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We consider the electronic properties of layered molecular crystals of thegtip\ whereA is an anion
andD is a donor molecule such as Histhylenedithia-tetrathiafulvalenéBEDT-TTF), which is arranged in
the #-type pattern within the layers. We argue that the simplest strongly correlated electron model that can
describe the rich phase diagram of these materials is the extended Hubbard model on the square lattice at
one-quarter filling. In the limit where the Coulomb repulsion on a single site is large, the nearest-neighbor
Coulomb repulsiorV plays a crucial role. WheX is much larger than the intermolecular hopping integithe
ground state is an insulator with charge ordering. In this phase antiferromagnetism arises due to a novel
fourth-order superexchange process around a plaquette on the square lattice. We argue that the charge ordered
phase is destroyed below a critical nonzero valyef the order ot. Slave-boson theory is used to explicitly
demonstrate this for the SM) generalization of the model, in the largelimit. We also discuss the relevance
of the model to the all-organic familg”-(BEDT-TTF),SKYSO; whereY=CH,CF,, CH,, CHF.
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[. INTRODUCTION lating phasé&’ of the # family have been interpreted in terms
of the Hubbard model. However, this is inadequate because,
Layered organic molecular crystals based on the bisat one-quarter filling, the Hubbard model is expected to be
(ethylenedithia-tetrathiafulvalenéBEDT-TTF) moleculé=®  metallic. Following Sed®we argue that the nearest-neighbor
are rich examples of strongly correlated electron systems iffoulomb repulsiorV plays a crucial role in these materials.
low dimensions. Thex-(BEDT-TTF),X family has many This has been emphasized before for other organic
similarities to the cuprate superconductors, such as the proﬁ@omIOOLmdS}-O’lg_21
imity of superconductivity to an antiferromagnetic Mott-  Specifically, the simplest possible strongly correlated
Hubbard insulating phage® It has recently been argued that €lectron model that can describe the competition between all
the simplest strongly correlated electron model that can deof the above phases is the extended Hubbard medelt-V
scribe this family is a Hubbard model on an anisotropic tri-model with no double occupancgt one-quarter filling on a
angular lattice at one-half fillinf. This model should also square lattice. We show that in the charge-ordered insulating
describe the3-(BEDT-TTF),X family.”® As the anionX or ~ phase antiferromagnetic interactions arise due to a novel
pressure is varied the@-(BEDT-TTF),X family exhibits  fourth-order superexchange around a plaquette on the square
metallic, superconducting, insulating, antiferromagnetic/attice. We then consider the SNY generalization of the-V
charge-ordered, and spin-gapped phds&sThe family*®  model and perform a slave boson study that becomes exact
6-(BETS),X [where BETS is bigethylenedithio- in the limit of largeN. We find there is a critical value of the
tetraselenafulvaleng is also found to exhibit a metal- ratio V/t, above which the metallic Fermi-liquid phase un-
insulator transition with a transition temperature that varieglergoes an instability to a charge-ordered state.
with the anion? The recently synthesized family
B"-(BEDT-TTF),SkYS0; whereY =CH,CF,, CH,, CHF Il. REVIEW OF EXPERIMENTAL PROPERTIES
has attracted considerable interest from chemists because the OF 0-(BEDT-TTF),X
. . . . . 2
anion is purely organic an¥=CH,CF, is the first purely
organic superconductdt. Insulating, charge-ordered, and  Properties of thegd-(BEDT-TTF),X family have recently
spin-gapped phases are observed for different arifbns. been reviewed by Moret all®?? and Sed?® The arrange-
Given the complexity of the details of the chemistry, crys-ment of the BEDT-TTF or BETS molecules within a layer of
tal structure, and band structures of these materials it is imthe 6 structure is shown in Fig. 1. For most anions,the
portant to define the simplest possible many-body Hamil-materials undergo a metal-insulator transition at a tempera-
tonian that can capture the essential physics. This is similaure that decreases with increasing bandwidth; the latter is
in spirit to the way one studies the Hubbard d@n@lmodels  directly correlated with the angle between the molecules
on a square lattice in order to understand the cupratwithin the layer® (see Fig. 2 The temperature at which the
superconductors. Several previous studi¥s'?of the metal-  metal-insulator transition occurs generally increases with in-
insulator transition and the magnetic properties of the insuereasing pressurg:*
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FIG. 1. Arrangement of the donor moleculBs (for example @
BEDT-TTF) within a layer for the#-D,X molecular crystals. The >
dashed rectangle denotes the unit cell. Typical values of the hopping 9 —
integralst, andt; are given in Table I. Note that this geometry — t
p

defines a tight binding model on an anisotropic triangular lattice
which also can be viewed as a square lattice with hopping along one
of the diagonals. The angle, and consequently the value tf,
varies with pressure or change in an¥n

FIG. 2. Schematic phase diagram of th¢ BEDT-TTF),X and
0-(BETS),X families (Refs. 9 and 1P showing competition be-
tween metallic, superconductingC), and charged ordere@CO)
insulating phases. The horizontal axis is proportional to the afgle
Evidence for short-range charge ordering alongdfa&is  (see Fig. 1 which is related to the hopping integrig). Generally,
direction (the vertical direction in Fig. lwas found in the increasingd decreases the bandwidth and so increases the impor-
insulating phase oKX= CsCo(SCN) by x-ray scattering®  tance of the electronic correlations. The vertical arrows denote the
For X=CsZn(SCN), the principal axes of thg tensor as- location of various materials at ambient pressure. The effect of pres-
sociated with electron spin resonance undergo a rotation &tire is to drive each material towards the rigRefs. 12 and 28
20 K; this has been interpreted as a change in the electronic
state?® For X=RbZn(SCN), there is a metal-insulator tran- undergo a metal-insulator transition and several are metallic
sition at 190 K; there is then a dimerization in tlee down to 4 K(see Table)l
direction® The magnetic susceptibility shows no features at  §-(BDT-TTP),Cu(NCS), [where BDT-TTP is 2,5-
this transition and between 50 and 190 K has been fitted tbis(1,3-dithiol-2-ylidene-1,3,4,6-tetrathia-pentaleheunder-
that for a two-dimensional antiferromagnetic Heisenberggoes a metal-insulator transition at 25G%At low tempera-
model with exchangd=100 K. Below 50 K the suscepti- tures the charge gap deduced from the activation energy of
bility is consistent with a spin gap of about 45 K. There isthe conductivity is about 100 meV. Raman-active vibrational
evidence from nuclear magnetic resonance for charge ordemodes (associated with the stretching of carbon-carbon
ing below 190 K and of a spin gap below 10%KFor X double bondsof the BPT-TTP molecules are sensitive to the
=CuWw,(CN)[N(CN),], there is a metal-insulator transition at charge on the molecule. In the insulating phase these modes
220 K; the charge gap at low temperatures is about 208plit, consistent with charge orderifgy.
meV?’ The magnetic susceptibility shows no features at this  §-(C,TET-TTF),Br [where GTET-TTF is
transition and between 33 and 220 K has been fitted to thdiis(methylthigethylenedithio-tetrathiofulvalerjes an insu-
for a two-dimensional antiferromagnetic Heisenberg modelator with a charge gap of 600 mé¥V.The magnetic suscep-
with J=48 K. There is no sign of Na order but below 30 tibility between 8 and 290 K has been fit to that for a two-
K the susceptibility decreases rapidly, suggesting formatiomlimensional antiferromagnetic Heisenberg model with
of a spin gap. =6 K. Below 3 K the susceptibility depends on the field
The only member of th@-(BEDT-TTF),X family thatis  direction, suggesting the formation of &leorder. As empha-
superconducting iX =I5, which has a transition temperature sized by Moriet al.’ and illustrated schematically in Fig. 2,
of 3.6 K. The Fermi surface of the metallic phase has beeffable | shows the general trend that as the bandwidttich
mapped out using angular-dependent magnetoresistance aisdroughly proportional td,) increases the transition tem-
magnetic oscillationé® Several of thed-(BETS),X family  perature of the metal-insulator transition decreases.
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TABLE |. Hopping integrals for varioug-type crystals calculated by the kel method. Two values are
given for the case where the unit cell is larger. The temperature of the metal-insulator trafigjtioms also
given. Note the general trend, observed by M&ef. 30, that ast, increasesT),, decreasesRef. 73.

Material tp (MmeV) te (meVv) Reference Twi (K)
(BEDT-TTF),l; 42 64 31 -
(BEDO-TTF),Hs0,Cl, 140 100 74 <0.03
(BETS),Ag(CN), 392,398 -1,38 12 <4
(BETS),Cu,Clg 380-467 —12 to +56 75 <4
(BETS),CsCo(SCN) 366 -2 12 10?
(BETS),CsZn(SCN), 372 -10 12 10?
(BETS),RbCo(SCN) 382 -72 12 20
(BETS),RbZn(SCN), 347 —46 12 ?
(BEDT-TTF),CsCo(SCN) 106 -5 30 20
(BEDT-TTF),CsZn(SCN), 108 -10 30 20
(BETS),Tak; -30 110 76 70
(BEDT-TTF),RbCo(SCN), 99 -33 30 190
(BEDT-TTF),RbZn(SCN), 94 —24 30 190
(BEDT-TTF),Culy(CN)[N(CN),], 79 -30 27 220
(BEDT-TTF),TICO(SCN), 100 —48 30 250
(BDT-TTP),Cu(NCS), —-86,-91 —-41 17 250
(C,TET-TTF),Br —54,-43 -58 17 >300
lll. THE EXTENDED HUBBARD MODEL screening decreases bdthandV by a factor of about 3°

Actually in Sec. IV, from experimentally determined charge

The arrangement of the BEDT-TTF molecules within a :
) . - aps, we estimate values gfof the order of a few hundred
layer of 9-(BEDT-TTF),X is shown schematically in Fig. 1. gweg/. In materials consisting of dimers of BEDT-TTF mol-

Values of the intermolecular hopping integrals, calculated USZcules the differencll-V can be estimated from the charge

ing the Hickel approximation are given in Table 1. If there is transfer excitation seen in optical absorption measurements.

compl_ete charge transfer of one electron onto each axjon For (BEDT-TTF)HgB it is estimated to be 0.7 6%, Thus
there is an average of half a hole per molecule and so the . .

. ) ; : we are led to the extended Hubbard model on the anisotropic
electronic bands will be one-quarter filled with holes.

Band structure calculatiotfs!’?"3%31 predict that all triangular lattice at one-quarter filling.

. : . Table I shows that for many of th@ materialst.<t, and
these materials are metallic. Hence, the different phases mugs(t) as a first approximation. we nealect the dia onapl hopoin
be due to electronic interactions. The Hubbard interadtion ' bp X 9 9 bping

describing the Coulomb repulsion between two electrons orf This means we are Ief_t W'.th a square lattice model. In
the same BEDT-TTF molecule has been estimated fro ec. V we wil show_that this dlagqr_]al term has o_nlya_lsmall
quantum chemistry calculations to be about £&%¥ThusU effect on the metal-insulator transition. The Hamiltonian is
is much larger than the bandwidth associated with the hop-
ping integrals given in Table I, confirming that these are H=t >, (cl,¢j,+c/,ci,)+UX nyni +VX nin;

i (1)

strongly correlated materials. The Hubbard model on the ()0

square lattice at one-quarter filling is expected to be metallic

and so one must consider longer-range Coulomb interactions —,uE N D
io

to explain the existence of insulating, charge-ordered, and

antiferromagnetic phases. The nearest-neighbor Coulomb rgherey is the Coulomb repulsion between two electrons on
pulsion between various arrangements of pairs of BEDT-TThhe same sitey is the nearest-neighbor Coulomb repulsion,
molecules has also been estimated from quantum chemist(yj> denotes nearest neighbors, apd is the chemical
calculationd®>3?3%and is generally found to have a value of potential. '

about 2—3 eV. It is approximately given by Coulomb’s law * it e consider the large limit, and so preclude doubly
V=14 eVRR, whereRis in A. Mori calculatedV as a func- occupied sites, the Hamiltonian then reduces to

tion of the angled; variations of about 10% occur in the

range of angles (98°—-130°) relevant to hé¢ype materials.

These calculations involve isolated pairs of molecules and so H=t 2 P(CiTaCjaJr C;rgCiU)P+VZ n;n; —MZ Nig,

one expects that the valuesdfandV in a molecular crystal (e i ' @

to be less than the values given above due to screening.

Hubbard has discussed this for the case of TTF-TCNQwvhereP projects out the doubly occupied states. We refer to
[tetrathiafulvalene-tetracyanoquinodimethinarguing that this as thet-V model. For largeV/t the ground state is an
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insulator with charge orderin@ec. IV). We expect that for
small V/t a metallic phase exists because the quarter-filled O $ o $ O
Fermi surface is poorly nested. Hence \d$ decreases the

charge ordering should be destroyed at a nonzero value of

V/t. We are not aware of any previous study of this model on $ o $ o $
the square lattice. Mazumdar, Clay, and Campbéiave A

studied coupled chains of the extended Hubbard model at J J

one-quarter filling. Most of their numerical results are for

U =6t andV =t (where the| refers to the chain direction '®) $ $
so thatV) is smaller than the critical value necessary to form
the charge ordered state considered here. They find that when J . J

interactions with phonons are included there is a tendency to

formation of a bond-order wave. Henley and Zhang recently t ®) $ O $

considered a similar model involving spinless fermions on

the square latticd’ Mila considered the extended Hubbard  FIG. 3. Charge-ordered insulating ground state of the extended
model on the square lattice at a one-quarter filling with finiteHubbard model at one-quarter filling in the linticV<U. An an-

U and infiniteV.*® In Sec. V we consider the S| gener- tiferromagnetic interactiod occurs between spins along the diago-
alization of thet-V model and show that in the largédimit, nals. The spin degrees of freedom are described by the antiferro-
slave boson theory implies that there is a critical valug'if =~ magnetic Heisenberg model on the square lattice.

above which the metallic phase becomes unstable to forma- )
tion of charge ordering. square lattice. It should be stressed that these ground states

We now briefly review previous work on the extended &€ distinct from the commensurate charge density waves,
Hubbard modelin the larged limit) at one-quarter filling associated with a lattice distortion, and seen in some organic

on different lattices. Numerical calculations show that acOmPounds. To zeroth order tV all possible spin states
will be degenerate. We consider a single plaquéfig. 3

single chain undergoes a transition from a Luttinger liquid to - : :
a charge-density wave insulator at=2t3° The one- containing two spins. To second ordertiiv both the singlet
and triplet states have their energy lowered-b4t2/3V. The

dimensionalt-V model can be solved exactly via the Bethe _ ; )
ansatZ® It is equivalent to two decoupledXZ spin chains degeneracy Qf the singlet and triplet states is only br(_)ken to
fourth order int/V. We show below that this results in an

and so will undergo a metal-insulator transitiorvat 2t. We ) ) . . :

note that the ring exchange process responsible for antiferr&ffective antiferromagnetic exchange interaction

magnetic interactions discussed above will be absent in a 4t

single chain. Vojta, Hosch, and Noadk recently studied the J=—5 3)
model (1) on a ladder using the density matrix renormaliza- oV

tion group(DMRG). They find that the charge ordered phasethat acts along the diagonals of the original square lattice.
is destroyed fo<2.5 but claim that there will be a charge Thus the spin degrees of freedom are described by a
gap for allV/t. The model in infinite dimensions was studied spin-4 Heisenberg model on a square lattice. The Hamil-
by Pietig, Bulla, and Blawid using dynamical mean-field tonian is
theory*? At low temperatures they found that fas=2t,

charge ordering occurred f>0.5t.

H=J> S-S, (4)

(i)
IV. ANTIFERROMAGNETIC EXCHANGE . . "
IN THE CHARGE-ORDERED PHASE where S denqtes a spin operator on siteand t_he SL_m(u}
runs over pairs of next-nearest-neighbor lattice sites in the

For largeV/t there will be charge ordering and the ground original square lattice.
state will be an insulator with a charge gap of magnitutfe 3 We now calculate the singlet-triplet splitting from fourth-
There will be two possible ground states with the checkerorder perturbation theory. If¥,) is an eigenstate oH,
board covering of the latticéFig. 3). This defines a new =VZ;nin; then a perturbatioi; =H—Hy, which has no
square lattice rotated by 45° with respect to the originaleffect to third order, shifts the energy by

<\PO| H1|\Pm><\1’m| Hllq’n><q’n| Hl|q’p><q’p| H1|\PO>
{m,A,p}#0 (EQ—En(EQ—EN(EP-E))

, ®

where the intermediate states labeled byn,p}+ 0 are not degenerate wit ). The following process involving exchange
of electrons around a plaquette will contribute to a shift in the energy of the ground state. For the triplet states it can be
represented as

085109-4



CHARGE ORDERING AND ANTIFERROMAGNETC . . . PHYSICAL REVIEW B 64 085109

T o o 7 o 1 T V. SLAVE-BOSON THEORY FOR THE SU (N) VERSION
> > > > OF THE EXTENDED HUBBARD MODEL
o T o 1 T o o 0 WITH U— oo
- T o ©6) We consider the SU) generalization of the Hamiltonian
o 1/’ (2) for which the spin indexg, runs from 1 toN, and con-

sider 1N as a small expansion parameter assumingNhiat
large. Slave-boson fields are introduced to allow treatment of
the no double occupancy constraint required by tthe o

) ) limit. The effective action for the slave-boson fields can be
3V, respectively.(Note one needs to take into account theexpanded in powers of Nl The mean-field solution corre-

interaction with the neighbors not shown in the above represponds to the Gutzwiller approximation and is exact in the
sentation. Thert_e are eight distinct ways _of doing this ex- _ limit.“**This approach has been used to study other
change: at the first stepthere are four choices anq atﬁhe th'rﬁrongly correlated models such as the Kondo model for
step there are two choices. Thus, the expressé@nmplles magnetic impuritie¥"“in metals, the Hubbard mod#&lthe
that the triplet is increased in energy byBV?. Hubbard-Holstein modéf, and the Andersdfi and Kondo
A similar process for the singlet is lattices® It has also been used to analyze the phase diagram
of two-dimensionalt-J model®®~>? and extended Hubbard
1 o o 1 o 1 L1 model at one-half filling? It is convenient to describe the
projected Hilbert space associated with the Hamiltorin
0 l> 0 l> i 0> 0 0> using the slave-boson representatlbr>The electron cre-
I o ation operator is replaced /= f! b;, where the spinless
> 7) charged boson operatdr;,, is introduced to keep track of the
o 1 empty sites, and_is a fermion operator carrying spin. In
order to preserve the anticommutation relation for the elec-
drons the new operators must satisfy the local constraint

The first, second, and fourth matrix elements asnd the
third is —t. The intermediate states have eneri; 3V, and

Thus, for the singlet this fourth-order process brings on
back to the singlet wave function with a sign change and so £t 5. +bTb N/2. ®)

the energy shift is opposite to that of the triplet. Hence, we ol

arrive at Eq.(3) for the difference in energy between the ForN=2 it reduces to the condition that either an electron or
singlet and triplet. a boson can occupy each lattice site at all times.

It should be pointed out that there are also fourth-order Following Kotliar and Liu>® we write the partition func-
processes of the fornf0)—|n)—[0)—|p)—|0) that will  tion in the coherent state path integral representation:
produce a decrease in the ground state energy. However, be-
cause they produce the same shift for the singlet and triplet + t B
states we neglect them here. Our valud & consistent with Z:f Db'Db Df'Df DX exp — fo L(ndr|, (9
a recent calculatid of the effective exchange interaction in
the charge-ordered phase of the extended Hubbard model evhere the Lagrangian at imaginary times given by
a ladder when that result is rescaled to allow for different
excitation energies of the intermediate states. For the ladder, L(r)= E f
the energies of the intermediate states are ¥l Zhus the
ladder exchange is larger than for the square lattice by a
factor of 9/2.

We now consider whether this possible explanation for
the origin of antiferromagnetism in thé type materials is
guantitatively reasonable. Roughly, it predicts that the value +2 in(f
of J will be some fraction of, typical values of from Table
| are of the order of 500—1000 K for the materials with
insulating ground staté$. 6-(C, TET-TTF),Br is an insula-  5=1/(kgT) at temperaturd, and we have used the fact that
tor with a charge gap of 600 meV and a véftef t of about ¢l ci,=fl fi,. \j is a static Lagrange multiplier enforcing
60 meV:’ Since the charge gap isv3for t<V this gives the constraln(8). A sum from 1 toN is assumed whenever a
V~200 meV. Using=4t*9V3 givesJ~10 K, which is repeatedr index appears in the equations. Th& ¥actors
in reasonable agreement with the observed Vloé6 K. are introduced so that the Lagrangian is proportionaNto
We do not make quantitative comparisons of E8. for  Tj=t, if i andj are nearest neighborg; =t’ if i andj are
other materials because they are not so clearly in the regimeext-nearest neighbors sitting alonge of the diagonals of
t<V, required for its validity. For example, for the square lattice, anfi;=0 otherwiseV;;=V if i andj are
6-(BEDT-TTF),Cu,(CN)[N(CN),], Huckel calculations nearest neighbors and is zero otherwigeis the chemical
givet~80 meV and the measured chargeapabout 200  potential, which is flxed to give the average number of elec-
meV. This is inconsistent with the fact that the charge gagrons per siten= (f .fis). The conservation of the charge,
would be 3/ if t<V. g=N/2, is a consequence of a loca(1) symmetry because

,+blab;— E T (f1,1;,b/b;

THC)+ Z Vit fiot o fo

! fi,+blbi—N/2), (10)
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under the local gauge transformatiob;—b;e'%(”, f,_ model on the anisotropic triangular lattice at one-half filling.
—f;,e% D and\;—\;—4a.6;(7), L(7) remains the same. Therefore, forN—o the one-quarter filled-V model be-

To avoid possible infrared divergences it is convenient tchaves as a Fermi liquid with effective masses that are twice
choose the radial gauge where the boson amplitude becom#®e bare ones. In the next subsection we consider the effect
a real numberr;=|b;|, and\; becomes a dynamical field: of the leading 1/N corrections.

\i(7). We introduce these fields in expressid), and we

use the relationf],f;,=N/2—b/b; to replace one pair of B. Fluctuations about the mean-field solution

fermion operators in th& term so that we are left with a
guadratic Lagrangian in the fermionic Grassmann variablesi
After integrating out the fermions, the effective Lagrangian
for the boson fields becomes

We now consider how a¥/t is increased, the Fermi-
iquid phase resulting from the mean-field solution becomes
unstable to charge ordering. The analysis is similar to the
treatment of instabilities in the doped Hubbard model by

N Tandonet al®® We write the boson fields in terms of the
L(7)=2 (ri(T)[(?T'I'i)\(T)]ri(T)_i)\i(T) E) static mean-field solution,b(\), and the dynamic fluctuat-
' ing parts: ri(7)=b+bdr;(7), and iN{(7)=N+idN(7).
N Physically, ér,(7) is related to local fluctuations in the
> charge density. We substitute these expressions inHgj.
introducing the Fourier transforms éf;(7) and\,(7), and,
1 expanding to second order in the boson fields, we obtain the
5ij_Nri(7)Tijrj(7')]- (11)  effective action

_NTrIn{ a,—ﬂ+i>\i(7)+% 2| v”(

—r|(r)r|(7))

S=FMF+ 52, (15
A. Mean-field solution
The mean-fieldMF) solution of the model is obtained by Where the part of the action due to fluctuations in the boson
assuming that the boson fields are spatially homogeneod#!ds is
and time independent;(7) =b andi\;(7) =\. The resulting

free energy E= —kgT In2) is 1 Iy Ty
et D) [5r<—q.—vn>5x<—q,—vn>]( " )

MF N ; 2 N . et
F (b’)‘):_ﬁkzwn In(ex—iwy) +N| b2~ 2], (12) (5r(q,,,n) 6
5)\(qu11) , ( )

where w,=(2n+1)=7T is a fermion Matsubara frequency.

The mean-field eigenenergies are where v,=n=«T is a boson Matsubara frequency. The ele-

—tb? n ments of thel'(q,v,) matrix are
Tk+)\—,u+4VN (13

€=
2b%\  2b?%t \Y;
with  T=2[cosk,) +cosk,)+(t'/t)cosk,+k)] being the Fre(@vn) =Nl — _T; Tk—q 7 Vi f(e)
Fourier transform ofT;; in units of the nearest-neighbor

hoppingt. f(exsq) — (e (b2t
Minimization of the free energyl2) with respect td and +> ————| = (Te+ Tsg)
i k €k+q €K IVI"I N
\ gives
. 2b2Vv )2
b2=N/2—n, A=, f(&)(tT +4V). (14) N 9
k

u is adjusted to give the correct electron fillingy

i2b? f(6k+q)_f(€k)
=NZ,f(e), where f(e) is the Fermi-Dirac distribution  I'ra(Q,vn)=I'+(Q,v5)=N

N +i;

€k+q_ Gk_|1/n

function.
The mean-field solution describes a renormalized Fermi —th? 2b2Vv
liquid. The renormalization of the band is controlled b “I™N (Tt Trg) = N Val |-

and the band is shifted from its bare position by The
overall effect of the nearest-neighbor Coulomb interaction,
V, at the mean-field level, reduces to a constant shift in the To(gv)=—-N> f(ex+q) ~Tlew) 17)
chemical potential. In the case of a one-quarter-filled band {4 ¥n K €rq— €&—ivy'

(n=1/2) the bandwidth is reduced to half its bare value. The

effective mass measured in magnetic oscillation experimentshere V\ =2[ cosk,)+cosk,)] is the Fourier transform of
will then be increased by a factor af*/m=1/b?=2. Note Vij. Note thatT,, is the Lindhard function describing
that this is much smaller than the effective mass enhancedensity-density fluctuations in the renormalized band struc-
ments that occur in materials described by the Hubbardure. Sinceb? is of orderN [compare Eq(14)], the expres-
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sions above show explicitly how the propagators of the bo- 20 . , . . . . .
son fieldsD(q, v,) =1 ~1(q, v,,) are of order O(M), as they 18k
should.
1.6
C. Charge-ordering instability 1.4 Charge order

The condition for the stability of the Fermi liquid phase is
that the quadratic fornil6) is always positive. Then fluctua-
tions in the charge density will increase the free energy. =

Sincel’,,>0 this is ensured if ddt(q,»)>0 for all wave

vectorsq and frequencw. In order to find the critical value 06 -
of V/t, which we shall denote\{/t)., at which the system Metal
becomes unstable towards static charge ordering, we wish tc %4 |
find a q for which at some value oW¥/t, detl'=T",,T, 02 L
-I,,I';,=0, atv=0. This condition reduces to . . . . . . .
b2t At(VIt) b %%0 0z 04 0s ,0.8 1.0 12 14
(W 2 (@[T Tit (VDM —— (1-Vg) ti
FIG. 4. Phase diagram for the SN version of thet-t'-V
2t(V/t)Cb2 f(fk+q)_f(fk) model at quarter filling and zero temperature, to leading order in
N N " €k+q— €k 1/N with N=2. This shows that the diagonal hoppitig(t. in Fig.

1) has little effect on the critical value &f/t at which the metallic

2b%t fexsq) —flen) b* phase becomes unstable to the charge ordering shown in Fig. 3.
- (Tk+Tk+q)+2W:01

N® < €k+q™ €k
lattice, the divergence at=1 is a consequence of the con-
(18) dition that there can be, at most, one electron at each lattice
wherex andb? are the solution to the mean-field equations.site: a charge-ordered state of alternating singly and doubly
We now concentrate on the cage (7, ), which is rel-  occupied sites would cost infinite energy to be formed. The
evant to the formation of a charge-ordered state at onedivergence ain=0.899 is nontrivial and presumably is a
quarter filling in theé-type materials(see Fig. 3. For the consequence of the finding made by Tandetral®® that
square lattice caset’(=0), € q=—€, and Eq.(18) re-  close to one-half filingn=0.88, the 1N fluctuations drive

duces to the U—c Hubbard model into phase separation. Hence, the
creation of a charge-ordered state is forbidden by the break-
{(1_ (V/t)c) beW/Z dep.(e)ef(e)+1(VIt) down of periodicity in the charge distribution of the lattice.
2 —b2wWi2 Po ¢ At one-quarter filling 6= 1/2), Eq.(20) gives (V/t).=0.78.
. 5 4 This can be compared with the value of/€).=0.69 ob-
" 1ob—— b* }szw/z depa( e)f(e) N b_:O (19 tained from solving Eq(19), with the actual density of states
N2 N/ |J_p2we € N2 for the square lattice.

) ) ) It is interesting to compare our results with DMRG cal-
wherep,(€) is the density of states at the Fermi surface pelcylations on the two-leg ladder by Vojta, “bsch, and
spin channel of the renormalized metal awdis the bare  Noack in the U—c limit. They find an insulating state for
bandwidth of the metal. . any value ofV/t. At V/t~2 a transition from a homoge-

Before solving this equation numgnclally for the dgnsﬂy neous insulating state to an insulator with charge ordering
of states of the band structure, some insight can be gained Qyyes place. Slave-boson theory would predict a Mott insu-
considering the case of a constant densizty of-statesz. Taking@ting phase with no charge ordering féft=0 with t, /t,
denSIty2 of states of the form,(e)=1/b*W, if —b*W/2 ~1 ‘\yheret, is the hopping amplitude along the rungs and
<e=<b*W/2 and 0 otherwise, Eq19) can be simplified fur- t| along the chains. This is because for this case only the
ther. For this case, the critical rati&/{t)., at which @, m)  ponding band of the ladder is filled and it is exactly half-
charge ordering occurs for a given electron band fillimgs  fjjed. sob?=0. However, an extension of the approach pre-

—4(N/2—n)? sented here is needed to make a detailed comparison with the

N —2n(n/N—1)In(1—2n/N) full phase diagram of the two-leg ladder.
(VIt)= — .
n(1—n/N)+ w_ 1|In(1—-2n/N) D. Effect of the diagonal hopping
(20) We can include the effect of a next-nearest-neighbor hop-

ping integral in the analysis presented above. We have solved
ForN=2, (V/t). diverges an=0, n=1, andn=0.899.  Eq.(19), for different values of th¢’/t ratio. Figure 4 shows
While the divergence at=0 appears because it is not pos- how the critical value, Y/t)., increases as the rattd/t is
sible to have charge ordering when there is no charge in thimcreased. The critical value changes from 0.68 for the
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FIG. 5. Evolution of the Fermi surface for an anisotropic triangular lattice as the ratio between the next-nearest-neighbor and the nearest
neighbors hoppingg,'/t, is varied. The band is kept at one-quarter filling for all three cases.

square lattice to\{/t).~0.95 for the triangular latticet (/t for V are calculated for isolated pairs of molecules rather
=1). This can be understood if we plot the Fermi surfaceghan for an infinite system, for which screening may signifi-
for different ratios of the hopping integrals for fixed band cantly reduce the value df.
filling: n=1/2 (see Fig. 5 While for the square lattice case,
t'/t=0, the Fermi surface shows some remnants of the per-
fect nesting property present at one-half filling, it gradually
elongates along thie,= —k, direction becoming elliptical as The family pB"-(BEDT-TTF),SKRYSO; has been
t'/t is increased’ This effect makes it even harder to con- studied* with Y= CH,CF,, CH,, CHF. The first material is
nect two points at the Fermi surface by the wave veqtor superconducting with a transition temperature of 5.2YK.
= (). The phase diagram in Fig. 4, also shows that it is=CH, is insulating with a charge gap of 56 meV and evi-
possible to go from the metallic phase to the charge-orderedence for charge ordering is found in the fact that alternate
state by varying either th&'/t or V/t ratios. Because the molecules have the bond length and phonon frequency asso-
dependence of\(/t), ont'/t is weak we conclude that the ciated with the central carbon double bond differénthe
ratio V/t plays a more important role thdfvt in driving the  charges are estimated to beD.6e and + 0.4e wheree is the
metal-insulator transition, within the larde¢-approach used electronic charge. Below room temperature the spin suscep-
here. Hence, as a first approximation we are justified in netibility decreases monotonically, consistent with a spin gap
glecting the effect of the diagonal hopping, as was done irof 8 meV.Y=CHF is a bad metal and may undergo a metal-
Sec. IV. semiconductor transition below 10 K. It is estimated that
Mori®* found that the Coulomb repulsiovi varied little  alternate molecules have chargestod.47e and +0.53. A
with the angled between the donor moleculésee Fig. 2 recent experimental studfy estimated charges of 0.43
This is becausé/ scales roughly with the inverse of the and +0.57% in Y=CH,CF,. The Fermi surface of the me-
distance between the molecules. In contrast the hopping intallic phase of Y=CH,CF, has been mapped out using
tegralst, andt. depend strongly om. t, varies by about a angular-dependent  magnetoresistance and  magnetic
factor of 5 asd varies from 100° to 140°. This is because theoscillations®® However, the metallic phase differs signifi-
overlap integral depends exponentially on the distance besantly from a conventional Fermi liquid. First, in contrast to
tween the molecules. Hence, the main effect of varyirng most BEDT-TTF metal§,even at a temperature as low as 14
to change the bandwidth. This is what will be driving the K no Drude peak is present in optical conductiitysecond,
metal-insulator transition. anomalous properties of the magnetoresistance were recently
For 6-(BEDT-TTF),Cu,(CN)[N(CN),], the measured interpreted in terms of a magnetic-field-induced
charge gaff is about 200 meV, suggesting thdtis of the  superconductor-insulator transitiéh.The temperature de-
order of 100 meV. Assuming tha¥ does not vary much pendence of the penetration depth in the superconducting
between material§for the reasons just givénhe above cal- phase was recently found to vary a$® at low
culations suggest that the critical value of the hopping intetemperature§3 This is inconsistent with as-wave state, but
gral t is about 100 meV. This is consistéhwith the values also deviates significantly from the linear temperature depen-
in Table [; i.e., it is quite possible that the materials listeddence expected for dewave state.
there are close to the metal-insulator transition, as is ob- The arrangement of the BEDT-TTF molecules within a
served experimentally. We acknowledge that if we take théayer of the familyg”-(BEDT-TTF),Sk;YSO; are shown in
values ofV~2-3 eV calculated from quantum chemistry Fig. 6. Table Il lists values of the hopping integrals calcu-
(see Sec. lI), slave-boson theory would predict that the ma-lated in the Hakel approximation. Note that generally the
terials would be located far from the quantum critical point,diagonal termsa and a’ are smaller than the vertical and
well into the insulating phase. The theory presented her@orizontal terms. Hence, as a first approximation the system
would then be unable to explain the phase diagram of thean be described by an anisotropic square lattice. However,
0-type materials. However, the quantum chemistry estimates/e note that the main difference between the hopping param-

VI. RELEVANCE TO B"-(BEDT-TTF),SKYSO;
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range of organic compounds, but not those considered here.
They argue that in the real materials the nearest-neighbor
d Coulomb repulsion is smaller than the critical value neces-

a \ sary to form the charge-ordered state considered here. Cou-
pling to phonons produces an insulating phase with a differ-

\ \, c c \ ent kind of charge ordera bond-order wave X-ray
N scattering experiments that can resolve the charge on indi-
d

N N

d vidual molecules(due to different bond lengthsshould
a \ a \ be able to distinguish these two different ground states.
) There is controversy about whether nuclear magnetic
\\ Y \< c \ resonance measurements can distinguish these two
charge ordering® The charge distribution obsenédfor
"\ d B"-(BEDT-TTF),SK,CH,SO; is consistent with charge or-
dering considered here.

a
\ We acknowledge that the actugtype materials are more
x x \ \ complicated than the simplest Hubbard model considered
here. For example, along the diagonals of the square lattice
(corresponding to the vertical direction in Fig.there is also

FIG. 6. Arrangement of the BEDT-TTF molecules within a layer . . .
g Yer Coulomb repulsion. In fact, Mot finds the corresponding

for the B”-(BEDT-TTF),SKYSO; family of molecular crystals. . ; . i
Typical values of the hopping integrals are given in Table II. in fo be larger than along the horizontal and vertical directions.

some of the materials the unit cell is larger and so the hoppin ed® has shown how the latter can lead to competition be-
integrals can have two values. ween different charge ordered stafés., those associated
with wave vector @,7) and (Os)]. Also, x-ray scattering
suggests that in (BEDT-TTERbM(SCN), (M=Co,Zn)
there is a structural transition associated with the charge or-
ac_iering and that this changes the electronic structure in the

eters for the three different anions in Table Il is that the
diagonal termsa anda’ vary significantly as the anion is

changed. We see from Fig. 4 that the corresponding vari ) S
g g P g insulating phas&? However, our view is that the'V model

tions int’/t are large enough to change the proximity to the . . . )
charge-ordering instability and may lead to the three differO" the square lattice captures the essgnnal phyS|cs_ and first
ent ground states for these materials. we negd to understand it, before studying models with more
complicated band structures.

Three outstanding questions concerning thé model at
VIl. CONCLUSIONS one-quarter filling need to be answered.
(i) Is there superconductivity in the model? The idea that
oximity to a quantum critical point increases the tendency
wards superconducting instabilities is supported by recent
experiments on heavy-fermion materi&ist was first shown

In summary, we have argued that the essential physics (Hf
the electronic and magnetic properties of layered moleculatr0
crystals of thed type can be captured by an extended Hub-

bard model on the square lattice and at one-quarter ﬁIIingby Scalapino, Loh, and HirsEfithat proximity to a spin-
For large Coulomb repulsioV>t) between nearest neigh- density wave or charge-density wave transition can lead to

bors, the ground state is a charge-ordered insulator. Ant'ferd-wave superconductivity. In a future publication we plan to

romagnetic interactions arise due to a novel fourth-order Xihvestigate whether charge fluctuations near the charge-

change process. A slave-boson treatment was given of thg o g transition can produce superconducti¥ity®
SU(N) generalization of the model. It was found that for (i) Are charge ordering, the charge gap, and antiferro-

sufficiently smallV/t the metallic phase was stable aga'nStmagnetism destroyed at the same critical valua/af? In

charge ordering. Sec. IV it was shown that for largé/t the ground state has

We briefly mention the relation of this work to a recent ; : :
2 a charge gap, charge ordering, and antiferromagnetism. In
paper of Mazumdar, Clay, and CampbeiThey ha\{e. stud- Sec. V it was shown that, fov/t less than a critical value,
ied the extended Hubbard model at one-quarter filling on agh

. ) . : . e metallic phase is stable, at least in the laxgkmit. It is
anisotropic square lattice and discuss its relevance to a wi b &y

ite possible that the above three properties disappear at
o o ~different values ol/t. For the case of the one-quarter-filled
JTABLE 1l Hopping integrals in Fig. 6 for the family eytended Hubbard model on a ladder, numerical calculations
B’-(BEDT-TTF),SR;YSQ; calculated by the extended Bkel 5, that the charge ordering disappeared below a nonzero
method in Ref. 14. At low temperatures the materials are a SUPEL 1Le ofVV/t, but the charge gap did ndtThis unusual result

conductor, a bad metal, and a charge-ordered insulator, respectlvellgﬁay be an artifact of the one-dimensionality of the ladder.
For the square lattice, this issue will probably be only re-

M ¢ (meV) d (meV) a (meV) 2’ (meV) solved by careful numerical work.

CH,CF, 260 140 120 55 (iii ) Does non-Fermi-liquid behavior occur in the metallic
CHF 260 130 35, 86 95, 100 phase near the quantum critical point? This is generally
CH, 260 120 85 12 expected® and is observed in heavy-fermion materidis.

Slave-boson theory has been used to show that in the doped
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