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Symmetrized mean-field description of magnetic instabilities in
k-„BEDT-TTF …2Cu†N„CN…‡2Y salts
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We present a convenient mean-field method, and apply it to study the metallic/antiferromagnetic interface of
k-(BEDT-TTF)2Cu@N(CN)#2Y organic superconductors~BEDT-TTF is bis-ethylendithio-tetrathiafulvalene,
Y5Cl,Br). The method, which fully exploits the crystal symmetry, allows one to obtain the mean-field solution
of the two-dimensional Hubbard model for very large lattices~typically 63105 sites!, yielding a reliable
description of the phase boundary in a wide region of the parameter space. The metal/antiferromagnet transi-
tion appears to be second order, except for a narrow region of the parameter space, where the transition is very
sharp and possibly first order. The coexistence of metallic and antiferromagnetic properties is only observed for
the transient state in the case of smooth second order transitions. The relevance of the present results to the
complex experimental behavior of centrosymmetrick-(BEDT-TTF)2Cu@N(CN)#2Y salts is discussed.
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I. INTRODUCTION

The k-phase (BEDT-TTF)2X salts exhibit a grea
variety of physical properties as a function of temperatu
pressure, anion~X! substitution, deuteration, and eve
disorder in the ethylene end groups. Superconducting~SC!,
antiferromagnetic ~AF!, metallic, and insulating phase
are observed.1,2 Of particular interest is the AF/SC/metal bo
derline, which for k-(BEDT-TTF)2Cu~NCS!2 and
k-(BEDT-TTF)2Cu@N(CN)#2Y (Y5Cl, Br; hereafter ET-Y
family! occurs in a very narrow region of the temperatu
pressure (T,p) space. For the aforementioned compounds
schematic zero temperature phase diagram can be draw
shown in Fig. 1.3–5

The proximity of SC and AF phases, together with oth
experimental evidence, suggested a possible role of
fluctuations in the superconductivity mechanism,5,6 and
prompted intensive theoretical investigation on the SC/
borderline.5–11 Since the early suggestion by Kino an
Fukuyama,3,12 mean-field~MF! approaches have often bee
adopted to investigate the SC/AF interface.8,9,11 Several
previous MF treatments considered low-symme
structures,3,8,12 namely, k-(BEDT-TTF)2Cu(NCS)2, with
four inequivalent molecules in the unit cell. The resulti
numerical calculation is complex and computationally ve
demanding, so that only fairly small lattices have been c
sidered, leading to large intrinsic uncertainties on the e
mated properties, particularly at the phase transition. On
other hand, in the orthorhombic centrosymmetrick-phase
crystals of the ET-Y family all molecules in the layer are
equivalent.13,14 The greater symmetry with respect
k-(BEDT-TTF)2Cu(NCS)2 apparently does not lead to sig
nificant differences in the physical behavior, notably in t
SC properties. Indeed, ET-Br is a superconductor at amb
pressure, and ET-Cl under moderate pressure present
0163-1829/2001/64~5!/054509~8!/$20.00 64 0545
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highestTc observed in (BEDT-TTF)2X salts.2 The MF ap-
proach has been applied9,11 also to these more symmetri
lattices to study the coexistence of charge ordering insta
ties. Including the order parameters relevant to charge in
bilities further increases the complexity of the calculati
and leads to large uncertainties in the transition region
recognized by the authors of Ref. 9. We instead propos
fully exploit the higher symmetry of the centrosymmetr
ET-Y structures to build asymmetrizedMF approach for the
superconducting metallic/magnetically ordered pha
transition.10 By exploiting symmetry we are able to work o
lattices as large as 63105 sites, and to explore a wide regio
of the parameter space, keeping numerical procedures
finite-size effects under control. Moreover and most imp
tantly, we get a simple and complete description of the el
tronic bands of these system, focusing only on those effe
which are directly connected with the interesting physi
The MF treatment maps the problem of interacting electr
into an effective noninteracting Hamiltonian. The compa
son between reliable MF results and available experime
data then allows us to safely define the intrinsic limitatio
of effective one-electron pictures in describing the physics
k-phase salts.

Recently more refined approaches have been applie
k-phase salts. For instance, fluctuation-exchange~FLEX!15,16

FIG. 1. Universal zero temperature phase diagram fork-phase
BEDT-TTF salts.
©2001 The American Physical Society09-1
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A. PAINELLI, A. GIRLANDO, AND A. FORTUNELLI PHYSICAL REVIEW B 64 054509
or third-order perturbation~PT! approach17 have been ap-
plied to investigate the fluctuation mechanism for superc
ductivity and to estimate the critical temperature. Howe
these approaches are only valid in the weak electronic
relations regime, and have been applied to a simplifi
model for the k-phase layer, the so-called dime
model.3,5,18,19The same model has also been adopted in
framework of the dynamical MF5,20 and within a renormal-
ization group approach,21 which offer complementary infor-
mation with respect to ordinary MF techniques. As we sh
discuss in the following, the reliability of the dimer mod
cannot be taken for granted in the whole parameter sp
Here we show that by exploting the high symmetry of t
ET-Y salts family one can get a picture of thek-phase layer
that is computationally and theoretically as simple as
dimer model, without introducing any approximation.

In this paper we model the system in terms of a sim
Hubbardt-U Hamiltonian, but the proposed procedure c
be easily extended tot-U-V or t-J Hamiltonians, or to inves-
tigate charge-ordering transitions, whose possible coex
ence with spin order has been recently suggested.22 More-
over, the symmetry properties can be convenien
implemented in more refined calculation schemes, to
simpler and more reliable description of the physics
k-phase salts. The paper is organized as follows. The
section is devoted to the description of the method. We t
analyze the magnetic instabilities of ET-Y salts, and discuss
the effects of the instabilities on the band structure. The
ference between our symmetrized MF and other MF
proaches is stressed, and the reliability of the dimer mode
shortly addressed. Finally, we make connection with the
periment by discussing the pressure dependence of
SC/AF interface in the ET-Cl, and by making a comparis
with ambient pressure ET-Br superconductor.

II. THE SYMMETRIZED MEAN FIELD APPROACH

Consistently with experimental data on centrosymme
k-phase salts,13,14 we consider a unit cell with four equiva
lent molecular sites, and do not allow for modification of t
periodicity of the crystal structure at the magnetic phase tr
sition. We adopt thet-U Hubbard Hamiltonian to describ
Coulomb interactions giving rise to magnetic ordering:

H5 (
^ i , j &s

t i j ~ais
† aj s1H.c.!1

U

4 (
i

nini2U(
i

sisi ,

~2.1!

where the indices run on the BEDT-TTF sites, the first te
accounts for the intersite hopping, and the other terms
scribe the on-site Coulomb repulsion. In Eq.~2.1!, ni is the
usual site number operatorni5ni↑1ni↓ , and si5(ni↑
2ni↓)/2 is the net magnetization operator.

In the MF approximation the many-body interaction
described by an effective single particle interaction, wh
each particle feels the other particles as a source of a
potential. Then each product of two electronic operatorsÂB̂
is approximated with an expression where only a single
erator appears, the effect of the second operator being
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stituted by its ground-state expectation value. This appro
gives reliable results when the fluctuations of the observa
are small, although not zero as in single-particle approac
Mathematically,

ÂB̂5~^A&1DÂ!~^B&1DB̂!'^A&^B&1^A&DB̂1^B&DÂ.
~2.2!

Thus in MF the two-particle Hubbard terms of Eq.~2.1!
become

U

4 (
i

nini2U(
i

sisi.
U

2 (
i

^ni&ni22U(
i

^si&si .

~2.3!

The equivalence of the four molecular sites imposes the c
straint

^ni↑&1^ni↓&51.5 i 51 . . . 4. ~2.4!

Therefore the first term on the right-hand side of Eq.~2.3! is
a constant, and the relevant physics is described by the
magnetization term. We rewrite it by exploiting symmetr
and define within each unit cell the following four orde
parameters:

hAF15~s11s22s32s4!,

hAF25~s12s22s31s4!,

hAF35~s12s21s32s4!, ~2.5!

hFM5~s11s21s31s4!,

or, in short,hn5( ici
nsi , with n5AF1, AF2, AF3, FM. In

these equationsi counts the four BEDT-TTF sites within th
unit cell, as indicated in Fig. 2. The order parametershAF1 ,
hAF2 , and hAF3 correspond to the three possible antiferr
magnetic orderings;hFM describes the ferromagnetic phas
The net magnetization term in Eq.~2.3! then becomes
22U( i^si&si52(U/2)( j ,n^hn&hn

( j ) , wherej runs over the
unit cells. Since translational symmetry is not broken by
magnetic transition,̂hn& is independent ofj. The four mag-
netic phases have different symmetry, so that the fourhn

order parameters are orthonormal and can be investig
separately, leading to the symmetrized MF Hamiltonians

FIG. 2. Schematic view of theac plane of centrosymmetric
BEDT-TTF salts.
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TABLE I. Hopping integrals and criticalU for ET-Cl and ET-Br salts. All parameters in eV.

tb1 tb2 tp tq Uc

ET-Cl, amb.p, T5127 K 0.2315 0.0760 0.0901 0.0410 0.63960.001
ET-Cl, p53 Kbar, amb.T 0.2239 0.0851 0.0844 0.0517 0.67660.005
ET-Cl, p527 Kbar, amb.T 0.2770 0.0935 0.1400 0.0380 0.90660.005
ET-Br, amb.p, T5127 K 0.2244 0.0712 0.0936 0.0396 0.63660.001
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Hn52 (
^ l ,k&,s

t lk~als
† aks1H.c.!2Yn(

j
hn

( j ) , ~2.6!

wheret lk are the hopping parameters, i.e.,tb1
, tb2

, tp , andtq

defined in Fig. 2. For each symmetry, the effective sin
particle potentialYn is related to the expectation value of th
relevant order parameter by the self-consistency equatio

Yn5
U

2
^hn&. ~2.7!

By rewriting the last term in Eq.~2.6! in terms of the original
ni↑ , ni↓ operators, one immediately recognizes thatHn is the
sum of two independent tight-binding HamiltoniansHn↑ ,
Hn↓ , describing electrons with up and down spin, resp
tively. The off-diagonal part of each one of these Hamil
nians is exactly the same as in the original tight-bind
model, but the MF treatment of on-site electron-electron
teraction introduces a diagonal contribution. Specifically,
diagonal elements ofHn↑ within each unit cell are

~Hn↑! i i 52
Yn

2
ci

n ~2.8!

and (Hn↑) i i 52(Hn↓) i i . The two tight-binding problems de
scribed byHn↑ andHn↓ are easily diagonalized for differen
Yn values on very large lattices. In our approach impos
the self-consistency relation onU simply implies calculating
the ratio betweenYn and ^hn&, at variance with the lengthy
and memory consuming iteration steps required by a mu
parameter MF calculation.3,8 This is very important in keep
ing the numerical procedure under control and allows us
work with very large lattices, typically up to 63105 sites.
Such large lattices, one order of magnitude larger than
largest lattice in Ref. 8, are diagonalized with no effort on
Digital Alpha 255 workstation equipped with 64 MB RAM
As we will discuss below, working on large lattices is ve
important to get an accurate description of the early stage
the phase transition, and then to get reliable information
the nature of the transition itself.

The diagonalization ofHn↑ , Hn↓ immediately defines the
band structures for up and down spins. In the case of the
instability, all thecn

FM in Eq. ~2.8! are equal to 1, so that
apart from a rigid shift of the energies by2(1)YFM/2
52(1)U^hFM&/4 for up ~down! spins, the eigenstates a
exactly the same as in the noninteracting case. Therefore
originally degenerate bands for up and down spins are s
by YFM5U^hFM&. The Fermi level is fixed by the conserva
tion of the total number of electrons, leading to unbalanc
up and down spin population. If, without loss of generali
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we consider positivêhFM&, we end up with lower energie
for up spins and then with a ferromagnetic state charac
ized by larger population of up than down spins.

In the case of AF order, instead, finiteYn deforms the
original bands of the noninteracting system, due to the
pearance of relevant diagonal terms in the real space Ha
tonian @Eq. ~2.8!#. In this case, the eigenvalues for up a
down spins are exactly the same, and the bands for the
spins stay exactly degenerate as in the noninteracting c
but the distribution of the two spin species is different on t
sites, with a larger number of up spins residing on sites w
negativeci

n coefficients (̂hAF&.0).

III. RESULTS

Table I summarizes thet ’s obtained from the available
structural data of ET-Cl and ET-Br salts.23,24 All t ’s have
been obtained from extended Hu¨ckel ~EH! calculations on
the pairs of BEDT-TTF molecules corresponding to the fo
interactions depicted in Fig. 2. Specifically, they are eva
ated as half of the splitting of the HOMO energy in ea
pair. It is well known that the values of the hopping integra
show large differences, depending on the method adopted
their estimate.25 Therefore, thet ’s estimated for each struc
ture and the resultingUc have not to be assigned too muc
confidence. However, comparing results obtained with
same procedure on different structures is certainly inform
tive. We have adopted EH estimates oft ’s since they com-
pare well with availableab initio results.26

Figure 3 reports theYn andU dependence of̂hAF1& and
^hFM& order parameters, as obtained for thet ’s relevant to
ET-Cl at 127 K ~first row in Table I!. ^hAF2& and ^hAF3&

FIG. 3. ET-Cl atT5127 K, ambientp: t ’s from the first row of
Table I. The order parameter for FM instability~squares! and AF
instability of type 1~circles! vs the effective MF potentialY, in the
left panel, and vsU in the right panel. Filled circles mark point
introduced in the linear regression of theh vs Y to determineUc

~see text!, the arrow marks the point where the conduction g
opens, and whose band structure is shown in Fig. 4, bottom pa
9-3
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curves are not shown since the corresponding instabil
occur atU larger than;1 eV,10 and are not relevant to ou
discussion. Indeed, even the ferromagnetic instability occ
at U higher than that for AF instabilities, and, in this respe
it is irrelevant from the physical point of view. However, th
different behavior of̂ hAF1& and^hFM& in the right panel of
Fig. 3 deserves some comments.

Based on the two standard stability conditions:]E/]h
50 and ]2E/]h2.0, with E representing the expectatio
value of the working Hamiltonian, it is easy to prove th
stable states for our system correspond to points with p
tive slope in theh(U) curves.27 The negative slope region i
thehFM(U) curve~marked by a dotted line in the right pan
of Fig. 3! then corresponds to unstable states, i.e., states
cannot be reached by our physical system. Thus the fe
magnetic instability corresponds to a first order phase tra
tion, characterized by a discontinuous jump of the order
rameter at the transition, located atUc;0.945 eV. The small
region aroundUc where thehFM(U) is non-single-valued
corresponds to the hysteresis region, where two stable s
coexist.

The behavior of̂ hAF1& is different, withhAF1(U) having
infinite slope atUc;0.64 eV. The infinite slope is a direc
consequence of a strictly linearhAF1(YAF1) dependence in a
fairly large region around the origin. In Fig. 3, left panel, t
filled circles show the points that fall on a single straig
line, ^hAF1&5xYAF1 , with a squared correlation coefficien
larger than 0.99998. By applying the self-consistency con
tion in Eq. ~2.7!, one immediately gets steeply increasi
hAF1 values at a fixedU5Uc52/x50.639 eV. The coeffi-
cient x5]2E/]YAF1

2 represents the susceptibility of ele
tronic system to theYAF1 perturbation: the criticalU is thus
related to the inverse of the electronic susceptibility.

ExtractingUc from the slope of thêhAF1& vs YAF1 curve
is a much safer procedure than searching for the minimumU
where finite ^hAF1& appears. The calculated̂hAF1& values
are affected by finite uncertainties, with a minimum intrins
uncertainty given by the inverse of the number of unit ce
Since^hAF1& enters the Hamiltonian matrix as a multiplic
tive factor forU, the uncertainty in̂hAF1& implies an uncer-
tainty in U, with dU/U5d^hAF1&/^hAF1&. Therefore, at
small ^hAF1& the relative uncertainty onU can be very large.
This is by no means accidental, but reflects the intrinsic lim
tation of investigating phase transitions through finite s
calculations. At the transition in fact the correlation length
the fluctuations in the order parameters are in principle i
nite, so that calculations on finite lattices lead to large err

It is interesting to investigate the evolution of the ele
tronic bands along the AF transition. Figure 4 reports
band structure calculated for the noninteracting metallic s
tem, and for a system located just where the transition g
to completion, i.e., the point marked by an arrow in Fig.
The two conduction bands, that are partly overlapped in
metallic system, are split apart in the AF phase, openin
gap and then leading to insulating behavior. Figure 5 rep
the U dependence of the energy difference between two
treme points in the two conduction bands~specifically be-
tween theM point in the upper band and theX point in the
lowest conduction band! to measure the conductivity gapD.
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NegativeD implies overlapping bands and then metallic b
havior, positiveD measures the semiconducting gap.

In summary, for thet ’s in the first row of Table I, relevant
to ET-Cl at ambient pressure andT5127 K, we observe a
fairly sharp transition, atUc50.639 eV, from a paramagneti
metal to an antiferromagnetic insulator, as shown by
semiconducting gap that opens up right at the transition~Fig.
5!. In our approach the metallic phase includes the superc
ducting state, since our Hamiltonian does not account for
coupling. The critical U is similar to available
experimental5,28 and theoretical26 estimates of the effectiveU
in BEDT-TTF salts,U;0.5–1.0 eV. Therefore ET-Cl is jus
located at the metal/AF interface, in agreement with seve
experimental observations~see below!. Again, in agreement
with experiment and also with predictions of previous M
calculations,3,8,12 the AF phase is characterized by paral
spins residing on the 1-2 dimer~Fig. 2!, as can also be in-
ferred from simple arguments based on the dimer picture3

Having developed a simple and efficient method to so
the MF problem for the ET-Y family, we can now play
around with parameters trying to gain some informati

FIG. 4. Band structure for ETCl, same parameters as in Fig
The upper panel refers to the noninteracting system~or equivalently
to the system before the transition!, the bottom panel corresponds t
the point marked by an arrow in Fig. 3,Y50.225 eV. The dotted
line marks the Fermi energy.

FIG. 5. The conductivity gap~see text! vs U, same parameters
as in Fig. 3.
9-4
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SYMMETRIZED MEAN-FIELD DESCRIPTION OF . . . PHYSICAL REVIEW B 64 054509
about the rich phase diagram of these systems. In Fig. 6
continuous lines show theU dependence of̂hAF1& and D,
calculated for the availablet ’s relevant to ET-Cl atp53 and
27 kbar ~Table I!. The critical U increases withp from
;0.64 eV atT5127 K, ambientp, to ;0.68 eV and;0.91
eV, at ambientT and p53, 27 kbar, respectively. The in
crease ofUc corresponds to a stabilization of the metal
phase, and can justify the appearance of SC in ET-Cl un
pressure, as we shall discuss in more detail in the next
tion.

In the scale of Fig. 6 the curve relevant top53 kbar
shows a very narrow region with a negative slope. Howev
the width of this region is only 2–3 times the numeric
uncertainty onU, so that we cannot make any strong sta
ment about observing a discontinuous, first order transit
In any case, the coexistence region, i.e., the hysteresis re
for this transition, if present, would be so small to be irr
evant for any practical purpose. The region of negative sl
disappears atp527 kbar, where the transition look
smoother, with possibly a finite positive slope. Once m
the effect is tiny and hardly disentangled from numeri
uncertainties.

To get some clearer feeling about the role of pressure,
have linearly extrapolated thet estimates available atp53
and 27 kbar to higher pressures. In Fig. 6 the rightm
dashed line shows the corresponding evolution of the o
parameter for a nominalp595 kbar, wheretq extrapolates to
zero. The smoothing of the transition is now evident: in t
casê hAF1&(U) clearly has a well-defined positive slope. A
interesting observation is that the conduction gap~lower
panel! closes not at the very beginning of the transition, b
only when the transition comes to completeness. This co
sponds to the appearance of a region of stability for a ph
with simultaneously AF distortion and residual metallic b
havior. In other words, when the transition is continuous,

FIG. 6. The AF order parameters and the conductivity gap vsU.
Continuous lines refer tot values in Table I for ET-Cl, withp
increasing from left to right. Dashed lines refer to nominal pr
suresp5233 kbar, at left, andp595 kbar, at right~see text!.
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data suggest the presence of an antiferromagnetic m
phase, similar to that discussed at length in Refs. 3, 8,
However, the extent of this phase is very narrow, so tha
represents at most a transient phase.

Searching for some evidence of discontinuous phase t
sition, we have also ‘‘released the pressure,’’ by extrapo
ing thet ’s estimates atp53 and 27 kbar down to a nomina
pressure of233 kbar. Surprisingly, the transition is continu
ous again, and smoother than at ambientp. Therefore, we
find no clear evidence for discontinuous transitions, exc
possibly in a very narrow region in the parameter space c
responding to ET-Cl atp53 kbar. In general, the observa
tion of very narrow regions of discontinuity and/or AF
metallic coexistence is strongly affected by numeric
uncertainties and/or finite-size effects.29 These transient
states, being intrinsically unstable, cannot be associated
physically significant states. On the other hand, their pr
ence for particular values of the parameters signals an in
sic instability of the system to external perturbations, such
those eventually leading to superconductivity.

IV. DISCUSSION

Overall our results agree with previous MF calculatio
on k-(BEDT-TTF)2Cu(NCS)2,3,8,12describing the transition
from a paramagnetic metal to an AF insulator occurring
Uc;0.6–0.8 eV~the precise value of course depends on
choice of thet ’s!. However, some details on the evolution
the order parameter and on the opening of the semicond
ing gap are different. In the recursive approach to the so
tion of the MF problem, adopted so far in the literature, t
only viable procedure to estimateUc relies on searching for
the minimumU where finite^hAF1& appears. As discusse
above, this procedure leads to large uncertainties inUc , that
have to be properly accounted for in the analysis of num
cal results. Kino and Fukuyama3,12 use very small lattices
(N53600), corresponding to an intrinsic uncertainty
^hAF1& of at least 431024. In Ref. 3 the onset of AF is
estimated to occur atUc2, with ^hAF1&;0.02. This small
value for the order parameter implies a minimum uncertai
in Uc2 of ;0.02 eV. Then the two transition points observ
by Kino and Fukuyama,Uc150.762 eV andUc250.758 eV,
coincide within numerical accuracy. In the lack of addition
information their data are consistent with a single transiti
as we find for thet ’s relevant to ET-Cl atT5127 K or at
p53 kbar ~Fig. 6!. The presence of an antiferromagne
metallic phase is then questionable. Similar problems oc
in the interpretation of data in Ref. 12. Here a two-transiti
scenario is proposed at lowp, involving a continuous transi-
tion from a paramagnetic metal to an antiferromagne
metal~finite hAF1 and negativeD), immediately followed by
a first order transition to an insulating state. This comp
scenario, that we were unable to reproduce in our large
tice for any choice of the parameter set, is probably eithe
finite-size effect or a numerical artifact. One must also ke
in mind the possibility it represents a characteristic feature
k(BEDT-TTF)2Cu(NCS)2, due to its lower symmetry
However, since it does not appear in the more symme

-
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A. PAINELLI, A. GIRLANDO, AND A. FORTUNELLI PHYSICAL REVIEW B 64 054509
ET-Cl phase at any pressure, it is irrelevant as far as S
concerned.

In Ref. 8 the numerical uncertainty in̂ni↑&, fixed by the
authors at 0.001, propagates to gived^hAF1&; 0.0014. As a
consequence, the estimate forUa , i.e., the criticalU for the
appearance of AF order, obtained for^hAF1&50.01, is af-
fected by a large uncertainty:Ua50.760.1 eV. More pre-
cise estimates are obtained for larger^hAF1&, e.g., Uc
50.685 is essentially constant for^hAF1&50.037, 0.499,
0.582, representing a good estimate for the criticalU where
AF order appears and, at the same time, the electronic o
close. The proposed estimate of the criticalU for the opening
of the semiconducting gap,Ui50.69960.001 is different
from Uc , again suggesting the presence of an intermed
phase with both metallic and AF character. Quite in agr
ment with our results at largep, the metallic antiferromag-
netic phase is a marginal phase that only survives in a v
narrow transient regime. Indeed, as pointed out in Ref.
~Sec. 3.4.5!, such a phase would imply a weak AF order a
reconstruction of the Fermi surface, which, however, ha
not been experimentally observed. Our approach thus pro
useful in excluding on a purely theoretical basis the spuri
complexities in the phase diagram due to finite-size effe
and/or numerical uncertainties, and should be particula
convenient when extended to describe charge ordering in
bilities together with magnetic instabilities.

Several papers discussk-phase BEDT-TTF salts within
the dimer approximation.3,5,18,19Basically, the tight-binding
Hamiltonian for the four frontier molecular orbitals in th
unit cell is rewritten in terms of the bonding and antibondi
orbitals of thetb1 dimers. Sincetb1 is at least twice as large
as the other hopping integrals, the interactions betw
bonding and antibonding orbitals are neglected, and
original four-bands problem reduces to a two-band proble
In the resulting lattice each site has four nearest-neigh
sites, interacting through (tp1tq)/2, and two next nearest
neighbors, interacting withtb2/2. For the parameters releva
to k-phase salts, the bands calculated within the dimer mo
compare favorably with those obtained in the four-band c
culation, confirming the validity of the dimer model approx
mation at least for the noninteracting case.19 The dimer-
model lattice is simple, but still shows interesting physics.
fact, by varying the (tp1tq)/tb2 ratio, it interpolates between
a square lattice and a collection of 1D chains.21 Whereas it is
suggestive to relate the variegated behavior obtained f
such a model to the variety of observed properties
k-phase salts, some caution is in order. Just as an exam
consider the casetb2→0, where the dimer lattice reduces
a half-filled square lattice with perfect nesting. As it is we
known, the criticalU for the antiferromagnetic instability
goes to zero in this limit, as also confirmed by M
calculations.10 Instead, a MF calculation for the same para
eters as in Fig. 3, buttb250, yields a continuous transition t
the AF phase with a finite and fairly largeUc;0.57 eV. This
qualitatively different behavior can be easily rationalize
The small interactions between bonding and antibonding
bitals are large enough to break the commensurability of
simple dimer model attb250.10,21 A word of caution is also
necessary when introducing electron correlations in
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dimer model. Indeed, starting from a Hubbard Hamiltoni
for the four-molecules layer, the resulting effectiveUdim for
the dimer model is related to bothU and tb1, according to a
relation first proposed in Ref. 3 and rediscussed and
tended in Ref. 5. For the commonly accepted value ofU
;4tb1 , Udim is of the order oftb1.5 Thus the applicability of
FLEX and perturbative approaches15–17 to the dimer model
becomes questionable, since these approaches work we
the limit Udim;tb1!(tp1tq)/2,tb2/2, where the dimer mode
itself breaks down.

We now relate our results to the experimental obser
tions relevant to the ET-Y family. As mentioned above, sev
eral evidences indicates that the ET-Y salts are just at the
AF/SC borderline. At ambient pressure the ET-Cl salt is
Mott antiferromagnet, with a magnetic moment amplitude
0.45mB ,31 that compares favorably with the present a
previous3,8,12 estimates of the magnetic order parameter.
applying pressure above 300 bar, ET-Cl shows a transitio
complete superconductivity at about 12 K. At lower pre
sures, reentrant and partial superconductivity, with resid
sample resistance, have been observed.32 The fully deuter-
ated ET-Cl (d8-ET-Cl! exhibits analogous behavior, only re
quiring a slightly higher pressure~440 bar! to reach
superconductivity.32 ET-Br is superconducting at ambien
pressure (Tc;11 K! but the attainment of the superconduc
ing phase is affected both by the cooling rate and by
deuteration of the sample.33 It has been shown that by keep
ing constant the cooling rate at a sufficiently low value, t
partially deuteratedd2- andd4-ET-Br salts are superconduc
ing at practically the sameTc as the undeuterated sampl
Thed6-salt, on the other hand, exhibits a complicated beh
ior attributed to the competition between superconduct
and insulating phase.33 Finally, the fully deuteratedd8-ET-Br
is an antiferromagnetic insulator~magnetic moment
0.3mB),31 and under pressure has a behavior similar to E
Cl, reaching complete superconductivity just above 60 ba34

For the sake of completeness, we mention that the ET-I
is not superconducting, even when pressures up to 5 Kba
applied.23 This kind of behavior has been ascribed to dis
der. However, this compound is the least investigated in
ET-Y family, and we shall not consider it here.

Rather obviously, a MF approach is inadequate to
scribe phenomena related to non-equilibrium states, diso
and/or sample inhomogeneity, such as cooling rate effe
and reentrant superconductivity. We therefore focus here
the complete-SC/AF crossover affected by pressure an
by isotopic substitution. The universal phase diagram in F
1 presents the parameter ‘‘pressure’’ as the abscissa. It
been used to explain the differences induced by the C
substitution or deuteration in ET-Y salts, and similar effects
In particular, the smaller radius of Cl2 with respect to Br2

implies a reduced effective pressure1 in ET-Cl with respect
to ET-Br ~see Ref.2 for a tentative numerical assessmen
this effect!. A similar effect of reduced pressure can be a
sociated to deuteration, which corresponds to smaller e
group excursions around their equilibrium values. From
values of the correspondingTc’s, we can empirically associ
ate an increase inp of ;380 bar for the Cl-Br substitution
and a decrease of;140 bar for deuteration. A rationalizatio
9-6
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of these tiny effects is fairly difficult. We shall examine b
low whether our MF results help in this respect.

We first focus on ET-Cl. The hopping integrals in theac
plane, calculated for the known crystal structures at amb
p and 127 K,23 and at 3 and 28 kbar~ambientT)24 are re-
ported in Table I. To make a first comparison with expe
ment, we have evaluated the areas of thea andb orbits from
the ac plane Fermi surface calculated in the tight bindi
approximation. The results relevant to the metallic phase
compared in Fig. 7 with the measured areas fr
Shubnikov–de Haas~SdH! experiments performed at sever
pressures in the 2–10 kbar range at the liquid heli
temperature.35 In order to renormalize the effects associat
to the global volume contraction due to the different te
peratures of the SdH and structural data, thea/b ratio has
been reported as a function of pressure. In fact, theb area is
equal to the area of the Brillouin zone for the 3/4-filled sy
tem. The 3 kbara/b nicely fits the experiment, and a straig
line through the experimental points extrapolates near to
calculated 28 kbar point. We notice that the crystallograp
axes ratioc/a is practically unchanged with pressure.24 This
observation sheds doubts on the possibility of adoptingc/a
as a rough estimate ofa/b, as suggested by Ref. 2.

Table I, rightmost column, reports the ET-ClUc values
calculated by our MF approach. A word of warning is ne
essary when comparing data obtained at different temp
tures, since it has been observed36 that the values of the
hopping parameters change correspondingly. However,
effect is not very pronounced in ET-Y family,2,36 and we
shall neglect it in the following. We notice thatUc increases
monotonously withp, thus accounting for the pressure drive
superconductivity transition in terms of an increase of
critical value needed to reach the AF phase. In this resp
Uc seems to be a good ‘‘indicator’’ of the effective pressu
of Fig. 1. Other previously suggested indicators, such as
tb1 /tp ratio,3,12 or thec/a ratio,2 seem to work less satisfac
torily in this case:tb1 /tp does not increase monotonous

FIG. 7. Pressure dependence of the ratio between the areasa
andb orbits in theac plane Fermi surface. The squares refer to
experimental data~Ref. 35!, with the dashed line representing th
best linear fit. Circles are the calculated values for ET-Cl data
Table I.
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with p ~Table I!, and, as noted above,c/a is practically con-
stant.

We now turn attention to ET-Br. When comparing th
ambient pressure, 127 K hopping integrals of ET-Cl with t
corresponding ones of ET-Br, one finds small differenc
and we get for the two systems virtually identical phase tr
sitions, occurring at basically the sameUc ~Table I!. There-
fore, the different ground state of ET-Cl~AF! and ET-Br
~SC! at ambient pressure cannot be understood in terms
difference inUc . One might think that the actual effectiveU
is different in the two types of salts, being smaller in ET-
due a larger screening of the intersite Coulomb poten
from the more polarizable Br anions. However, this kind
qualitative explanation is not corroborated by the numeri
values of the anion polarizabilities obtained fromab initio
calculations,37 and is difficult to reconcile with the observa
tion of an AF state ford8-ET-Br at ambient pressure. W
could not calculate the hopping integrals in this case, as
atomic coordinates are not available in the literature. W
have used thet ’s calculated in Ref. 36 for both ET-Br an
d8-ET-Br at 127 K ~properly rescaled since the method
calculation is different from ours!. We do not find significant
difference between theUc’s of the two compounds.

As we already pointed out,c/a and tb1 /tp are not good
indicators of the properties ofk-phase salts, and cannot b
chosen as thex-axis parameter in auniversalphase diagram
similar to that reported in Fig. 1. Both the ratio ofa andb
orbits andUc work satisfactorily as far as thep dependence
of ET-Cl properties is concerned. However, both fail if a
plied to rationalize the different behavior of ET-Cl an
ET-Br and/or the effects due to deuteration. It is important
underline that botha/b andUc are ‘‘single particle’’ param-
eters, in the sense that they are fully determined by the b
structure, i.e., thet ’s values. Investigating the band structu
of k-phase salts offers useful information to rationalize th
behavior, but this information is not enough, and the role
interactions beyond single-particle picture has to be invo
to understand the behavior of systems near the AF/SC in
face. The failure of simple band-structure treatments
k-phase salts has been recently suggested based onp
dependence of cyclotron effective masses with pressu25

and can also be recognized from high resolution meas
ments of thermal expansion coefficients.38 Residual elec-
tronic correlations, disorder induced localization effec
electron-phonon coupling, and interlayer effects all can p
an important role, particularly at the AF/SC interface. Mo
theoretical and experimental work is in order to settle
relative importance of these effects.
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