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Origin of superconductivity in b8-„BEDT-TTF …2ICl 2 under high pressure
and in b-„BEDT-TTF …2X at atmospheric pressure

Hiroshi Kontani
Department of Physics, Saitama University, 255 Shimo-Okubo, Saitama-city 338-8570, Japan

~Received 24 February 2003; published 22 May 2003!

We present a theoretical study on the superconductivity inb8-(BEDT-TTF)2ICl2 at Tc514.2 K under high
hydrostatic pressure, which was recently found by Taniguchiet al. and is the highest recorded for organic
superconductors. Its electronic structure is well expressed by the anisotropic triangular lattice Hubbard model
at half filling. In the present paper, we study this effective model by using the fluctuation-exchange approxi-
mation. In the obtained phase diagram, the superconductivity withdx22y2 like symmetry is realized next to the
antiferromagnetic insulating phase, as a result of the one-dimensional–two-dimensional crossover driven by
the pressure. The obtained maximumTc is 16–18 K. In addition, the superconductivity inb-(BEDT-TTF)2X
is also understood in the same framework.
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Up to now, many kinds of organic superconductors co
posed of BEDT-TTF~abbreviated as ET! molecules have
been discovered and studied intensively. Especia
k-(ET)2X compounds attract much attention because
shows a high superconducting~SC! transition temperature
(Tc'12 K) among organic superconductors.1 Recently, the
temperature-pressure phase diagram ofk-(ET)2X salt could
be produced by the fluctuation-exchange~FLEX! approxi-
mation.2–4 It is a kind of the self-consistent spin-fluctuatio
theory.5,6 According to the FLEX approximation,d-wave su-
perconductivity is expected which is mediated by the stro
antiferromagnetic~AF! fluctuations due to the Coulom
interaction.

Quite recently, Taniguchiet al. found the superconductiv
ity at Tc514.2 K in b8-(ET)2ICl2 under high hydrostatic
pressure (P*8.2 GPa), which established the new record
Tc among the organic superconductors.7 At ambient pressure
b8-(ET)2ICl2 shows a semiconducting conductivity belo
the room temperature, and indicates a magnetic transitio
TN522 K. As the pressure is applied, the resistivity d
creases gradually, and the metallic behavior (dr/dT.0) is
observed aboveTMIT under 6.5 GPa. Note thatTMIT , which
is a crossover temperature, is expected to be higher thanTN .
At 8.2 GPa, insulating phase~or TMIT) disappears and the S
transition occurs atTc514.2 K at the same time.

According to the band calculation, the Fermi surface~FS!
of b8-(ET)2X (X5ICl2, BrICl, AuCl2) compound is quasi-
one-dimensional~Q1D!.8,9 It is contrastive that the FS o
b-(ET)2X is almost round, which shows the supercondu
ing transition atTc52.7 K for X5IBr2, at Tc53.8 K for X
5AuI2, and atTc51.5 K ~or 8 K! for X5I3. The difference
of the crystal structure betweenb andb8 compounds arises
from the fact that the anion size inb8 compounds is too
small to retain theb-type structure;8 in fact, the bond lengths
for I-Cl and Au-Cl are 2.52 Å and 2.27 Å, respectivel
which are smaller than the I-Br bond length inb-(ET)2IBr2,
2.58 Å.8,9

Until now, the deformation of the structure o
b8-(ET)2ICl2 at P58.2 GPa has not been determined e
perimentally. In the present study, however, we naturally
sume that its structure~gradually! approaches to that o
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b-(ET)2X as the cell volume decreases under hydrost
high pressure, because the anion size becomes larger
pared with the cell length. Note that the shape of the u
cells for b structures and that forb8 structures are almos
same.

In the present paper, we study the origin of the superc
ductivity in b8-(ET)2ICl2 on the assumption that the cryst
structure approaches tob type under hydrostatic pressur
We use the FLEX approximation by noticing the fact that t
SC phase appears by destroying the AF phase by pres
Our theory can reproduce a reasonable value ofTc in
b8-(ET)2ICl2 under high pressure, as well as a lowTc in
b-(ET)2X at ambient pressure.

The schematic structures ofb8-(ET)2X and b-(ET)2X
are shown in Fig. 1. Each ellipse represents the ET mole
and each highest occupied molecular orbital of the ET m
ecule possesses 1.5 electrons on an average. The ho
parameters obtained by the band calculation are given
Table I: The hopping parameters forb8-(ET)2AuCl2 and
those forb8-(ET)2ICl2 are similar. Whereas, they are ve

FIG. 1. Microscopic structures forb8-(ET)2ICl2 and for
b-(ET)2I3. They are well approximated as the dimer Hubba
model (t0 , t1 , t2 , Ueff) at half filling. In the present simplified
figure, b8-type structure is given by rotating each dimer inb-type
structure slightly in a clockwise direction.
©2003 The American Physical Society03-1
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different from the parameters forb-(ET)2AuCl2 although
their crystal structures differ slightly. This comes from t
fact that the overlap integral between two ET molecules
very sensitive to the angle between them (f): It takes the
local maximum~positive! values for f50°, 60° and the
local minimum~negative! values forf530°, 90°.10

As a good approximation, we take account of only t
antibonding orbit of each pair of the ET molecules connec
by t(p1), which is more than 2.5 times larger than oth
hopping parameters.11 Then, the original systems is mappe
onto the ‘‘dimer model’’ at half filling, which is the aniso
tropic triangular lattice Hubbard model with four paramete
(t0 , t1 , t2 , Ueff) as shown in Fig. 1. Note that thex-y
coordinate in the present model does not correspond to
for the original systems. The corresponding hopping para
eters forb8-(ET)2ICl2 and forb-(ET)2I3 are given in Table
II. Although the original on-site Coulomb interaction on a E
molecule is;1 eV, the effective Coulomb interaction on
dimer,Ueff , is limited to;2ut(p1)u;0.5 eV.11

Hereafter, we study the dimer model given in Fig. 1
half filling. To analyze the pressure effect on the electro
states, we put the hopping parameters of the dimer mo
(t0 , t1 , t2) as follows:

t050.0510.014x ~eV!,

t150.01710.067x ~eV!, ~1!

t2520.00810.05x ~eV!,

where 0<x<1 is a free parameter.x50 (x51) corresponds
to b8-(ET)2ICl2 @b-(ET)2I3#; see Table II. Nonlinear term
with respect tox are dropped in Eq.~1!. Thex dependence o

TABLE I. Hopping integrals for each systems. They are giv
by the well-known empirical relationt5210S ~eV!, whereS is the
overlap integral given by the band calculations~Refs. 8 and 9!.

b8-(ET)2ICl2 b8-(ET)2AuCl2 b-(ET)2I3

t(p1) 20.272~eV! 20.264~eV! 20.245~eV!

t(p2) 0.016 0.020 20.084
t(q1) 20.100 20.100 20.127
t(q2) 20.066 20.065 20.068
t(c) 20.016 20.023 0.050
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the FS forUeff50 is shown in Fig. 2. We see that the F
becomes round aroundx'0.7.

Here, we calculate the self-energy for the dimer model
Ueff50.4;0.5 eV by using the FLEX approximation.5 Here-
after, we writeUeff as U for simplicity. To obtain the mag-
netic transition temperatureTN , we calculate the Stoner fac
tor without vertex corrections~VC’s! aS given by

aS5max
k

$Ux0~k,v50!%, ~2!

wherex0(q,v l) is given by

x0~q,v l !52T(
k,n

G~q1k,v l1en!G~k,en!, ~3!

whereG(q1k,v l1en) is the Green function given by th
FLEX approximation andv l (en) is the Matsubara fre-
quency for boson~fermion!. TN is determined by the Stone
criterion; aS51. In the FLEX approximation, however,aS
does not exceed 1 at finite temperatures in the tw
dimensional~2D! systems, which is consistent with the Me
min and Wagner theorem. So we determineTN by the con-
dition aS5aN , where we setaN as (12aN)21;O(100).
The AF state will occur through the weak magnetic coupli
between layers,J' .12

Next, we solve the linearized Eliashberg equation to o
tain the SC transition temperatureTc . For a singlet-pairing
case@f(2k,en)51f(k,en)#, it is given by13

lf~k,en!52T(
q,m

V~k2q,en2em!3G~q,em!

3G~2q,2em!f~q,em!, ~4!

where

TABLE II. Hopping integrals in the dimer model forx50 and
x51, respectively.

x50 @b8-(ET)2ICl2# x51 @b-(ET)2I3#

t0 0.050~eV! 0.064~eV!

t1 0.017 0.084
t2 20.008 0.042
FIG. 2. x dependence oft0 , t1 , t2, as well as
the corresponding FS’s.x is expected to approach
from x50 ~b8 type! to x51 (b type! as the
applied pressure increases.
3-2
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V~k,v l !5
3

2
U2

x0~k,v l !

12Ux0~k,v l !
2

1

2
U2

x0~k,v l !

11Ux0~k,v l !
1U.

Tc is given by the conditionl51. In the FLEX approxima-
tion, a finite Tc is obtained even in the two-dimension
systems irrespective of the Hohenberg theorem. Howe
this approximation gives reasonableTc’s for k-~ET! organic
compounds and high-Tc cuprates.2–4,13 Note that we could
not find parameters where the triplet pairing is dominant
the present model.

The obtained phase diagram is given in Fig. 3. 64364 k
points and 512 Matsubara frequencies are used. The m
mumTc under the condition ofTc.TN is about 16 K~18 K!
at x50.8 (x50.7) for U50.5 eV (U50.4 eV). Tc de-
creases asx increases, andTc;6 K at x51 for U
50.5 eV, which is consistent with the observedTc in several
b-(ET)2X compounds. The present study also explains
low Tc in b-(ET)2X at ambient pressure, which correspon
to x51 in Fig. 3. On the other hand, we could not find t
SC phase in the metallic region forx,0. We comment that
Tc;4 K is obtained atx50 for U50.4 eV as shown in Fig
3. However, it should be covered with the AF phase beca
of TN@Tc . Actually, the Stoner factor at 4K is extreme
close to 1;aS'0.999.

On the other hand, the Ne´el temperature forU50.5 eV at
x50 is 28 K ~20 K! under the condition ofaN50.99 (aN
50.995), which is also consistent withTN522 K in
b8-(ET)2ICl2 at ambient pressure. The obtained magne
order is commensurate@Q5~p,p!# for x<0.7 at U
50.5 eV, and it becomes incommensurate forx>0.8 at

FIG. 3. Obtained phase diagram by the FLEX approximati
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lower temperatures. The obtainedTN increases asx departs
from zero, which is interpreted as a natural consequenc
the dimensional increase. It is highly demanded to exp
ment on the pressure dependence ofTN . We note that the
crossover temperatureTMIT determined by the condition
dr/dT50 will be higher thanTN becauseTMIT reflects the
Mott transition, which is beyond the scope of the FLEX a
proximation.

Figure 4 shows the solution of Eq.~4! at (kx ,ky) on the
Fermi surface, whereuk5tan21(kx /ky). Thus, the obtained
SC order parameter isdx22y2 wavelike, as in the high-Tc

cuprates and thek-~ET! compounds. Note that the prese
x-y coordinate is different from that of the original crysta
see Fig. 1.

Finally, we study the resistivityr and the Hall coefficients
RH . Considering that the present model lacks the fo
fold rotational symmetry, we definer and RH as r
5A2/(sxx

2 1syy
2 ) and RH5(sxy /Bz)r

2, respectively: They
are independent of the choice of thex-y coordinate. We cal-
culate them by including the VC’s for the current to mainta
the conservation laws.14 The role of the VC for the current
which is totally dropped in the relaxation-time approxim
tion, is very important in strongly correlated systems. F
example, the anomalous behaviors ofRH in high-Tc cuprates
and ink-(ET)2X compounds are reproduced only when t
VC for the current is taken into account adequately.15–17

Figure 5 shows the obtained results forU50.5 eV. Ex-
perimentally,r under 8.2 GPa continues to increase up
300 K approximately proportional toT, which is similar tor
in high-Tc cuprates.18 Such a ‘‘bad metal’’ behavior ofr is
well reproduced in the present study. In Fig. 5,RH for x
50.8 increases below;50 K, which is caused by the VC’s
for the current due to the AF fluctuations. However, the o
tained enhancement ofRH is rather smaller than that fo
high-Tc cuprates orb-(ET)2X compounds. As forx50.9
and 1.0, the temperature dependence ofRH is much moder-
ate. It is highly demanded to experiment onRH in
b8-(ET)2ICl2. We stress that the observed resistivity und
high pressure is considered to be intrinsic free from the
tice contraction effect, which is considerably large in usu
organic metals at ambient pressure.18

In more detail, however, it might be better to analyze t
original tight-binding model in Fig. 1, instead of the dim
model, because a transport coefficient is, in general, sens
to the shape of the FS.

Here, we discuss the validity of the idea of the press
induced dimensional crossover inb8-(ET)2ICl2. According
to Taniguchi, the resistivity along the less-conductive dire
tion ~i.e.,c-axis direction! decreases very rapidly as the pre
sure increases, which suggests the system becomes 2D l18

.

FIG. 4. Obtained FS as well asf(uk ,ipT)
on the FS (U50.5 eV, x50.8, T515 K).
3-3
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FIG. 5. Obtained temperatur
dependences ofr andRH with in-
cluding the VC’s for the current.
e

It
o
9

is
ha

ll
ve

h

or

t

tic

nte-

iv-
y

ure

ri-

ure
in
e-

ta
eful
In fact, the Q1D nature inb8 compound is ascribed to th
accidental cancellation oft1 in the dimer model although
ut(q2)u andut(c)u are not so small; see Fig. 1 and Table I.
suggests that the dimensional crossover easily occurs. M
over, b8-(ET)2AuCl2 remains semiconducting even at
GPa,18 which means that theb8-type structure in
b8-(ET)2AuCl2 is more robust against the pressure. It
natural because Au-Cl bond length is about 12% smaller t
the I-Cl bond length.

As a result, the obtained phase diagram, Fig. 3, as we
the concept of the SC driven by the dimensional crosso
will make sense and be reasonable, although the variablex in
Eq. ~1! cannot be interpreted as the pressure simply. T
large density of states at the Fermi level forx'0.7 due to the
van Hove singularity around~6p,0! ~see Fig. 2! accounts
for the high Tc in b8-(ET)2ICl2. Actually, we could not
obtain higherTc (*5 K) under the condition thatTc.TN by
the slight modification of the original parameters f
b8-(ET)2ICl2, as far as the FS is Q1D. We note thatTc in a
Q1D system, TMTSF, is very low~'1 K!, which is recog-
nized by the FLEX approximation.19

In the present analysis, we might have underestimated
H
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enhancement of the ratioWband/U (Wband being the band-
width! due to the applied pressure. Actually, the hydrosta
pressure not only distorts the structure~b8→b!, but also
shortens the cell volume, which enhances each overlap i
gral. Then, the enhancement oft(p1), which is proportional
to Ueff , will be weaker than other hopping parameters.11

In summary, we studied the origin of the superconduct
ity in b8-(ET)2ICl2 based on the FLEX approximation, b
assuming that the structure approaches tob-type under the
hydrostatic pressure. Our theory predicts that thed-wave su-
perconductivity occurs inb8-(ET)2ICl2 as a result of the
1D-2D dimensional crossover owing to the crystal struct
change under high pressure. Moreover, bothr andRH were
studied in terms of the conserving approximation. Expe
mental studies on the structure ofb8-(ET)2ICl2 as well as
the band calculations under the condition of high press
are highly demanded. In addition, the superconductivity
b-(ET)2X compound is also understood in the same fram
work.
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