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Superconductivity and spin correlation in organic conductors: A quantum Monte Carlo study
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~Received 18 November 1998!

The d-wave pairing correlations along with spin correlation are calculated with the quantum Monte Carlo
method for the two-dimensional Hubbard model on lattice structures representing organic superconductors
k-(BEDT-TTF)2X and (TMTSF)2X. In both cases the pairing correlations for superconducting order param-
eters with nodes are found to be enhanced. The symmetry and the enhancement of the pairing is systematically
correlated with the spin structure factor, suggesting a spin-fluctuation mediated pairing. We have further found
that, as we deform the Fermi surface to make the system approach the half-filled square lattice, the coherence
of the pairing saturates while the local pairing amplitude continues to increase.@S0163-1829~99!10429-6#
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It is a great theoretical challenge to explore whether
superconductivity in ‘‘exotic materials’’ such as the c
prates, heavy fermion systems, and~at least some! organic
conductors can be encompassed into a single class, i.e
perconductivity mediated by spin fluctuations. For more th
a decade, the possibility of spin-fluctuation-mediated p
ings has in fact been investigated intensively both theor
cally and experimentally for heavy fermion systems1 and
high-Tc cuprates.2 There, one important sign of spin
fluctuation-mediated pairing has been the superconduc
gap with nodes.

There is now a body of accumulating experimental e
dence that organic superconductors3 k-(BEDT-TTF)2X
~Refs. 4–8! and (TMTSF)2X ~Ref. 9! also have non-s-wave
gap like in heavy fermion or cuprate systems. The unconv
tional pairing, along with the proximity of superconductivi
to the antiferromagnetic or spin-density wave state, sugg
that pairing may be mediated by spin fluctuation. T
pseudogap-like behavior of 1/(T1T) above Tc in
k-(BEDT-TTF)2X ~Refs. 4,6,7,10! is also reminiscent of a
similar behavior in the underdoped high-Tc cuprates, sug-
gesting that electron correlation may play an important r
there.11

Theoretically, one of the simplest many-body Hamilt
nians to incorporate the electron correlation is the Hubb
model. Some analytical calculations using diagrammat
techniques have supported spin-fluctuation-mediated pa
in the Hubbard model on lattices representi
k-(BEDT-TTF)2X ~Refs. 12–16! or (TMTSF)2X ~Ref. 17!.
However, numerical evidence supporting such a possib
has yet to be discovered.

Thus the purpose of the present paper is to explore
merically the pairing correlation in the Hubbard model f
lattices representingk-(BEDT-TTF)2X and (TMTSF)2X,
with special attention paid to whether the pairing is link
with the behavior of the spin correlation. Comparing the
sults for the two cases, we find that the symmetry of
pairing is indeed determined by the peak position of the s
structure factor, supporting spin-fluctuation-mediated p
ing. We further deform the Fermi surface from the case c
responding tok-(BEDT-TTF)2X to find that the coherence
of pairs saturates as the system approaches the half-
square lattice~i.e., where, at least for large enoughU, the
PRB 600163-1829/99/60~5!/3060~4!/$15.00
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system becomes a Mott insulator with antiferromagnetic
der!. Here we adopt the ground-state, canonical-ensem
quantum Monte Carlo~QMC! method.

We start from the Hubbard model on a two-dimension
lattice ~Fig. 1!,

H52 (
x,y,s

@ tx~cx,y,s
† cx11,y,s!1ty~cx,y,s

† cx,y11,s!

1t18~cx,y,s
† cx21,y11,s!1t28~cx,y,s

† cx11,y11,s!1H.c.#

1U(
x,y

nx,y,↑nx,y,↓ . ~1!

Here, (x,y) is the coordinate of a site with the lattice co
stant taken to be unity, and periodic boundary condition
assumed.

While the QMC method has been widely used to inves
gate the Hubbard model on the 2D square lattice, enhan
pairing correlation has eluded detection. Recently, howe
the present authors identified this as coming from the f
that the pair-scattering processes that produce supercon
tivity have a very small energy scale ofO(0.01t) or less:18,19

if one takes a closed-shell condition~a parameter set with no
ground-state degeneracy forU50), the energy gap betwee
the highest occupied levels and the lowest unoccupied le
for U50 is as large as;O(0.1t) for tractable system sizes
so that the effect of the low-energy pair scatterings would
smeared out. On the other hand, QMC calculations with
open-shell condition, in which the effect of low-energy pa
scatterings is expected to be incorporated, suffer from

FIG. 1. The hopping parameters considered.
3060 ©1999 The American Physical Society
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merical difficulties such as the negative-sign problem.
open-shell configuration is ill-conditioned also in the sen
that there are a finite number of levels within an infinitesim
distance from the Fermi energy, so that one can suspec
enhancement of pairing correlations, if any, may be due
such an effect.

We have circumvented the problem by taking slightly d
ferent values oftx andty to lift the degeneracy between wav
numbers (k1 ,k2) and (k2 ,k1), and put the Fermi level in
between those levels. This way we can prevent the lo
energy pair scattering processes from being masked an
the same time take a closed-shell configuration. If we t
typically ty /tx50.999, which gives the gap between t
highest occupied and the lowest unoccupied levelsD of
,0.01t, we can achieve forU/t51 convergence with re
spect to the projection imaginary timet in the QMC without
running into a serious sign problem.20

We calculate the pairing correlation functions

P~r !5 (
uDxu1uDyu5r

^O†~x1Dx,y1Dy!O~x,y!

1O~x1Dx,y1Dy!O†~x,y!& ~2!

with

O~x,y!5 (
dx ,dy ,s

s~cx,y,scx1dx ,y,2s2cx,y,scx,y1dy ,2s!,

~3!

which includes the conventionaldx22y2 symmetry@with dx
5dy51, corresponding to the order parameter proportio
to f (k)[cos(kx)2cos(ky) in k space#, but written here in a
general form. Hereafter we definer[uDxu1uDyu as the real-
space distance. To give the above-mentioned insight, we
calculate the spin structure factor,

S~q!5
1

N (
i , j

eiq•(r i2r j )^Si•Sj&. ~4!

We first look into the case where the Fermi surface, r
resented by the highest occupied and the lowest unoccu
levels, resembles those ofk-(BEDT-TTF)2X materials. It
has been proposed thatk-(BEDT-TTF)2X can be modeled
by a single band Hamiltonian on a lattice withtx5ty*t18
@t28 andn51 ~half-filled!.21–23This is because~i! the dimer-
ization of the BEDT-TTF molecules is so strong that we c
consider a dimer as a single site as far as the low-ene
excitations are concerned, and~ii ! the hopping parameter in
the c direction alternates between two slightly different va
ues, but the difference is small enough to be neglected
first approximation.

First we take 134 electrons in a 12312 ~band filling n
50.93) lattice withtx51, ty50.999, t1850.70, t28520.11.
We have takenty50.999 for the slight lift of degenerac
mentioned above. The reason for taking small but negativt28
and the slight deviation fromn51 @to which the
k-(BEDT-TTF)2X system corresponds# is to distribute the
highest occupied and the lowest unoccupied levels on
Fermi surface as uniformly as possible~inset, Fig. 2!. In Fig.
2, we show the result for thedx22y2 pairing correlation
Px22y2(r ) as a function of the real-space distancer for U
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51. It can be seen that the pairing correlation forU51 is
enhanced over that forU50, especially at large distances

If we look at the spin structure factor ink space in Fig. 3,
a broad peak around (p,p) is seen. Such an antiferromag
netic spin fluctuation enhances repulsive pair-scattering p
cesses ~in momentum-space! with momentum transfer
(p,p). Repulsive pair-scattering processes from;6(0,p)
to ;6(p,0) ~and vice versa! favor a superconducting orde
parameter that takes the maximum of its absolute value w
opposite signs around these two areas. Thus, the enha
ment of thedx22y2 pairing correlation along with the peak o
S(q) at (p,p) are consistent with the spin-fluctuation
mediated pairing.

We have further investigated the link betweendx22y2

pairing correlation and the spin correlation systematically
deforming the Fermi surface. In Fig. 4, the enhancemen
the pairing correlation is plotted againstS(Q) with Q
5(p,p) for three cases I, II, and III. The main differenc
among the three cases is in the value oft18 as given in the

FIG. 2. QMC result for thedx22y2 pairing correlation as a func
tion of the real-space distance for 134 electrons in 12312 sites (n
50.93) with tx51, ty50.999, t1850.70, t28520.11, U51 ~solid
circles!, andU50 ~dashed line!. The oscillation in the correlation
functions is a Fermi surface effect (2kF oscillation!. The inset
shows the highest occupied and the lowest unoccupied levels w
0.01 to the Fermi energy.

FIG. 3. QMC result for the spin structure factor as a function
the wave vector. The parameters are the same as in Fig. 2.
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caption, while other slight differences are due to techni
reasons. Namely, we are going from the isotropic triangu
lattice ~I! to a case close the square lattice~III ! via case~II !
~corresponding to Fig. 2! for n fixed around unity.S(Q)
increases as we approach the half-filled square lattice. In
4, the pairing is probed from two quantities: the pairi
correlation ~measured from the noninteracting cas!
summed over large distances,pLR[( r>4$@Pd(r )#U51
2@Pd(r )#U50%, and the local amplitude of pairing,p0
[@Pd(0)#U512@Pd(0)#U50.

Figure 4 shows thatp0 grows hand in hand withS(Q),
endorsing the spin-fluctuation-mediated formation ofdx22y2

pairs. On the other hand,pLR , the enhancement of the long
range part ofPd(r ), which measures the coherence of t
pairs, also grows withS(Q) as we go from~I! to ~II !, but it
saturates between~II ! and~III !, suggesting that the coherenc
does not necessarily grow with the local pair amplitude.

To show that such a correlation between thed-wave pair-

FIG. 5. A plot similar to Fig. 4 for a 10310 square lattice with
~I! 34 (n50.34) ~II ! 66 (n50.66) ~III ! 92 (n50.92) electrons. The
hopping parameters are fixed attx51, ty50.999, t185t2850. The
inset shows the band filling dependence ofp0 and pLR , including
the results for half-filling (n51).

FIG. 4. A plot for pLR andp0 againstS(Q) with Q5(p,p) for
parameter sets~I! n50.96, ty51.001, t1851.00, t2850, ~II ! n
50.93, ty50.999, t1850.70, t28520.11 ~corresponding to Fig. 2!,
~III ! n50.94, ty50.999, t1850.20, t2850, all with 12312 sites,tx

51, andU51.
l
r

ig.

ing and the spin correlation is not accidental for the ca
studied above, we move on to the square lattice (t185t28
50) for various values of the band fillingn. In Fig. 5, we
show a plot similar to Fig. 4 for the square lattice, along w
the plot againstn in the inset. For intermediate densitie
pLR , p0, andS(Q) all grow asn approaches the half-filling
(n51). If we come too close to half-filling, however,pLR
becomes saturated, whileS(Q) andp0 keeps growing. This
is even more clearly seen at exactly half-filling, wherepLR is
strongly suppressed~inset of Fig. 5!, while p0 continues to
grow. The result that whenS(Q) becomes too large the
pairs are formed but their coherence (pLR) stops to grow,
unlike their local amplitudep0, might have some relevanc
to the normal-state pseudogap behavior observed close t
superconducting-antiferromagnetic boundary ink-(BEDT-
TTF)2X as well as in the underdoped high-Tc cuprates.

In order to confirm spin-fluctuation-mediated pairing to
wider extent, we next explore the case where the spin st
ture factor is not peaked around (p,p) by studying the case
with a Fermi surface representing (TMTSF)2X. If we neglect
the weak dimerization along the stacking direction, these m
terials may be modeled by a single-band Hamiltonian o
strongly anisotropic two-dimensional lattice withty /tx

FIG. 6. A plot similar to Fig. 2 for 72 electrons in 12312 sites
(n50.5) with tx51, ty50.212, t185t2850. Pairing correlations for
f (k)5coskx2cosky ~a! ~ordinary dx22y2), and for f (k)5cos 2kx

2cosky ~b!. The upper inset in each figure schematically depicts
pairing~d: 2, s: 1! in real space. The lower inset in~a! shows the
highest occupied and the lowest unoccupied levels within 0.01
the Fermi energy, while the spin structure factor is displayed in~b!.
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;O(0.1)(t185t2850) andn50.5 ~quarter-filled!.17,24Here we
take 72 particles in 12312 (n50.5), tx51, andty50.212,
for which the Fermi surface is as depicted in the lower in
of Fig. 6~a!.

For this Fermi surface consisting of warped parallel lin
aroundkx6p/4, the nesting vector is (p/2,p), so that the
spin structure factor@lower inset of Fig. 6~b!# has a peak
there.25 Then, pair scattering processes from;6(0,p) to
;6(p/2,0) ~and vice versa! would be enhanced, which fa
vors a superconducting order parameter proportional
f (k)5cos(2kx)2cos(ky) @dx52, dy51 in Eq.~2!# rather than
the ordinarydx22y2 pairing with f (k)5cos(kx)2cos(ky). In
fact, the possibility of such a pairing was pointed out in
random-phase approximation calculation.17

In Fig. 6, we can see that the pairing correlation
f (k)5cos(2kx)2cos(ky) is indeed enhanced, whiledx22y2

pairing correlation is not. The result provides another indi
tion that the pairing symmetry is dictated by the domina
spin-fluctuation.

To summarize, the present result supports the s
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fluctuation-mediated anisotropic pairing scenario in orga
superconductors, by the same token as in the highTc cu-
prates discussed in Ref. 18,19. The enhancement of the
pair amplitude grows withS(Q), while the off-diagonal
long-range order (pLR) stops to do so as the system a
proaches half-filled square lattice. It is an interesting futu
problem whether this is caused by the magnetic ordering
the metal-insulator transition, which is difficult to discern
present, since both of them occur at half-filled square lat
~at least for sufficiently largeU). In the present study, we
have worked at a smallU due to technical reasons. It is als
an important future problem to investigate whether t
present conclusion is valid for more realistic values ofU.
The possibility of the triplet pairing, including an exotic po
sibility proposed in Ref. 15, also poses an intriguing issu

Numerical calculations were performed at the Superco
puter Center, Institute for Solid State Physics, University
Tokyo, and at the Computer Center of the University of T
kyo. K.K. acknowledges support by the Grant-in-Aid for Sc
entific Research from the Ministry of Education of Japan
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