sional axis is important in causing superconductivity,
although this idea may contradict the NMR results
that suggest little change in the bandwidth when
hydrostatic pressures induce superconductivity.59,60

The other is that the uniaxial strain parallel to the
a-axis not only reduces the intermolecular distance
parallel to the a-axis but also modifies the inter-
molecular transfer integral along transverse direc-

Figure 17. Electrical resistance of θ-(DIETS)2[Au(CN)4]
under the uniaxial strain perpendicular to the conducting
plane. (Reprinted with permission from ref 49. Copyright
2002 The Royal Society of Chemistry.) Figure 18. Crystal structure of (TMTSF)2PF6.56
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tions. If this mechanism effectively increases the
transverse bandwidth, one can say that the super-
conductivity is governed by the transverse band-
width; that is, reduction of the one-dimensional
nature is crucial for inducing superconductivity. The
behavior of electrical resistivity under the piston
pressure of 1 GPa (10 kbar) shown in Figure 19
reminds us of the inhomogeneous state encountered
at the phase border between the spin-density-wave
and superconducting states with hydrostatic pres-
sures of about 0.6 GPa (6 kbar).37,61,62 Both methods
are considered to create the same electronic state.

A puzzling result has been obtained in the electri-
cal resistance measured parallel to the c-axis, which
is the most resistive direction, of (TMTSF)2PF6 under
the uniaxial strain parallel to the c-axis. The resis-
tance, Fc, decreases rapidly with increasing strain to
become lower than that parallel to the one-dimen-
sional a-axis, Fa, at ambient pressure.63-65 This is
surprising because Fc is larger than Fa by a factor of
about 1000 at ambient pressure. There is a possibility
that some dramatic structural change occurs under
the above condition.

4.2. Control of Electron −Electron Coulomb
Correlation

Coulomb interaction between conduction electrons
prevents them from moving independently, leading
to a correlation in position. This is called the Coulomb
correlation. The wave function of each electron
shrinks to reduce the Coulomb interaction energy due
to the overlap of wave functions. A strong enough
Coulomb interaction effects two features of conduc-
tion electrons: (1) The electrons lose their nature of
quantum waves extending over a crystal and behave
like classical particles. (2) Localized electrons form
a crystal-like structure. Therefore, the Coulomb
correlation makes materials insulating.5

The importance of the Coulomb correlation is
determined by the ratio U/W or V/W, where U and V
denote the Coulomb interaction energy between two
electrons present on a single site or molecule and that
of two electrons sitting on neighboring sites, and W
denotes the conduction bandwidth. When W is much
larger than U and V, electrons move with high kinetic
energies that are little affected by the Coulomb
interaction, and the system retains metallic proper-

ties. In the opposite case, the system is strongly
correlated and shows insulating properties. When U,
the on-site Coulomb energy, plays an important role,
the insulating state is called the Mott insulating
state. When V, the nearest-neighbor or next-nearest-
neighbor interaction, in addition to U, is important,
the amounts of charge on each site or molecule can
be different from one another; that is, there is charge
disproportionation.

Here we describe examples of the control of the
Coulomb correlation. The first example presents a
modification of the Coulomb correlation through the
control of the bandwidth W by the uniaxial strain.
The second one shows that the Coulomb interaction
U can be effectively controlled by the uniaxial strain
when a suitable condition is satisfied in the crystal
structure. The material of the last example has a
large enough Coulomb correlation and localized
electrons with spins. It will be shown that the
arrangement of those spins can be modified by the
uniaxial strain, allowing us to obtain novel electrical
and magnetic properties.

4.2.1. Bandwidth Control and Coulomb Correlation:
θ-(BEDT-TTF)2CsZn(SCN)4 and R-(BEDT-TTF)2I3

The magnitude of the Coulomb correlation, U/W or
V/W, can be modified by controlling the bandwidth
W. Figures 20 and 21 show the crystal structure and
the phase diagram of the family of θ-phase BEDT-
TTF compounds.66 It has been suggested that the
dihedral angle between neighboring BEDT-TTF mol-
ecules dominates the bandwidth of the quasi-two-
dimensional conduction band formed by the layer of
BEDT-TTF molecules. It has been revealed that
θ-(BEDT-TTF)2RbZn(SCN)4 undergoes the Mott tran-
sition with charge disproportionation at about 250
K at ambient pressure.67 The electrical resistance
shows a sudden increase at 250 K with decreasing
temperature. The CsZn compound θ-(BEDT-TTF)2-
CsZn(SCN)4, which has a smaller dihedral angle than

Figure 19. Electrical resistance of (TMTSF)2PF6 under
the uniaxial strain parallel to the conducting a-axis created
by respective piston pressure.35,57

Figure 20. Crsytal structure of θ-phase BEDT-TTF
conductors. (Reprinted with permission from ref 66. Copy-
right 1998 The American Physical Society.)
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the RbZn compound, shows a gradual increase in
resistance only below about 20 K. This difference
between the two compounds can been ascribed to the
difference in the bandwidth.

The phase diagram shown in Figure 21 suggests
that uniaxial strain parallel to the c-axis of the CsZn
compound enhances the insulating properties be-
cause this strain will increase the dihedral angle.
Figure 22 shows the electrical resistance of θ-(BEDT-
TTF)2CsZn(SCN)4 under the uniaxial strain parallel
to the c-axis.68 It is evident that the resistance
behaves like that of the RbZn compound, as expected.
It was also verified in the RbZn compound that the
uniaxial strain parallel to the a-axis made it more
metallic, like the CsZn compound.69

One may conjecture that the RbZn compound has
a bandwidth narrower than that of the CsZn com-
pound, leading to more insulating properties. X-ray
structural analyses showed, however, that a tricky
mechanism is in effect there.70 The transfer integral,
labeled p, along the diagonal direction suffered little
change, but that parallel to the c-axis, labeled c,
increased, as shown in Figure 23. One may say that
the CsZn compound becomes similar to the RbZn
compound under the uniaxial strain parallel to the
c-axis. The total bandwidth shows no appreciable
change, although the upper part of the band crossing
the Fermi level is reduced and the lower part is
increased by the uniaxial strain, as shown in Figure
24. This figure also shows the Fermi surfaces. The
uniaxial strain makes the part of the Fermi surface
perpendicular to the ka-axis flatter, suggesting an
enhanced one-dimensional nature along the a-axis.
Results of theoretical studies suggest, although intui-
tive explanations are difficult to give, that the
combination of these phenomena make the system

more insulating, whereby charge disproportionation
can take place.71-74 One more mechanism can be
pointed out for the enhancement of the Coulomb
correlation. The uniaxial strain parallel to the c-axis
reduces the intermolecular distance along the c-axis.
This change should directly enhance the nearest-
neighbor Coulomb interaction V between electrons
on neighboring molecules.

R-(BEDT-TTF)2I3 belongs to the R-phase family of
BEDT-TTF compounds. However, its electronic struc-
ture is different from that of R-(BEDT-TTF)2XHg-
(SCN)4 (X ) K, NH4) described in the previous
section. Band calculations suggest that the Fermi
surface is composed of small pockets of electrons and
holes. At ambient pressure, R-(BEDT-TTF)2I3 shows
metallic properties down to 135 K where a resistance
jump occurs followed by a structural change and
insulating properties.75-77 NMR measurements have
revealed that charge disproportionation occurs below
135 K.78 The application of hydrostatic pressure
causes an unusual behavior in the electrical resis-

Figure 21. Phase diagram of θ-phase BEDT-TTF conduc-
tors.66

Figure 22. Electrical resistance of θ-(BEDT-TTF)2CsZn-
(SCN)4 under the uniaxial strain parallel to the c-axis.68

Figure 23. Transfer integral in the conducting plane of
θ-(BEDT-TTF)2CsZn(SCN)4 with the uniaxial strain paral-
lel to the c-axis.70

Figure 24. Band dispersion and the Fermi surface of
θ-(BEDT-TTF)2CsZn(SCN)4 at ambient pressure and with
the uniaxial strain parallel to the c-axis.70
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tance.79-81 The resistance shows almost no temper-
ature dependence down to the range of 1 K. It has
been suggested that the increasing mobility compen-
sated for the decreasing number of carriers with
decreasing temperature, leading to the temperature-
independent resistance.82 As shown in Figure 25,
uniaxial strain parallel to the a-axis, which is parallel
to the stacking axis of BEDT-TTF, reduced the
resistance jump at 135 K and suppressed the insulat-
ing behavior, although the suppression was not
complete.22 It has been shown that superconductivity
occurs at about 8 K,83 although this has not yet been
confirmed by other groups. The uniaxial strain paral-
lel to the b-axis, which is in the conducting plane and
nearly perpendicular to the molecular stacking axis,
totally suppressed the insulating behavior, although
no superconductivity was found.

X-ray measurements at both room and low tem-
peratures under uniaxial strain clarified that the
sizes of electron and hole pockets are increased and
decreased by the uniaxial strain parallel to the b- and
a-axes, respectively.84 This is consistent with the
results of resistance measurements, although the
band calculation left some doubts about the site
potential because BEDT-TTF molecules are located
at two sites with slightly different symmetries.

Thus, it was found that the uniaxial strain parallel
to the b-axis increased the bandwidth and suppressed

the insulating state caused by the Coulomb correla-
tion.

4.2.2. Control of Effective On-Site Coulomb Interaction:
â′-(CH3)4As[Pd(dmit)2]2 and (C2H5)2(CH3)2N[Pd(dmit)2]2

The uniaxial strain method usually modifies in-
termolecular transfer energies that dominate the
bandwidth. However, electrical resistance measure-
ments of â′-(CH3)4As[Pd(dmit)2]2, where dmit denotes
1,3-dithiol-2-thione-4,5-dithiolate, and (C2H5)2(CH3)2N-
[Pd(dmit)2]2 under uniaxial strain suggested that the
on-site Coulomb interaction, U, can also be effectively
controlled by uniaxial strain.85 These compounds
consist of conducting layers of Pd(dmit)2 molecules
sandwiched by cation layers. Figure 26 shows the
crystal structure of â′-(CH3)4As[Pd(dmit)2]2. This
compound has a double layer of Pd(dmit)2 separated
by the cation layer. The other compound, (C2H5)2-
(CH3)2N[Pd(dmit)2]2, has a single-layer structure. It
is to be noted, as far as the intralayer conduction is
concerned, that the conducting properties of both
compounds are dominated by the triangular lattice
of the Pd(dmit)2 dimer, as shown in Figure 27.

The electrical conduction is driven by the charge
of 0.5 electron/molecule. The dimerized structure of
Pd(dmit)2 molecules suggests that an effective on-site
Coulomb interaction between electrons present on a
single dimer, Udimer, is approximated by the in-

Figure 25. Electrical resistance of R-(BEDT-TTF)2I3 under
the uniaxial strains parallel to the a- and b-axes. (Re-
printed with permission from ref 22. Copyright 2000 The
American Institute of Physics.)

Figure 26. Crystal structure of â′-(CH3)4As[Pd(dmit)2]2.
(Reprinted with permission from ref 85. Copyright 2002
The American Physical Society.)

Figure 27. Crystal structure of â′-(CH3)4As[Pd(dmit)2]2.
(Reprinted with permission from ref 85. Copyright 2002
The American Physical Society.)
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tradimer transfer energy tA. This is because one
electron occupies the bonding orbital and the other,
the antibonding orbital, when U for two electrons on
a single molecule is much larger than the intradimer
transfer energy.

Figure 28 shows the electrical resistance of â′-
(CH3)4As[Pd(dmit)2]2 under uniaxial strain parallel
to the b-axis.85 The uniaxial strain parallel to the
b-axis stabilized the metallic state accompanied by
the superconductivity below about 4 K. Uniaxial
strains parallel to the a- and c-axes, however, en-
hanced insulating properties in the initial stage of
compression, and the insulating state was never
suppressed by increasing strain. The interpretation
of the effect of the strain parallel to the a-axis is not
straightforward because of the double-layer struc-
ture. Similar measurements were also made on
(C2H5)2(CH3)2N[Pd(dmit)2]2, which has a single-layer
structure.86 Combination of the results obtained for
the two compounds has led to the following hypoth-
esis for the roles of uniaxial strain in controlling the
electronic properties of the layer of Pd(dmit)2 dimers.
The uniaxial strain parallel to the molecular stacking
axis, the a-axis of (C2H5)2(CH3)2N[Pd(dmit)2]2, in-
creases the effective on-site Coulomb interaction
energy on a dimer, Udimer, because the increase in the
intradimer transfer energy tA enhances it. It is to be
noted that the interdimer transfer energy tB should
also be increased by the uniaxial strain. It is ex-
pected, therefore, that the increase of Udimer is much
greater than that of the interdimer transfer energy,
which leads to the more insulating state.

Measurements under hydrostatic pressure have
yielded results that should be compared with those
under uniaxial strain. The application of hydrostatic
pressure slightly suppressed the insulating proper-
ties.85 X-ray structural measurements under hydro-
static pressure showed that both the interdimer
transfer energy and the effective on-site Coulomb
energy were increased with increasing pressure and

that the increase of the former was more than that
of the latter, leading to a more conducting state.87

This difference of effects between the uniaxial strain
and the hydrostatic compression will be useful for
future studies to modify electronic properties as
desired.

The uniaxial strain parallel to the a+c-axis of
(C2H5)2(CH3)2N[Pd(dmit)2]2 stabilized the metallic
state and led to the onset of superconductivity,
because this strain increases the smallest interdimer
transfer energy and results in a more regular trian-
gular lattice of dimers, where frustration in the spin
configuration is expected to suppress insulating
properties due to the charge-localized state. It is
noted that this effect cannot be directly observed in
the double-layer compound â′-(CH3)4As[Pd(dmit)2]2
because the directions corrsponding to the a+c-axis
of (C2H5)2(CH3)2N[Pd(dmit)2]2 are different between
the two layers. Therefore, the metallic properties of
â′-(CH3)4As[Pd(dmit)2]2 realized under the uniaxial
strain parallel to the b-axis can be ascribed to the
increase of the overall bandwidth.

4.2.3. Control of Frustration in a Triangular Lattice of
Spins: κ-(BEDT-TTF)2X

Many molecular superconductors belong to the
family of κ-(BEDT-TTF)2X, where X denotes an anion
such as Cu(NCS)2

-.1 Their crystals consist of con-
ducting layers of BEDT-TTF molecules sandwiched
by anion layers, as shown in Figure 29. The conduct-
ing layer is regarded as an oblique lattice of BEDT-

Figure 28. Electrical resistivity of â′-(CH3)4As[Pd(dmit)2]2
under the uniaxial strain parallel to the a-axis. (Reprinted
with permission from ref 85. Copyright 2002 The American
Physical Society.)

Figure 29. Crystal structure of κ-(BEDT-TTF)2Cu(NCS)2
viewed parallel to the conducting layer (a) and along the
molecular long axis (b).24
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TTF dimers, as shown in Figure 29b, where, on
average, one hole is present on each dimer. If these
charges are localized by strong on-site Coulomb
interaction on each dimer, the system is in an
insulating state with a spin lattice that may show
some phenomena due to an ordering of the spins.

Band structure calculation suggested that the
dimer lattice can be regarded as a triangular one
having the frustration in the spin configuration.
Figure 30 schematically shows the arrangement of
BEDT-TTF molecules on the conducting layer and
important transfer integrals. The band structure is
described by two interdimer transfer energies, t and
t′. The crystal structure at ambient pressure suggests
that t′ is nearly equal to t, that is, t′/t is about 1.06.

Electrical resistance measurements of κ-(BEDT-
TTF)2Cu2(CN)3 showed that the magnitude of frus-
tration was modified by uniaxial strain.88,89 At am-
bient pressure, the electrical resistance of this
compound increases with decreasing temperature,
suggesting a localization of conducting charges. How-
ever, magnetic susceptibility was found not to in-
crease with decreasing temperature.90 These prop-
erties have been ascribed to the frustration of spins
localized on each dimer due to the strong on-site
Coulomb interaction, that is, a Mott transition.
Hydrostatic pressure of 0.06 GPa (0.6 kbar) sup-
presses the increase of resistance, leading to super-
conductivity with Tc of about 3.9 K. Under uniaxial
strains parallel to both the b- and c-axes, Tc was
found to increase to higher temperatures of about 7
K, as shown in Figure 31.91 This result implies that
the frustration should be suppressed by the uniaxial
strain, which results in superconductivity. It is still
unclear, however, how the suppression of the frustra-
tion causes the Mott insulating state to become a
conducting state and what the spin configuration
there is.

Also in κ-(BEDT-TTF)2Cu(NCS)2, the uniaxial strain
effects have been studied.92-95 The increase of Tc of
0.2-1 K was observed under the uniaxial strain
parallel to the c-axis. The strain parallel to the a*-
axis reduced Tc, but one study showed an increase
by about 0.1 K.95 These effects are small compared
to those of the R- and θ-phase compounds. Possible
explanations for this are that (1) the bandwidth is
little affected by uniaxial strains because of the dimer
structure and (2) the triangular arrangement of
dimers is far from the frustration because the tri-
angle is distorted compared to that of the Cu2(CN)3
compound.

5. Prospect for Future Applications of Uniaxial
Strain Method

Large uniaxial strains are expected to lead to more
exciting electronic states. For this, one has to over-
come some technical difficulties. The maximum mag-
nitude of uniaxial strain reviewed here is about 5%,
which was realized in θ-(BEDT-TTF)2CsZn(SCN)4.
Under larger strains, crystals deteriorated, causing
much broadening of X-ray diffraction peaks. The
transition to the superconducting state also showed
broadening of the temperature width of the transi-
tion. These are considered to be results of inhomo-
geneous compression of samples due to the mismatch
in elastic constants between the sample and epoxy
or frozen oil. For larger strains, it is necessary to
search for other media with which to encase each
kind of material to be studied. It is noted that such
media should be solidified at or below room temper-
ature and be chemically inactive to enable studies of
organic materials.

Optical, magnetic, and some other measurements
must be possible under uniaxial strains. Optical
measurements in the range of visible light are
expected to be possible when the piston is replaced
with a transparent material such as sapphire. The
pressure cell may also be replaced with a sapphire
cylinder. For magnetic measurements, difficulties are
similar to those under hydrostatic pressure because
epoxy and frozen oil do not show great susceptibility.

Figure 30. Schematic view of the arrangement of BEDT-
TTF molecules on a conducting layer and important
transfer integrals of κ-(BEDT-TTF)2Cu2(CN)3.

Figure 31. Electrical resistance of κ-(BEDT-TTF)2Cu2-
(CN)3 under the uniaxial strains parallel to the b- and
c-axes. (Reprinted with permission from ref 91. Copyright
2003 Elsevier Science.)
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It is desirable to apply the uniaxial strain method
to many other materials such as conventional semi-
conductors and high-Tc oxide materials. For this,
however, one must identify suitable pressure media
that have elastic constants similar to those of the
samples. Some kinds of cement may be worth testing
for this purpose.

6. Summary
We have reviewed the modification and control of

the electronic properties of molecular conductors and
superconductors by uniaxial deformation of crystal
structures. Specifically, the uniaxial strain method,
where a crystal is compressed along any direction
with no deformation in the transverse directions, and
its application to many kinds of molecular conductors
were described.

The role of pressure application in the study of
molecular conductors was discussed, followed by a
brief review of pioneering studies of the uniaxial
compression of conventional semiconductors and
some molecular conductors.

In the main text, the development of the uniaxial
strain method and the novel electronic properties of
molecular conductors discovered by employing the
uniaxial strain method were reviewed. Examples
were shown of (1) the band structure control of
R-(BEDT-TTF)2XHg(SCN)4 (X ) K, NH4) to induce
or enhance superconducting states, (2) the band
structure modification of θ-(DIETS)2[Au(CN)4] and
TMTSF2PF6 to find unexpected onsets of supercon-
ductivity, and (3) the control of effective Coulomb
interaction between conducting electrons of θ-(BEDT-
TTF)2CsZn(SCN)4, R-(BEDT-TTF)2I3, â′-(CH3)4As[Pd-
(dmit)2]2, (C2H5)2(CH3)2N[Pd(dmit)2]2, and κ-(BEDT-
TTF)2X [X ) Cu2(CN)3, Cu(NCS)2]. Prospects for
future studies were also given from the viewpoint of
experimental methods.
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