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ABSTRACT: Dependence of the superconducting transition
temperature (Tc) and critial superconducting pressure (Pc) of
the pressure-induced superconductor β-(BDA-TTP)2I3
[BDA-TTP = 2,5-bis(1,3-dithian-2-ylidene)-1,3,4,6-tetra-
thiapentalene] on the orientation of uniaxial strain has been
investigated. On the basis of the overlap between the upper
and lower bands in the energy dispersion curve, the pressure
orientation is thought to change the half-filled band to the
quarter-filled one. The observed variations in Tc and Pc are
explained by considering the degree of application of the
pressure and the degree of contribution of the effective
electronic correlation at uniaxial strains with different or-
ientations parallel to the conducting donor layer.

Since the discovery of TMTSF (tetramethyltetraselenaful-
valene) superconductors followed by BEDT-TTF [bis(ethyl-

enedithio)tetrathiafulvalene] superconductors,1 the issue of con-
trolling the superconducting transition temperature (Tc) in
layered organic superconductors remains a major challenge in
the research of organic superconductivity, though the settlement
of this issue would serve as a guide to the production of new
high-Tc superconductors. On the basis of their band structures,
layered organic superconductors are roughly divided into two
categories: the half-filled band system and the quarter-filled one.2

In both systems, the Tc’s are very sensitive to pressure and the
electronic states are also changed by pressure. In the case of many
layered organic superconductors with the half-filled band system,
with increasing pressure, the Mott insulating ground state is
suppressed and then the superconducting state appears.3 On the
other hand, in the case of layered organic superconductors with
the quarter-filled band system, the pressure enables the charge
ordering insulating state to change into the superconducting
state.4 Therefore, the application of pressure plays an important
role in inducing organic superconductivity. In addition to the
hydrostatic-pressure application with an isotropic pressure effect,
the uniaxial strain method with modification of the intermole-
cular distance along a desired direction is a powerful tool for the

research of organic superconductors.5,6 Here we report what
changes take place in the Tc and critial superconducting pressure
(Pc) of the pressure-induced superconductor β-(BDA-TTP)2I3
by making fine adjustments to the orientation of applying
uniaxial strain.

β-(BDA-TTP)2I3 exhibits superconductivity with a rather high
resistiveTc of 9.5 K under a hydrostatic pressure of 9.7 kbar.7 The
temperature dependence of the susceptibility explained by the
one-dimensional antiferromagnetic Heisenberg model7 and the
infrared and Raman spectroscopic study8 indicate that the ground
state of β-(BDA-TTP)2I3 at ambient pressure is a Mott insulator
with the half-filled band system, although there is an overlap
between the upper and lower bands in the energy dispersion
curve calculated by the extended H€uckel method9 as shown in
Figure 1a, whereW,WU, andWO stand for the total bandwidth of
the upper and lower bands, the bandwidth of the upper band, and
the overlap between the upper and lower bands, respectively.
The values ofW andWU are essential to the control of the effec-
tive electronic correlation, because the effective electronic corre-
lation is given by U/W and V/W, where U and V are the on-site
and intersite Coulomb repulsions, respectively, in the quarter-
filled band system, and is expressed as U/WU and V/WU in the

Figure 1. Band structures of β-(BDA-TTP)2I3 (a) at ambient pressure
and (b) at a hydrostatic pressure of 7.5 kbar. The values ofW,WU, and
WO at ambient pressure are 0.65, 0.27, and 0.09 eV, respectively, whereas
those at a hydrostatic pressure of 7.5 kbar are 0.78, 0.36, and 0.15 eV,
respectively.
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half-filled band system. Our X-ray structural study of β-(BDA-
TTP)2I3 under a hydrostatic pressure of 7.5 kbar

10 revealed that
(i) the two outer dithiane rings of BDA-TTF adopt nonequiva-
lent chair conformations (the respective dihedral angles around
the corresponding intermolecular sulfur-to-sulfur axes are 51.3�
and 29.2�, see Supplemental Figure S1), (ii) the conformation of
BDA-TTP is slightly difference from that at ambient pressure,
and (iii) the dimerization of BDA-TTP molecules is smaller than
that at ambient pressure (Supplemental Figure S2). Introduction
of such a structural flexibility into the design of new donor
molecules would be useful for the control of the effective electron
correlation leading to the superconducting state.11 In addition,
the overlap WO increases (Figure 1b) with a reduction of about
4% in the unit cell volume [917.2(11) Å3]12 compared to that
[953.9(2) Å3]7 at ambient pressure. The result implies that the
ground state of the salt tends to change from the half-filled band
into the quarter-filled one under applied pressure, because a large
value of WO is seen in the quarter-filled band structure.4b

We investigated the temperature dependence of the resistivity
of β-(BDA-TTP)2I3 by applying uniaxial strains along the
crystallographic a-, b-, and c-axes as well as different directions
in the conducting ac plane to find favorable pressure orientations
for inducing superconductivity. The orientation of uniaxial strain
in the ac plane is defined by the angle ϕ from the c-axis fixed as a
reference axis (Figure 2). Figure 3a�c shows the resistivity of the
salt as a function of temperature under uniaxial strains parallel to
the a-, b-, and c-axes, respectively. Under the a-axis strains up to
12 kbar, increase of resistivity began to be suppressed in a low
temperature region at 7, 8, 9, and 10 kbar, and the salt behaved
like a metal from 50 to 10 K under 12 kbar. On the other hand,
under the b-axis strains, the insulating behavior of the salt
remained unaltered at all pressures up to 12 kbar. Under the
c-axis strains up to 10 kbar, a drop in resistivity appeared with an
onset at 8.5 K under 8.5 kbar. The onset temperature of the resis-
tivity drop increased up to 10.5 K at 9.5 kbar but decreased
slightly to 9.5 K at 10 kbar. We observed a recovery of the resis-
tance in the resistivity measurement of another single crystal by
application of a uniaxal strain of 10 kbar with ϕ = ∼7� under
applied magnetic fields (Figure 4), so the drop in resistivity ob-
served by applying the c-axis strain can be attributed to a super-
conducting transition. It was consequently found that the resistive

Tc under the c-axis strain rises by 1 K compared to that (9.5 K)
under hydrostatic pressure.

Figure 5a summarizes the pressure dependence of Tc in
β-(BDA-TTP)2I3 by varying the orientation of uniaxial strain in
the ac plane. Superconductivity was observed in the orientation

Figure 2. Donor arrangement inβ-(BDA-TTP)2I3 and definition of the
orientation of uniaxial strain in the ac plane. According to the definition,
the orientations of the c-axis, a-axis, and �a-axis strains are assigned as
ϕ = 0�, 106�, and �74�, respectively.

Figure 3. Temperature dependence of the resistivity of β-(BDA-
TTP)2I3 under the (a) a-axis, (b) b-axis, and (c) c-axis strains.

Figure 4. Magnetic-field dependence of the resistivity drop in β-(BDA-
TTP)2I3 under a uniaxial strain of 10 kbar with ϕ = ∼7�. The magnetic
field was applied along the crystallographic b-axis.
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angle range of�47�e ϕe 80�; however, outside this range, no
superconductivity was found. It should be noted that at the
uniaxial strain with ϕ = 45� the Tc’s varied from 4.3 to 10.3 K in a
wide pressure range from 7 to 13.5 kbar and the Pc is lower than
that (9.7 kbar) under hydrostatic pressure. Figure 5b and c depi-
cts the plots of the maxima values of Tc (abbreviated as Tcmax)
and the values of Pc, respectively, at different pressure orienta-
tions with ϕ = �47�, �32�, �1�, 16�, 45�, 58�, and 80�. The
higher Tcmax’s from 8.5 to 10.5 K are recorded in the orientation
angle range of �32� e ϕ e 58�, whereas the values of Tcmax

decrease outside this range. The plots of Pc display a convex-
shaped pressure-orientation dependence within the same orien-
tation angle range, outside of which the values of Pc increase.

Taking account of the approximately 4% reduction of the unit
cell volume by application of a hydrostatic pressure of 7.5 kbar,
we calculated the tight binding band structures under uniaxial
strains parallel to the ac plane by the extended H€uckel method9

based on the assumption that the distance between the BDA-
TTP donor molecules along each uniaxial strain decreases by 5%
with no change in the HOMO level of BDA-TTP at ambient
pressure.13 Figure 6 shows the curves ofW,WU, andWO, which
were obtained from the band calculations by varying the pressure
orientation angle at an interval of 5� in the ac plane, together with
the values of W, WU, and WO at ambient pressure. The value of
WO exhibits a gradual increase as ϕ approaches 0� (the direction
of the c-axis) and a gradual decrease as ϕ comes close to 106� (the
direction of the a-axis) and �74� (the direction of the �a-axis).
A maximum value of WO is observed at ϕ = 16� (the direction
perpendicular to the a-axis). The variation of WO suggests that
the ground state of β-(BDA-TTP)2I3 is changed from the half-
filled band into the quarter-filled one by applying the c-axis strain,
whereas the half-filled band is dominant in the ground state of the
salt under the a-axis strain. It is noteworthy that compared to the
value of WO at ambient pressure, larger values of WO are obser-
ved in the orientation angle range in which higher Tcmax’s are
recorded (Figure 5b). Therefore, the quarter-filled band system
is likely to be favorable for the achievement of superconductivity
in β-(BDA-TTP)2I3.

Application of pressure is generally thought to lead to an
enhancement of the bandwidth and, consequently, to decrease
the electron correlation.14 In addition, a key parameter to control
the ground state in the quarter-filled band system is proposed
to be the effective electronic correlation U/W and V/W.2 The
ground state is in the metallic phase when the values ofU/W and
V/W are small, while the ground state is in the insulating phase
when those are large. Superconductivity appears when U/W and
V/W are in between. In the conducting ac plane of β-(BDA-
TTP)2I3, the total bandwidth W exhibits a value close to the
maximum value under the a-axis strain (Figure 6) and a mini-
mum value at the uniaxial strain with ϕ = 16�. With decreasingW,
the values of U/W and V/W increase, so that the achievement of
superconductivity requires the increase of pressure. It is thus
expected that the value of Pc shows a maximum around ϕ = 16�
and decreases as the orientation angle moves away from ϕ = 16�.
This prediction is in good agreement with the pressure-orienta-
tion dependence of Pc in the orientation angle range of �32�e
ϕe 58� (Figure 5c) where the ground state of β-(BDA-TTP)2I3
seems to be the quarter-filled band. At the pressure orientation
angles of �47� and 80�, the ground states are close to the half-
filled band, the values of Pc significantly increase (Figure 5c), and
the values of Tcmax decrease (Figure 5b).

The effective electronic correlation U/WU and V/WU in the
half-filled band system acts as a key parameter to control the
ground state,2 akin to the case of the quarter-filled band system.
In the ac plane of β-(BDA-TTP)2I3, the values of the upper
bandwidthWU at different uniaxial strains are slightly larger than
that at ambient pressure (Figure 6) and almost independent of ϕ.
This pressure-orientation dependence ofWU differs from that of
W, so it seems in the half-filled band system that a higher pressure
is necessary for increase ofWU and hence for decrease of U/WU

andV/WU to induce superconductivity. As mentioned above, the
ground state of β-(BDA-TTP)2I3 is regarded as the half-filled
band for the orientation of the a-axis strain, and we were actually
unable to find superconductivity by applying the a-axis strains up
to 12 kbar, though suppression of the resistivity increase and a
metallic resistive behavior were observed (Figure 3a). There is
therefore a possibility that further increases in the pressure along
the a-axis induce superconductivity in β-(BDA-TTP)2I3 with the
half-filled band.

Figure 5. (a) Pressure dependence of Tc at different pressure orienta-
tions with ϕ = �47�, �32�, �1�, 16�, 45�, 58�, and 80�. (b) Pressure-
orientation dependence of Tcmax and (c) pressure-orientation depen-
dence of Pc in β-(BDA-TTP)2I3.

Figure 6. Pressure-orientation dependence of W, WU, and WO in
β-(BDA-TTP)2I3. The values of W, WU, and WO at ambient pressure
are indicated by the dotted lines.
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In conclusion, we revealed variations in the Tc and Pc of the
pressure-induced superconductor β-(BDA-TTP)2I3 by applying
uniaxial strains with a variety of orientation angles in the con-
ducting ac plane. Then we calculated the values of W, WU, and
WO in the band structure of β-(BDA-TTP)2I3 under uniaxial
strains, presumed the ground state of the salt by the variations of
WO, and elucidated the effects of both the pressure and the
effective electronic correlation on the induction of superconduc-
tivity. This approach to study organic superconductivity demon-
strates that the pressure orientation can change the ground state
into another one, where the control of Tc is feasible by adjusting
the value of uniaxial strain, considering the contribution of the
effective electronic correlation. This work is thus the first example
that realizes two competing insulating states depending on the
pressure orientation in the same material, which is sure to shed
light on the research of organic superconductors associated with
those ground states. On the other hand, it remains to be proved
that further application of the a-axis strain to β-(BDA-TTP)2I3
leads to superconductivity. Work currently in progress is
addressing this issue.
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