
PH YSICA L R EV IEW  B 93,205111 (2016)

Coulomb enhancement of superconducting pair-pair correlations in a |-filled model for
k-(BEDT-TTF)2X

W. Wasanthi De Silva,1 N. Gomes,2 S. Mazumdar,2 and R. T. Clay1 
'Department o f  Physics and Astronomy and H P C 2 Center for Computational Sciences, Mississippi State University, Mississippi State,

Mississippi 39762, U SA
2 Department o f  Physics, University o f Arizona, Tucson, Arizona 85721, U SA  

(Received 23 February 2016; revised manuscript received 12 April 2016; published 9 May 2016)

We present the results o f  precise correlated-electron calculations on the monomer lattices o f the organic 
chaige-transfer solids k -(B ED T -T T F)2X  for 32 and 64 molecular sites. Our calculations are for band parameters 
corresponding to X  = Cu[N (CN )2]C I and Cu2(CN )3, which are semiconducting antiferromagnetic and quantum 
spin liquid, respectively, at ambient pressure. We have performed our calculations for variable electron densities p 
per B E D T -T T F  molecule, with p ranging from I to 2. We find that d-wave superconducting pair-pair correlations 
are enhanced by electron-electron interactions only for a narrow carrier concentration about p = 1.5, which 
is precisely the carrier concentration where superconductivity in the charge-transfer solids occurs. Our results 
indicate that the enhancement in pair-pair correlations is not related to antiferromagnetic order, but to a proximate 
hidden spin-singlet state that manifests itself as a charge-ordered state in other charge-transfer solids. Long-range 
superconducting order does not appear to be present in the purely electronic model, suggesting that electron- 
phonon interactions also must play a role in a complete theory o f superconductivity.

D OI: 10.1103/PhysRevB.93.205111

I. IN T R O D U C T IO N

The family o f  layered organic superconductors k-(BEDT- 
TTFfeX [hereafter k-(ET)] has attracted strong interest be
cause o f  its apparent similarity with the high Tc cuprates. As 
in the cuprates, superconductivity (SC) in k-ET is proximate 
to semiconducting magnetic states, antiferromagnetic (AFM) 
or quantum spin liquid (QSL) [I]. SC in the k-(ET)2X as well 
as organic chaige-transfer solids (CTS) in general is however 
reached by application o f  pressure rather than doping with 
charge carriers [2]. Thus SC is a consequence o f  change o f  
one or more parameters in the Hamiltonian that describes 
both the semiconducting and superconducting states, at fixed 
carrier concentration. The k-ET lattice is strongly dimerized 
(see Fig. 1). Complete CT o f  one electron to the acceptor 
molecule X occurs from each dimer, which creates cations 
ET°5+ with 0.5 holes (1.5 electrons) on each ET molecule. 
The dimer lattice is anisotropic triangular, and the magnetic 
behavior o f  the family can be understood within an effective 
|-filled  band Hubbard model. AFM in the strongly anisotropic 
X = Cu[N(CN)2]CI (hereafter k-CI), and QSL behavior in 
the nearly isotropic X = Cu2(CN )3 (hereafter k-CN) are both 
expected within the effective model [1].

In the context o f  the cuprates, there exists a large body 
o f  theoretical literature claiming that SC occurs within the 
Hubbard model [3-5] for band filling slightly away from

but no consensus has yet been reached on this matter. 
Similar mean-field and dynamic mean-field theories o f  k- 
(ET)2X have proposed that SC also occurs within the exactly 
^-filled band Hubbard model on an anisotropic triangular 
lattice [6-14]. A necessary condition for SC within any 
interacting electrons model however is that interactions must 
enhance superconducting pair-pair correlations relative to the 
noninteracting model. Precise numerical calculations within 
the ^-filled band Hubbard model on triangular lattices have 
shown that pair-pair correlations decrease with Hubbard U 
for all anisotropy [15-18], thus indicating the need for going

beyond the effective l/2-filled  band model in our search for 
the mechanism o f  SC in k-(ET)2X.

Recently a ubiquitous chaige-ordered (CO) phase o f  un
known origin that competes with both AFM and SC has been 
discovered in the cuprates [ 19-24]. The CO and SC orders have 
similar eneigy scales, and some investigators have suggested 
that “CO and SC appear as joint instabilities o f  the same 
normal state” [24]. In the present work we report explicit 
calculations on multiple k-ET lattices that are in apparent 
agreement with this hypothesis, in that we find the possible 
emergence o f  a superconducting state from a proximate hidden 
CO state. Uniquely for the case o f  carrier density precisely 
0.5 or 1.5 per site, w e have previously shown that there can 
occur a spin-paired CO state, a paired-electron crystal (PEC), 
in frustrated lattices [25,26], The PEC is a Wigner crystal 
o f  spin-bonded pairs, rather than o f  single electrons [27]. 
In the k materials, static PEC would require unequal charge 
densities on the monomer molecules that constitute each ET 
dimer, with interdimer spin pairing between monomers with 
large charge densities [25,26]. Such a static PEC has been 
observed in the k compound X = Hg(SCN)2CI [28]. Other 
groups have proposed related theories offluctuating intradimer 
charge disproportionation [29-31] in order to explain the 
peculiar dielectric responses o f  k-CN [32] and k-CI [33]. 
Recent experiments have shown the absence o f  static CO in 
both materials [34], and ascribe the electrodynamic response 
o f  k-CN to coupling o f  ET cations to anions [35]. These 
experiments, however, do not preclude local charge fluctu
ations driven electronically (with a timescale o f  10"11 s or 
faster [34]). Such charge fluctuations accompanies spin-singlet 
formation between neighboring charge-rich sites [36]. Pair 
motion in this case involves exchange o f  electron population 
between pairs o f  charge-rich and charge-poor sites.

We have recently proposed that SC in the (ET)2X evolves 
from a paired-electron liquid (PEL), which can be thought 
o f  as a destabilized PEC [36] (thus a static PEC is not a
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F IG . I. Lattice structure o f k -(ET )2X . showing individual 
monomer molecules. In order o f decreasing magnitude, b h b2, p , and 
q label the intermolecular hopping integrals. Superconducting pairs 
are constructed from the shaded molecules numbered 1-8 as detailed 
in Section III B. The a and c crystal axes for k -CI are indicated; for 
k -CN  the corresponding axes are conventionally labeled b and c. The 
x and y axes for the effective dimer model are indicated by dashed 
arrows.

requirement for the PEL or SC.) We showed from precise 
numerical calculations that the pair-pair correlations are 
enhanced relative to the noninteracting limit uniquely for 
p Eb.5. At all other p (0  [U p  G D l) pair-pair correlations are 
suppressed by the Hubbard U.

The anisotropic triangular lattice lacks the strong dimer
ization o f  the k lattice, and the possibility o f  mapping to the 
effective p = I model [37] thus does not exist in this case. 
Whether or not Coulomb-induced enhancement o f  pair-pair 
correlations occurs in the realistic k lattice, also uniquely for 
the same carrier concentration p , as well as the symmetry 
o f the superconducting order parameter, if  any, are o f  strong 
interest. We report here the results o f  such calculations o f  
spin-spin and pair-pair correlations on the actual k lattice, for 
realistic band parameters appropriate for k-CI and k-CN. As 
before [36], we perform these calculations for variable p. We 
demonstrate PEL formation on the k lattices uniquely at or 
near |  filling with electrons, giving further credence to our 
proposal [36] that there occurs an effective electron-electron 
(e-e) attraction selectively at this p.

The outline o f  the paper is as follows: in Sec. II we describe 
the theoretical model, the lattices, and the computational 
methods we use; in Sec. Ill we present our computational 
results for the spin structure factor and pair-pair correlations 
in the ground state; and in Sec. IV we discuss our results 
in relationship to the current experimental data on k-ET, as 
well as implications for theories o f  correlated-electron SC in 
general. II.

II. T H E O R E T IC A L  M O D E L . L A T T IC E .  P A R A M E T E R S .
A N D  M E T H O D S

As a minimal model for the electronic properties o f  
the conducting layer o f  BEDT-TTF molecules in k-ET, we

consider the Hubbard Hamiltonian.
CD  CD

H =  M CuCj.o + H .c.)+  U ni-tnu . (I)
fgQ  i

In Eq. (I), Cj'0 (Cj.0 ) creates (annihilates) an electron o f  
spin o on the highest MO o f a monomer ET molecule 
i, nj.0 = Cj;oCj.0 , and U is the onsite e-e interaction. The 
lattice structure [38] o f  the conducting layers in k-ET is 
shown in Fig. 1. In order to differentiate our approach from 
theories emphasizing the effective ^-filled band picture, in 
what follows instead o f  using the "band filling” we will present 
our computational results as a function o f  the average electron 
density per monomer molecule, p. As mentioned above, p in 
the (ET)2X family is 1.5. While our calculations o f  the spin- 
spin correlations are for this density only, we have performed 
the calculations o f  superconducting pair-pair correlations for a 
wide range o f  p, I Ejp E fe. The motivation behind studying 
the density dependence o f  pair-pair correlations is twofold. 
First, this allows us to investigate whether or not SC is unique 
to p E D l.5  , which is a necessary condition if  the SC is indeed 
evolving from a hidden PEC [36]. Secondly, it also allows us 
to probe carrier density slightly away from the stoichiometric 
p = 1.5 in view o f  recent experiments [39] that have suggested 
that SC can occur in the k-ET system for weak doping away 
from p = 1.5.

Hopping integrals for k-ET have been previously calcu
lated using the extended Huckel [38] and density-functional 
methods [40-42]. Each molecule in the lattice has significant 
overlaps with six nearest neighbors (see Fig. I) with hopping 
integrals hn, tb,, tp, and tq in order o f  decreasing magnitude. 
In the effective dimer model the two molecules connected 
by tbi are considered a single effective site, with the dimers 
forming an anisotropic triangular lattice. The effective hopping 
integrals along x and y are t = (tp + tq)/2  and the frustrating 
hopping integral t ^  u s+y = tx- y = tb2/2. The degree o f  
frustration in the effective dimer model is then given by the 
ratio t^ t = tb,/(tp + tq). Within the effective dimer model 
the frustration is weakest in k-CI and strongest in k-CN. The 
ground states o f  both are very close to SC, as evidenced 
by the small pressures needed to reach the superconducting 
state. Note that the ambient pressure superconductor X = 
Cu[N(CN)2]Br(K-Br) is isostructural to k-CI: The difference 
between the calculated tjj for k-CI and K-Br is vanishingly 
small [38,42] (mean-field calculations o f  magnetic correlations 
using the calculated tq on large k-CI and K-Br lattices find 
AFM order in both [43], see below). For the strong e-e 
correlations we investigate here, small differences in band 
structure have little consequence. We therefore chose to 
consider k-CI and k-CN, in order to cover the full range o f  
frustration.

In our calculations we have used the following sets o f  tjj 
(tbi, tb2, tp, tq), given in meV, from Ref. [42]: for k-CI (207, 
67, -  102. -  43), and for k-CN (199, 91, -  85, -  17). Both 
sets were determined [42] from low-temperature crystal data, 
T = 5 K in the case o f  k-CN, and T = 15KinthecaseofK-CI. 
For these two sets o f  parameters, the ratio t 9 \  is 0.46 (0.89) for 
k-CI (k-CN). While different computational techniques report 
somewhat different t 9 \ ,  all have found that in terms o f  the 
effective dimer model k-CN is significantly more frustrated
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and closer to an isotropic triangular dimer lattice than is k-CI. 
It is however not known how the effect o f  the larger frustration 
within the dimer model affects the electronic properties o f  the 
full monomer lattice.

We considered two different periodic lattices with 32 and 
64 molecular sites. The 32 site lattice is four dimers each along 
the c and a directions in Fig. 1. The lattice is chosen such that 
the effective dimer lattice (along the x and y axes o f  Fig. 1) is 
a 4 x 4 square lattice. This is possible i f  the vectors defining 
the edges o f  the 32 site cluster are along the c and y directions 
in Fig. 1. The 64 site cluster was constructed in a similar 
way and corresponds to an 8 * 4 lattice in terms o f  dimers. 
The full lattices are shown in the Supplemental Material [44]. 
On both lattices, the ty parameters [42] for k-CI and k-CN 
gave different single-particle Fermi level degeneracies; the 
degeneracy for p = 1.5 is twofold in k-CI and fourfold in 
k-CN, in agreement with the greater frustration in the latter.

Conventional quantum Monte Carlo methods cannot be 
used in the highly frustrated k-ET lattice due to the fermion 
sign problem. The two methods w e used are the path integral 
renormalization group (PIRG) [45] and constrained path 
Monte Carlo (CPMC) [46]. Both PIRG and CPMC are ground 
state projector methods that project out the ground state from 
an arbitrary initial wave function. In PIRG the projection is 
done in a finite basis o f  Slater determinants, followed by 
an extrapolation in the energy variance [45]. In CPMC the 
projection is done using random walkers constrained by a 
trial wave function [46]. Here we have used the U = 0 wave 
function for the constraint. We have extensively benchmarked 
calculations o f  superconducting pair-pair between these two 
methods in previous work on the anisotropic triangular Hub
bard model both at j  filling [17] as well as the complete density 
range [36]. While PIRG can be considered exact provided large 
enough basis sets are used and the projection is done with 
care, the constraining wave function in CPMC does introduce 
a systematic error. In our previous work, we found that CPMC 
results for pairing correlations agreed well with PIRG for 
small to intermediate U , provided use o f  CPMC was restricted 
to systems which in the noninteracting U = 0 limit have 
nondegenerate closed-shell Fermi level occupancies [36,46].

I I I .  R E S U L T S

We performed PIRG calculations for the 32-site lattice over 
the full density range I <  p <  2 and for p =  1.5 for the 64- 
site lattice. For the other densities o f  the 64 site lattice with 
nondegenerate Fermi level occupancies we performed CPMC 
calculations. We used the full set o f  spatial symmetries within 
the symmetrized version o f  PIRG (QP-PIRG), which has been 
shown to significantly improve the results compared to earlier 
PIRG calculations [47]. The symmetries we used for the 32 
site lattice were translations, a n rotation, and a glide-plane 
symmetry. We also projected out the even spin-parity state. 
The PIRG basis size was up to L = 512 Slater determinants 
for 32 sites and L = 768 for 64 sites.

A . Spin structure factor

AFM is best explained within the effective dimer 
model [1,6-15], where the charge densities on the molecules

F IG . 2. Dimer spin structure factor S(q) as a function o f wave 
vector calculated using P IR G  for p = 1.5. Wave vectors are defined 
in terms o f  the effective dimer lattice with axes x and y as shown in 
Fig. I . Panels are (a) 32 sites, k -C I, (b) 32 sites, k -CN.

o f  the dimer are equal. Accordingly we define the total z 
component o f  spin on dimer i as

S f  “  5 n ii,t + n '2.T ”  n ii,t “  n '2.i (2)

In Eq. (2), i i and i2 refer to the two different molecules within 
the dimer i and nj,a = Cj a Cj,a . We calculate the dimer spin 
structure factor defined as’

i B O . ,  .GO ls 
S (q )=  —  e , ,  (rj"rk) SjzS j|,

d j.k
(3)

where Nd is the number o f  dimers and dimer position vectors 
rj are defined on a conventional square lattice, whose x and y 
axes are indicated in Fig. I.

In Fig. 2 we show results for S(q) for both k-CI [Fig. 2(a)] 
and k-CN [Fig. 2(b)]. S(q) for k-CI has a peak at q = (x ,x )  
consistent with Neel AFM correlations as expected in the 
p = 1 effective model for moderate frustration. As shown in 
Fig. 2(a), the (n ,n ) peak for k-CI grows with increasing U. 
In contrast, we found no clear magnetic ordering peak in S(q) 
for k-CN, consistent with the greater frustration within the 
effective dimer model in this case.

For the 64 site k-CI lattice S(n ,n ) is smaller in magnitude 
than for 32 sites, and the peak appears somewhat broader 
in momentum space. At present we do not have access to 
large enough system sizes to perform a finite-size scaling 
for S(q), but the decrease o f  S(jt,7t) with increasing system 
size indicates that our k-CI results are consistent with a 
metallic state with AFM correlations rather than an AFM 
insulating state [S (n ,x )/N d  should scale to a nonzero value 
in the presence o f  long-range AFM order at T = 0 in the 
thermodynamic limit]. We discuss this issue further in Sec. IV. 
For the 64 site k-CN lattice, we find that the variation S(q) 
with q is less than for 32 sites; this behavior is consistent 
with lack o f  magnetic order in the Mott insulating state 
o f  k-CN.

B. Pair-pair correlations

We calculate equal-time superconducting pair-pair correla
tions Py -  QI^[Ip[p3vhere Up creates a superconducting pair 
centered at dimer i . There are two requirements for a complete 
theory o f  correlated-electron superconductivity [36]: (i) e-e
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correlations should enhance the value o f  Py compared to its 
uncorrelated value, and (ii) Pij has long-range order at T = 0. 
Here we focus on (i).

As mentioned above, previous works have shown
(i) suppression o f  pair-pair correlations within the effec
tive p = I model [15-18], and (ii) the possibility o f  a 
fluctuating CO within models focusing on the monomer 
molecules [25,26,29-31 ]. We therefore construct pair creation 
operators that allow unequal charge densities on the monomer 
molecules that constitute a dimer in Fig. I . We consider the 
central dimer (molecules labeled I and 2) in Fig. I. The pair 
operator EJ for this dimer is the superposition o f  singlets 
between sites I and 2 and the surrounding sites 3-8 . In order to
restrict the number o f  terms in and simplify the calculation, 
we restrict the singlets to only the stronger interdimer bonds 
o f  the lattice, i.e., the tb2 and tp bonds (we ignore the weak tq 
bonds). As an example, dx2- y; singlet pairs (labeled d| here, 
see below) similar to the conventional definition in the square 
eflfective lattice can be defined as follows for the dimer ( 1,2) 
in Fig. I.

[D

2 ^ " f lCl.TC84 ~ Cl . lC8 . t ) “  ^ M CI.TC3.1 “  Cl.l C3.T ^

I 1 S
+ ^ ( C2.TC5.J ~  C2.1C5.f ^ ( C2.t C6.1 “  C2 .iC6.T  ̂ ■

(4)

Given that the monomer lattice deviates strongly from 
the square lattice geometry' several other pair symmetries 
are possible. Figure 3 summarizes the pair symmetries we 
considered. These include four types o f  d-wave pairing 
(defined as symmetries with four nodes), with four as well

FIG . 3. Pairing symmetries considered in our calculations. Each 
ellipse surrounding two sites indicates the location o f  a singlet in 
the superposition for the pair operator H I  Blue, solid (red. dashed) 
singlets have opposite signs.

as six neighbors. We do not show the results for s-wave 
pairing symmetries, as suppression o f  pair correlations were 
found with these, with four or six neighbors. The difference 
between the four d-w'ave pair symmetries we consider is 
in the locations o f  the nodes, which we discuss further in 
Sec. IV.

We calculate the average long-range^value o f  pair-pair 
correlations [36,48] on each lattice, P = 1/Np |r. ,  P y . 
Here N p is the number o f  terms in the sum, and distances are 
defined in units o f  the nearest neighbor lattice distance o f  the 
effective dimer lattice. The restricted sum in the definition o f  
P is necessary to disentangle AFM and SC correlations. For 
the 32-site cluster for example, there are five Py separated by 
two or more lattice spacings in the equivalent 4 * 4  effective 
model.

In order to compare the extents o f  enhancements o f  pair- 
pair correlations by the Hubbard U at different densities we 
normalize P by its value for U  = O^and show results for the 
enhancement factor [D  = [P (U )/ P (U = 0)] -  1. In Figs. 4 
and 5 we have shown M  as a function o f  p for U = 0.5 eV.

FIG. 4. The enhancement factor E fl for the long-range compo
nent o f the pair-pair correlation (C3  7  0 implies pair-pair correla
tions enhanced over their U = 0 values, see text), as a function o f  p, 
for the ic-CI system for U = 0.5 eV. Pair symmetries are (a) d|, (b)
(c) d ;. and (d) dj as defined in Fig. 3. Shaded (striped) bars are for 32 
(64) site lattices. The sym bols'* ' and indicate densities not shown,
for 32 and 64 sites, respectively: finite-size effects are particularly 
strong at these excluded p. Pair-pair correlations are suppressed 
by U at these excluded p. precluding pairing; see Supplemental 
Material [44],
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0.6 
O.0M  

0  0.2 -

(a)d ,

q.0 .4  -
0  0.2 *

0

0.6
q.0 .4

0  a 2 L

(d)d4
w * r k

T

F IG . 5. Same as in Fig. 4, but for parameters for k -CN. A s in 
Fig. 4, behavior o f  all pair-pair correlations against U , including 
those for the excluded p are shown in the Supplemental Material [44], 
See text regarding the peak in panel (b) at p = 1.16; we believe the 
apparent enhancement here is a finite-size effect.

The normalization o f  P fails for certain densities, where due to 
finite-size effects P (U = 0) is identically zero or very small in 
magnitude. For this reason, in Figs. 4  and 5, we have excluded 
densities for which (a) pair-pair correlations are very small 
in magnitude at nonzero U , or (b) pair-pair correlations are 
negative. The complete data including the points excluded in 
Figs. 4 and 5 for both the k-C1 and k-CN lattices, for 32 as well 
as 64 sites are shown in the Supplemental Material [44]. As 
seen there suppression o f  pair-pair correlations with U occurs 
at any p that has been excluded. Most o f  the data we excluded 
are also for densities significantly away from p = 1.5.

The results o f  Figs. 4  and 5 are remarkable, from multiple 
perspectives. First, in both cases suppression o f  P is observed 
at all p except at or near p = 1.5, where there occur 
enhancements o f  P . We are ignoring the enhancement seen 
in the 64-site data at p = 1.156 in Fig. 5(b). The full U 
dependence for this point is in the Supplemental Material [44], 
Fig. S28. At this density, a discontinuous transition occurs at 
small suggesting a band structure effect. Furthermore at 
this p, P for the d2 symmetry is much smaller (but slightly 
above our cutoff) than for other symmetries. This and the fact 
that we do not see enhancement in any o f  our other results 
in the same density region suggests that it is a finite-size 
effect. Second, the strongest pairing enhancement occurs for 
the d2 symmetry for both 32 and 64 sites. Finally, only for

F IG . 6. U  dependence o f  P for densities showing significant 
enhancement o f pair-pair correlations, for (a) k -C I, 32 sites, (b) k -CN, 
32 sites, (c) k -CI, 64 sites, and (d) k -CN , 64 sites, all panels open 
(filled) symbols were calculated with P IR G  (CPM C).

the d2 pairing symmetry strong enhancement o f  P at p [H i.5 
occurs for both the k-CI and k-CN lattice parameters. This is a 
highly significant result, for as remarked above, the k-CI and 
k-CN have different U = 0 single-particle level degeneracies 
at p = 1.5. It gives us confidence that the enhancement in pair 
correlations found here is not an artifact o f  the one-electron 
band structure.

In Fig. 6  we show the complete U dependence o f  P 
at the densities where significant enhancements in pair-pair 
correlation occur, for both 32 and 64-site lattices, for both 
k-CI and k-CN structures. Compared to the 32 site data, P as 
well as are smaller in magnitude for 64 sites, although we 
do expect that in the 64 site lattice P will continue to increase 
at p *  1.5 for U > 0.5 eV. The [13 data however indicate 
the absence o f  true long-range superconducting order within 
our purely electronicjnodel. If long-range superconducting 
order were present, P would have reached a constant value 
with increasing system size, while P (U = 0) decreased, in 
which case Ejl would be expected to increase with lattice 
size. The enhancement o f  pair-pair correlations uniquely at 
p E h  .5 is nevertheless significant, because this is precisely the 
carrier concentration in the superconducting K-fET^X. We 
elaborate on this aspect o f  our result further in the following 
section.

IV . D IS C U S S IO N S

We summarize our most significant results in this section 
and discuss the implications o f  our work for k-(ET)2X in
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particular, and for the family o f  two dimensional (2D) organic 
CTS in general.

A. A F M  correlations versus long-range A F M  and proximity to 
other broken symmetries

Mean-field calculations find long-range AFM order within 
the monomer model we consider [43,49], While we do not have 
enough data to perform a finite-size scaling, the decrease o f  
S(7t,n) with increasing system size suggests that the ground 
state o f  the present model does not have long-range AFM 
order, but is metallic with short-range AFM correlations (we 
cannot however rule out a very small AFM moment). We also 
did not find any evidence for a quantum phase transition to an 
AFM state in the 32-site lattice up to U *  I eV. We ascribe 
the relative weakness o f  AFM correlations in our calculations 
to the well known tendency o f  mean field approaches to 
overestimate the stability o f  spin broken symmetry states 
and underestimate the tendency to spin-singlet formation. 
Within the one-dimensional (ID ) Peierls-Hubbard model 
for transpolyacetylene, for example, mean-field calculations 
found the bond-alternated state replaced by a spin-density 
wave [50,51] beyond a critical Hubbard U E l y , even as the 
correct result is that the spin-singlet bond-alternated state 
persists for all U [52-54], While the calculated absence 
or weakness o f  AFM order appears counterintuitive, given 
the strong emphasis on AFM in theoretical works on these 
materials, it is in agreement with the experimental behavior 
o f  the k-(ET) family as a whole. Experimentally, k-CI 
and deuterated ic-Br are the only compounds that exhibit 
AFM [ 1 ], and all other compounds are either ambient pressure 
superconductors (ic-Br [2] and ic-NCS [2]), QSL (k-CN [ I ]) or 
PEC (K-Hg(SCN)2CI [28]). Several o f  the more complicated 
k materials such as k-(ET)4[M(CN)6][N(C2H5)4]3H20 [55] 
and k-(ET)4[M(CN)6][N(C2H5)4]2H20 [56] (M = Co, Fe, and 
Cr) are charge-ordered and spin-singlet, as in the PEC. Taken 
together, these results suggest that even as AFM spin-spin 
correlations in ic-ET are significant, these systems are at the 
threshold o f  transitions to proximate broken symmetries that 
include the PEC as well as SC. This observation is reminiscent 
o f the occurrence o f  a CO phase competing with both AFM 
and SC in the cuprates [19-24],

We speculate that the origin o f  long range AFM in k-CI and 
deuterated K-Br is due to either the nearest neighbor Coulomb 
interaction V , or the coupling between ETt cations and anions, 
both o f  which have been ignored in our calculations. Intradimer 
V promotes single electron occupancy o f  dimers, and therefore 
enhances AFM. Similarly, it is conceivable that cation-anion 
coupling enhances the extent o f  electron localization in the 
cation layer.

B. Enhancem ent o f  pair-pair correlations and carrier density

Our most significant result is the calculated enhancement 
o f pair-pair correlations by Hubbard U within a narrow 
electron density range about p = 1.5. Enhanced pair-pair 
correlations is a necessary though not sufficient condition for 
SC. We previously used this criterion to evaluate the possi
bility o f  SC within the p = I Hubbard model on triangular 
lattices [15,17,18], Suppression o f  pair-pair correlations by

the Hubbard U was found for all the lattices we investigated. 
Our results in Ref. [36] showed an enhancement o f  pair-pair 
correlations within the single-band Hubbard model in large 
2D clusters (up to 100 sites). It is then remarkable that we 
find here enhanced superconducting pair-pair correlations for 
two different k lattices (k-CI and k-CN), for two different 
lattice sizes in each case, for precisely the same narrow carrier 
concentration range that would be anticipated from Ref. [36]. 
This is particularly so considering the relevance o f  this carrier 
density to experimental (ET^X.

Within our theory, enhanced pair-pair correlations originate 
from the strong tendency to spin-singlet coupling at p = 0.5 
and 1.5, both because o f  the existence o f  a commensurate PEC 
at these densities [25,26], and because the stabilization due 
to the kinetic energy gain from pair motion is highest at these 
carrier concentrations. Thus within our theory, SC proximate to 
AFM (as occurs in the k-(ET)2X), as well as to CO (as occurs 
in other crystal structures or in the anionic superconductors 
[57-60]) are manifestations o f  the same correlation effects 
and to be anticipated.

C . P E L  versus S C

Our work indicates that while repulsive e-e interactions 
can drive the transition to a PEL with short range pair-pair 
correlations at p QDl.5, additional interactions missing in the 
purely electronic Hubbard model will be necessary to obtain 
long-range superconducting correlations. The most likely 
such interactions are that between the electrons and lattice 
vibrations involving intramolecular Holstein phonons [61] 
and intermolecular Su-Schrieffer-Heeger (SSH) phonons [62]. 
We emphasize that there are many counterexamples to the 
notions that e-e and electron-phonon (e-p) interactions in
variably negate each others effects and that e-p coupling 
can only generate SC o f  s-wave symmetry. One widely 
known counterexample is the co-operative enhancement o f  
the e-p interaction driven Peierls bond-alternation in the ID  
half-filled band by e-e interactions [52-54], We have similarly 
found co-operative interactions between the effects o f  e-e and 
e-p interactions in the formation o f  the PEC in both one 
dimension [63] and two dimensions [25,26]. In all these cases 
the retarded phonon interactions can be thought as “following” 
the instantaneous correlations driven by the e-e interactions. 
Thus the interpretation o f  our result that the PEL is unique to 
p QDl.5 should be that in the presence o f  e-p interactions this 
is the carrier density in the k lattice where correlated-electron 
SC is most likely. We also expect that the pairing symmetry 
will be determined primarily by the electronic system and 
short-range e-e interactions (see also below). The situation is 
analogous to the 4kF transition in the quasi-ID CTS, where 
nonzero e-p interactions are responsible for the actual lattice 
instability, but the periodicity o f  the distortion is determined 
by the e-e interactions [63],

D. Sym m etry o f superconducting order parameter

Experiments using a wide range o f  probes suggest that the 
SC pairing throughout the k-(ET)2X family is singlet with 
nodes in the order parameter. Experimental techniques that 
have been employed include site-selective l3C NMR [64,65],
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specific heat measurements [66], penetration depth measure
ments [67-69], as well as STM tunneling experiments [70-72]. 
While experiments are generally in agreement that the SC is 
singlet and has a nodal order parameter, there is less agreement 
on the specific form o f  the order parameter and the location 
o f  nodes in the conducting plane. Candidate symmetries 
dx2- y: and dxy differ in the locations o f  their nodes; in the 
experimental literature dx2_y2 symmetry is usually assumed 
to have nodes at 45' to the crystal axes, while dxy has nodes 
along the crystal axes. It is important to note that in theoretical 
work based on the effective half-filled model, these two 
symmetries are interchanged, as the effective x and y axes are 
rotated with respect to the crystal axes (see Fig. I). Magneto
optical [73] and specific heat measurements in a magnetic 
field find the nodes to coincide with the crystal axes [74], 
Thermal conductivity [75] and STM measurements [70,71] 
however find the nodes between the crystal axes, although 
STM measurements on a partially deuterated ic-Br suggest a 
mixture o f  two order parameters [72]. Experiments sensitive 
to the position o f  the nodes have not been performed on k-CN.

In our calculations (see Fig. 3), the d| symmetry has nodes 
along the crystal axes, while the d2 symmetry instead has nodes 
at an angle between the crystal axes. The d3 and (U have one 
node along a crystal axis and one off-axis. In our results we 
found the strongest enhancement for the symmetry d2, which 
is also the only symmetry with enhanced pairing for both 
k-C1 and k-CN. However, Fig. 4 shows that several pairing 
symmetries are enhanced for k-CI, suggesting the possibility 
that the optimum pairing symmetry may vary for different X 
in the k-ET series, and that inclusion o f  e-p interactions will be 
needed to distinguish which o f  the symmetries d |—d4 is most 
stable.

V. C O N C L U S IO N S

To summarize, from numerical calculations on the Hubbard 
model on the monomer lattice o f  k-(ET)2X solids we have 
found a PEL state with enhanced superconducting pair-pair 
correlations exactly for the cationic chaige where SC is found 
experimentally in the (E T ^X . We have also demonstrated 
that the pair-pair correlations are suppressed by the Hubbard 
interaction at all other carrier densities. The superconducting 
order we find is short-range, and considerable work involving 
both e-e and e-p interactions will be necessary before a 
complete theory o f  SC in the CTS is reached. Taken together 
with our previous work [36], this gives us confidence that 
the physical ideas behind this work, viz., (i) enhancement o f  
superconducting pair correlations requires a proximate spin- 
singlet state in the phase diagram, and (ii) such a spin-singlet 
is strongly stabilized in two dimensions for p -  0.5 or 1.5, are 
fundamentally correct.
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