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�-type BDA-TTP �BDA-TTP=2,5-bis�1,3-dithian-2-ylidene�-1,3,4,6-tetrathiapentalene� salts possess high
transition temperatures TC reaching 7 K among organic superconductors. TC of �-�BDA-TTP�2X �X=SbF6,
AsF6� is studied by resistive measurements under uniaxial compression. TC once increases and takes a maxi-
mum under compression parallel to the donor stack while it decreases under compression perpendicular to the
donor stack. These results are in agreement with the half-filled Hubbard model on the triangular lattice in
which the compression controls the spin fluctuation and frustration in the weak pressure region.
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The superconductivity of the high-TC �-type BEDT-TTF
salts is believed to arise from the spin fluctuation in terms of
the half-filled Hubbard model on an anisotropic triangular
lattice.1–3 In �-type donor arrangements, donors form dimers.
The split antibonding highest occupied molecular orbital
�HOMO� band is half-filled with the effective on-site Cou-
lomb energy �U� close to the bandwidth �W�. It is a strongly
correlated system with enhanced antiferromagnetic spin fluc-
tuations in terms of the Mott physics.4 The dimers are ar-
ranged on the anisotropic triangular lattice in which the spin
frustration plays an important role.1,3,5 The superconductivity
is suppressed when the frustration on the triangular lattice
becomes strong.

Meanwhile, �-type BDA-TTP �BDA-TTP=2,5-bis�1,3-
dithian-2-ylidene�-1,3,4,6-tetrathiapentalene� �see Fig. 1�a��
salts have attracted attention owing to the relatively high TC
among organic superconductors.6 �-type BDA-TTP salts
share structural similarities with the BEDT-TTF salts.6 The
BDA-TTP molecules are packed in layers in a �-type ar-
rangement, having donor stacks along the a+c axis, as
shown in Fig. 1�b�. Unconventional d-wave superconductiv-
ity similar to the BEDT-TTF salts has been suggested by the
specific heat7 and scanning tunneling microscope �STM�
measurements.8

The BDA-TTP salts are the key materials for understand-
ing how the dimerized BEDT-TTF is a prerequisite for high
TC in organic superconductors, since they have two distinct
properties different from �-type BEDT-TTF salts. One is the
structure of the donor molecule. The BDA-TTP salt is an
organic superconductor in which the donor molecule is not
based on the tetrachalcogenafulvalene structure. The other is
the �-type donor arrangement. In the �-type structure, the
donors dimerize, forming a triangular lattice as shown in Fig.
1�c�. However, the dimerization of the molecules is not so
strong as the �-type salts. For the present salts, the in-
tradimer transfer integral is calculated by the extended
Hückel method as tp1=−0.147,−0.151 eV for X=SbF6 and

X=AsF6, respectively, compared with other interdimer inte-
grals tp2=−0.0623,−0.0754 eV, tq1=−0.0818,−0.0837 eV,
tq2=−0.0889,−0.0962 eV, and tc=0.004 47,0.003 37 eV.9

Since the splitting between the bonding and antibonding
HOMO bands is small �0.06 eV� compared with the band-
width, �-type salts are a borderline material with regard to
whether they can be treated with a half-filled model. Inciden-
tally, superconductivity at 14.2 K, which is higher than for
�-type salts, has been reported for ��-�BEDT-TTF�2ICl2 un-
der a hydrostatic pressure of 8.2 GPa.10 The superconductiv-
ity of �-type salts attracts attention in the sense that the
dimerization-induced half-filled electronic structure with en-
hanced spin fluctuation is a prerequisite for high TC. As a
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FIG. 1. �a� The BDA-TTP molecule. �b� The arrangement of
molecules and the transfer integrals between the molecules within
the conduction layer of �-�BDA-TTP�2X. The ellipses represent
BDA-TTP molecules. The dotted ellipses indicate dimers. �c� The
triangular-lattice structure taking the dimer as a unit.
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model for the superconductivity of �-�BDA-TTP�2X, the ef-
fectively half-filled extended Hubbard model similar to that
for the �-type BEDT-TTF salts is proposed in which spin and
charge fluctuations induce dxy-wave superconductivity.9

Uniaxial compression is a unique method for gaining in-
sight into the phase diagram of low-dimensional conductors
since we can access each transfer integral selectively.11 The
TC variations under uniaxial compression for �-type BEDT-
TTF salts12–14 are explained in terms of the anisotropic
triangular-lattice model.15 The results for three different salts
align so that TC peaks at the anisotropy of 0.7. This result is
in agreement with the fluctuation-exchange �FLEX� calcula-
tion based on the half-filled Hubbard model in which TC
takes a maximum as a result of the interplay between the
enhancement of spin fluctuation and spin frustration.1 In this
Brief Report we report the uniaxial compression effect on the
TC of �-�BDA-TTP�2X �X=SbF6,AsF6� and discuss the re-
sults in terms of the half-filled Hubbard model in view of the
role of spin fluctuation and spin frustration.

Samples were prepared electrochemically.6 Single crystals
were aligned with respect to the compression direction with
the help of a stripelike pattern on the ac plane. The direction
of the stripe was found to be perpendicular to a+c by x-ray
and electron spin resonance �ESR� measurements. Interlayer
four-probe resistivity measurements under uniaxial compres-
sion were performed by the epoxy-encapsulation method11

described previously.12 Two to three samples from different
batches were measured for each compression direction to
ensure reproducibility. For the hydrostatic pressure measure-
ment, the sample was set in a Teflon cap filled with a Daphne
7373 oil.

In Fig. 2, we show the interplane resistivity near TC under

uniaxial compression parallel and perpendicular to a+c and
under interplane compression for X=SbF6. In Figs. 4�a� and
4�c�, we show the piston pressure dependence of TC of X
=SbF6 defined as the midpoints of the resistive transition.
Upper and lower error bars represent the onset and offset
points of the transition. Under in-plane compression parallel
to a+c �parallel compression�, TC increases gradually by 0.5
K up to 3 kbar and decreases under further piston pressure.
Under in-plane compression perpendicular to a+c �perpen-
dicular compression�, TC decreases gradually up to 2.5 kbar
and then decreases rapidly under further piston pressure. Un-
der interplane compression, TC rapidly increases up to a pis-
ton pressure of 0.5 kbar, remains high up to �3 kbar, and
decreases under further piston pressure. Under high piston
pressures, the transition width increases for every compres-
sion direction. The overall behaviors of TC under uniaxial
compression agree qualitatively with magnetization
measurements.16 Because TC increases under interplane com-
pression but remains almost unchanged under in-plane com-
pression up to 1 kbar, it is expected that TC will increase
under hydrostatic pressure. In fact, a 0.4 K increase in TC is
observed under a hydrostatic pressure of 0.5 kbar.

In Fig. 3, we show the interplane resistivity near TC under
uniaxial compression parallel and perpendicular to a+c and
under interplane compression for X=AsF6. In Figs. 4�b� and
4�d�, we show the piston pressure dependence of TC for X
=AsF6 defined as the midpoints of the resistive transition.
Upper and lower error bars represent the onset or offset
points of the transition. Although the resistive transitions are
broader than those for X=SbF6, it is found that TC increases
up to 4 kbar and decreases above 5 kbar under parallel com-
pression, except for a minimum at �3 kbar. Under perpen-
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FIG. 2. �Color online� The resistive transition for X=SbF6 under
in-plane compression �a� parallel and �b� perpendicular to a+c and
�c� under interplane compression. The number on each curve de-
notes the piston pressure in kbar. The curve “0” indicates the tran-
sition under epoxy encapsulation before applying piston pressure.
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FIG. 3. �Color online� The resistive transition for X=AsF6 under
in-plane compression �a� parallel and �b� perpendicular to a+c and
�c� under interplane compression. The number on each curve de-
notes the piston pressure in kbar. The curve “0” indicates the tran-
sition under epoxy encapsulation before applying piston pressure.
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dicular compression, TC decreases gradually up to 4 kbar and
rapidly above 5 kbar, except for a minimum at �3 kbar.
Under interplane compression, TC increases up to 2 kbar,
remains high up to �6 kbar, and decreases under further
piston pressure.

It is noted that TC increases from 6.8 to 7.5 K for X
=SbF6 and from 6.2 to 6.9 K for X=AsF6 when the sample is
embedded in epoxy resin before applying piston pressure.
This may be because an additional compression is applied to
the crystal by the epoxy. When the epoxy solidifies, a volume
contraction may occur. Furthermore, additional thermal con-
traction is applied to the crystal by cooling. The thermal
contraction of the crystal from room temperature to 12 K is
found to be 0.8%–1% by x-ray measurements. The contrac-
tion difference with stycast 1266 �1.2% thermal
contraction17� is 0.2%–0.4%, which corresponds to an addi-
tional pressure of 1 kbar applied to the crystal by cooling
considering the compressibility of the crystal.18 Since inter-
plane compression is most effective in increasing TC in this
weak pressure range, the TC increase in epoxy is mainly
caused by compression along the interplane direction.

In order to understand the results in terms of theoretical
models, the transfer integrals under uniaxial compression are
calculated by the extended Hückel method assuming a uni-
form displacement of molecules. The compressibility is
assumed to be 0.3%/kbar referring to the results for
�-�BEDT-TTF�2I3.18 For the calculation, we assume that the
shape of the molecule is not changed and only the separation
between molecules is reduced under compression. We as-
sume that 1 kbar of hydrostatic pressure is already applied by
the epoxy before the application of the external compression.
Here we apply the half-filled Hubbard model with dimerized
donors on the triangular lattice. The calculated transfer inte-
grals are mapped onto the triangular lattice with the param-
eters t0=−tq1 /2, t1=−tq2 /2+ tc, and t2=−tp2 /2 shown in Fig.
1�c� with an effective on-site Coulomb interaction of Ueff
=2tp1.19 In Fig. 5, we show the variation of these parameters
under uniaxial compression.

In Fig. 6, we show the normalized variation in TC calcu-
lated by the FLEX approximation for X=SbF6 and X=AsF6,
together with those observed as midpoints of the resistive
transition. The superconductivity is induced by the spin fluc-
tuation with the d-wave gap function. Under parallel com-
pression, the calculated TC once increases and takes a maxi-
mum at 3 kbar for X=SbF6 and 1.5 kbar for X=AsF6 and
then decreases under further pressure. The maximum of TC is
a result of the competition between the enhancement of the
spin fluctuation and the spin frustration, similar to �-type
BEDT-TTF salts.1,15 Under parallel compression, tp1 and tp2
increase. The spin fluctuation is enhanced by the increase in
Ueff. The spin frustration is also enhanced since the three
transfer integrals, t0, t1, and t2, tend to merge toward high
pressure as shown in Figs. 5�a� and 5�b�. The presence of the
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FIG. 4. �Color online� The changes in TC defined by the mid-
points of the transition under compression parallel and perpendicu-
lar to a+c for �a� X=SbF6 and �b� X=AsF6 and under interplane
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error bars represent the onset and offset points of the transition. The
origin of the horizontal axis corresponds to TC under epoxy encap-
sulation before applying piston pressure. The broken lines are
guides for the eyes.
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TC maximum agrees with the observed TC. On the other
hand, the calculated TC decreases monotonously under per-
pendicular compression. The decrease of TC is caused by the
decrease in spin fluctuation in spite of the release of the spin
frustration. Under perpendicular compression, tq1 and tq2 in-
crease. The spin fluctuation is suppressed due to a relative
decrease in U /W, while the spin frustration weakens since
the three integrals deviate from each other as shown in Figs.
5�c� and 5�d�. Except for the TC minimum found for X
=AsF6, the decrease of TC agrees with the observed TC.

In the present calculation, the calculated TC deviates from
the observed TC above 3 kbar; the observed TC under per-
pendicular compression decreases more rapidly than that cal-
culated for X=SbF6; the TC minima at 3 kbar and subsequent
increase are not reproduced by the calculation for X=AsF6;
the calculated TC for X=AsF6 decreases much faster than
that for X=SbF6, which is opposite to the experimental trend.
These discrepancies may stem from the assumption of the
uniform displacement of molecules which may not be valid
at high pressures. For the difference in the pressure range of
the TC decrease at the high-pressure region, a possible dif-
ference in the compressibility for the two salts may be con-
sidered. As for the origin of the TC minima in X=AsF6, pos-
sible structural transition cannot be ruled out. For further
study to understand the TC behavior in terms of the displace-
ment of molecules, structural studies under uniaxial com-
pression are desirable. As a reason for the larger discrepancy
between the calculated and the observed found for perpen-
dicular compression, it is noted that the single band picture
may become inappropriate because of the decrease in U /W.
More elaborate theoretical studies are underway including
the use of two-band models.20

The interplane compression effects on the superconduc-
tivity demonstrate the importance of the three dimensionality
of the superconductivity, which has not been taken into con-
sideration by theory. The increase in TC due to weak inter-
plane pressure corresponds to the positive jump in the inter-
plane thermal-expansion coefficient in terms of the Ehrenfest
relation, in contrast to BEDT-TTF salts.21 The presence of a
broad magnetoresistance peak under a magnetic field almost
parallel to the ac plane indicates that the interplane transfer
integral is 1 order of magnitude larger than that of BEDT-
TTF salts.22 The interplane effects may be caused by the
trimethylene bases at both ends of the BDA-TTP molecule,
which enhance the interlayer interaction in comparison with
the BEDT-TTF salts.

In summary, the uniaxial compression dependence of TC
has been measured resistively for the organic superconductor
�-�BDA-TTP�2X �X=SbF6,AsF6�. In both salts, TC once in-
creases and takes a maximum under compression parallel to
the donor stack and TC decreases under compression perpen-
dicular to the donor stack. These results are in agreement
with the half-filled Hubbard model on the triangular lattice in
which the enhancements of the spin fluctuation and the spin
frustration play important roles in the weak pressure region.
Under interplane compression, TC increases by 0.5 K up to 2
kbar for both salts, demonstrating the importance of the in-
terlayer interaction.
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