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The effect of antiferromagnetic spin fluctuations on two-dimensional quarter-filled systems is studied theo-
retically. An effectivet-J’-V model on a square lattice which accounts for checkerboard charge fluctuations and
next-nearest-neighbor antiferromagnetic spin fluctuations is considered. From calculations based Mn large-
theory on this model it is found that the exchange interaciiomcreases the attraction between electrons in
the d,y channel only, so that both charge and spin fluctuations work cooperatively to prdguoairing.
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[. INTRODUCTION next-nearest-neighbor spin exchange interactidhis spin
_ . i interaction results from a “ring” exchange process appearing
_ The BEDT-TTF(bis-ethyleneditiotetrathiafulvalenéam- ¢ tourth order irt and acts along the diagonals of the square
ily of ﬁuarter—ﬂlled layered organic materlals with tlie «, lattice reading:J’ =4t4/9V3 in the U—c and V>t limits.
anq,_B arrangements Of. the molecules d|splay a ;ubtle COMEyact diagonalization on 16-site clusters indicate that the
petition bet\_/veen metallic, charge ordered insulating, and Su(rr/Z,rr/Z) antiferromagnetic spin arrangement follows
perconducting phaség.They are examples of strongly cor- 4
related electron systems for which their electronic states ar(élosely ,th?(w’w) checkerboard arrangement of the charge
theoretically described by a two-dimensioriaD) extended @S V/t is increased from the metal to the charge ordered
Hubbard model at 3/4 filling of electron&/4 filing of ~ Phase. These results suggest that remnants of the exchange
holeg for the HOMO of the BEDT-TTF moleculésThe interactionJ’ generated in the insulating phase can survive in
nearest-neighbor intermolecular Coulomb interactiois a  the metallic phase where short-range charge ordering is
crucial ingredient as, at one-quarter filling, the on site Coufresent. It is then the purpose of the present work to analyze
lomb repulsionU by itself cannot describe charge ordering the influence of this exchange couplidgon the supercon-
phenomend.The extended Hubbard model at this filling has ducting instabilities previously foufidinduced by charge
been previously studiédthrough largeN and slave-boson fluctuations. As this)’ acts along the diagonals of the lattice
approaches in th&-infinite limit as well as with exact di- it is conceivable that similarly to they_,» superconductivity
agonalization on small clustérst finite U. Several issues appearing in theé-J model close to half filling induced by
related to charge ordering phenomena have been addressedtiferromagnetic spin fluctuations, tl3é appearing in the
A transition from a metal to a checkerboard charge ordereduarter-filledt-J'-V model can inducel,, pairing.
insulating state at a finité =V, has been found. Close to this ~ The paper is organized as follows. In Sec. Il we introduce
charge ordered phase, superconductivity in dpgchannel the quarter-filled-J'-V model and provide a phase diagram
appeardinduced by strong charge fluctuations. Dynandical obtained from the largét approach used here. In Sec. Ill we
properties of the metallic phase in the presence of shortdiscuss the superconducting phase and study in detail the
range charge fluctuations have been found to be anomalowsfect of J’ on the pairing symmetry. Finally in Sec. IV we
in agreement with experimental d&ta. summarize our results and point out their connection to the
LargeN methods and slave bosons are useful for theelectronic properties of quarter-filled layered organic mo-
study of the effect of charge fluctuations on various elecdecular crystals.
tronic properties as they can be includedQiiL/N), how-
ever, spin fluctuations are typically neglected unless compli-
cated O(1/N?) contributions are considered. The effect of
spin fluctuations on superconductivity in quarter-filled sys-
tems has been addressed through RR&dom-phase ap-
proximation calculations which consider antiferromagnetic  In order to explore the above possibility an effective
instabilities induced by the on-site Coulomb interactiod  quarter-filledt-J’-V model is introduced as a natural exten-
finding that d,, superconductivity still prevails. However, sion of the extended Hubbard model previously studsss
well in the charge ordered insulating phase it is known thaFig. 1 for a schematic sketch of the effective interactjons
the spins order antiferromagnetically due to the presence of @he model reads

Il. t-J’-V MODEL AND ITS PHASE DIAGRAM
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close to the charge ordering transition. This agreement can
be attributed to the fact that the infinite-limit has been
considered and neglecting the nearest-neighbor exchhisge
justified since, at finit&/, the charge tries to sit in every other
site of the square lattice makinbjineffective.

Although thet-J’-V model is only justified for values of
sufficiently large, we have explored the full parameter range
for completeness. In thied’-V model, thel’ is dynamically
generated when the charge is ordered within the checker-
board pattern through a ring exchange process. Henc& the
becomes effective only when some sort of checkerboard
charge ordering is already present in the systeitmer short-
or long-range charge orderThis means that the system

FIG. 1. Asquare lattice with a nearest-neighbor Coulomb repul-should be charge ordered or sufficiently close to the charge
sion V and hopping amplitudé and a next-nearest-neighbor spin ordering transition for the-J'-V model to be meaningful.

exchange coupling’.
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The situation is different in theJ model for the hight. as,
in this case, thd is generated through a superexchange pro-
cess at large on-sitd.

A full phase diagram summarizing our results obtained
from largeN theory on thet-J’-V model is shown in Fig. 2,
where metalligM), charge ordere@CO), and superconduct-
ing (SO phases occur. We start with a discussion of the
charge ordering transition. The critical vallg, signaling
the charge orderingCO) transition of the metallic phase as

wheret;; andV;; are the nearest-neighbor hopping and Cou-gptained from the divergence of the static charge susceptibil-

lomb repulsion parameters, respectively, between sitesl

ity (see the Appendix is displayed as a solid line in Fig. 2.

j on the square latticel; is the antiferromagnetic exchange For 3'=0, the system charge orders\&t V.~ 0.68, as pre-

interaction between second-neighbor sifek, and<t;, are

viously found?’ The value ofV, is found to decrease with

the Fermionic creation and destruction operators, respegncreasingd’ which can be easily understood from the fol-
tively, under the constraint that double occupancies of latticgywing. By increasingd’, checkerboard charge ordering is
sitesi are excludedS andn; are the spin and the Fermionic favored because two electrons are antiferromagnetically at-

density, respectively.

The model(1) is studied by using the largd-approach

tracted when they are sitting along the diagonals of the
square lattice so that a smallgris effectively needed to

for Hubbard operatots recently extended to the case of fi- induce CO. In a similar way, if we switch aii for a fixed

nite J (Ref. 12 (see also Ref. 7 for thd=0 casé. In the

V=V, the CO phase is favored. The dashed-dotted line in

Appendix we give details about this approach. The methodFig. 2 marks the onset for superconductivity. Between solid
has been thoroughly tested on thg-V model by comparing and dashed lines the superconducting effective coupling in
dynamical properties with exact diagonalization calculationghe d,, channel(see below becomes negative indicative of
on small clusters,finding good agreement for the behavior superconducting pairing. Superconductivity in the chan-

of charge and spectral functions as well as spectral densitigeel is found to be more robust for larg&rand closer to CO,

FIG. 2. Phase diagram obtained from the

largeN approach in th&/-J" plane. The solid line

representd/,, i. e., the critical line signaling the

Vit

onset of checkerboard charge order{(@y). Be-
tween the solid and dashed lindg, supercon-

ductivity (SO appears. The region below the

dashed line corresponds to the metalli®l)

phase. Superconductivity is found to be more ro-

bust closer to the CO line and for largér.
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FIG. 3. Behavior of the effective potential be-
tween quasiparticlesVesd(q,q), for J'=0,J
=0.1t, andJ'=0.2, for fixed V=0.%. For these
parameters the system is within the metallic
phase close to the charge ordering transitisee
m phase diagram in Fig.)2As J’ is increased,
Ve1(q,q) becomes more anisotropic and more at-
tractive near the momentum transfgr (7, 7).
Divergences appearing éir, ) for increasingl’
favor superconductivity in thé,, channel.
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as one would expect as in either way a stronger attraction isive for all momenta for som& /t values[see, for instance,
felt between quasiparticles in every other site of the lattice.Vq¢(q) in Fig. 3 forJ’/t=0.1], ands-wave superconductivity
is not possible, the specific momentum dependence induced
by J’ can induce unconventional superconductivity in dhe
channel as can be observed in the phase diagram of Fig. 2.
In order to understand the model proposed we first discuss There are two kinds of interactions contributing to
related largeN studies performed in the well-known models Verf(@). For J’=0, the effective interaction close to CO is
such as thé-J model relevant to the cuprates. The case of anainly dominated by charge fluctuations associated with the
nearest-neighbor exchange couplihgas been studied using collective excitations neatw,).” Therefore this kind of
a slave-boson technique in combination with @ldxpan-  pairing interaction, like the phonon mechanism in simple
sion to study superconducting instabilities on thkmodel®  metals, is mainly retarded and occurs in momentum space.
and the Hubbard modét.Both the present approachs de- ForV=0, the main effective interaction is of magnetic origin,
scribed in the Appendjxand the slave-boson one, @(1), unretarded and short range in real space. FoandV dif-
lead to fermions renormalized by the presence of the Couterent from zero both kinds of interactions contribute coop-
lomb interaction. Indeed, superconductivity in the model careratively to the binding energy of the Cooper pairs.
only appear afO(1/N). By adding an extral’ term to the We use this effective potential to compute the effective
bare extended Hubbard Hamiltoni@rJ’-V mode) we can  couplings in the different pairing channels or irreducible rep-
treat both)’ andV terms at the same level of approximation, resentations of the order parametii=(d_2,d,y,p)]. In
i.e., throughO(1/N) and analyze possible superconductingthis way we can project out the interaction with a certain
instabilities. A closely related work by Voftaanalyzes re- symmetry. The critical temperaturgs can then be estimated
cently the coexistence of superconductivity and checkerin weak coupling fromT;=1.13weexp(—1/|\i[), wherew, is
board charge ordering within &J-V model close to half a suitable cutoff frequency and are the effective couplings
filling relevant to scanning tunnel microscope experimentsvith different symmetries. Although the use of a BCS ex-
on the cuprate¥ pression forT, is not fully sensible in the strong-coupling
Superconductivity is then investigated, within our model,limit, it at least gives a way to select the dominant pairing
by calculating the effective interactioW.{(q) through channels from all different possibilities. The effective cou-
O(1/N) (see the Appendix between fermions for finitd’ at ~ plings are defined ds
one-quarter filling. The potentialg;{q) is plotted along the
q=(q,q) direction in Fig. 3 as a function o for different J(dk/|vk|) f (dk /o) gi(k")Veedk" = k)gi(k)
J':J'=0,J'=0.1, andJ’'=0.2, and fixedvV=0.5. For this - 1
set of parameters the system is always metallic but close to '(2m? 2
the charge ordering transition as can be seen from Fig. 2. For f (dk/|vy])gi(k)
J'=0, Ve(q) is repulsive and anisotropic as found previ-
ously (see Fig. 13 of Ref. )7 As J' is increasedV.i{(q,q) 2
becomes more anisotropic and more attractive near the mavhere the functiongj;(k) encode the different pairing sym-
mentum transfeg ~ (7, ). This behavior favors supercon- metries, and, are the quasiparticle velocities at the Fermi
ductivity in thed,, channel as th@" attracts the charge tend- surface. The integrations are restricted to the Fermi surface.
ing to form the checkerboard pattern along the diagonals ok; measures the strength of the interaction between electrons
the square lattice. Note that although the potential is repulat the Fermi surface in a given symmetry channelf \;

[ll. SUPERCONDUCTIVITY IN THE t-J'-V MODEL
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>0, electrons are repelled. Hence superconductivity is onlyveight Z, which decreases near the charge instabilifis
possible wher\; <O0. would transform the bare hoppingto t.=Zt. Hence the

The COUP““Q strength\ for d,, superconductivity has ratios J/t.;; and V/t.;; would be enhanced, effectively in-
been foun&’ to be very smallsee F|g 15 of Ref. )7previ-  creasing\ | which would, in turn, significantly increase the
ously. For these small couplings, the corresponding SUpe@sUmatedT
conducting critical temperaturéC is predicted to be very
low. Other indications for pairing come from exact diagonal-
ization calculations of the binding energy of two holes which
becomes negative near the charge ordering transition. In conclusion, we have found that superconductivity with
Fig. 4 we present results for the dimensionless superconducg,, symmetry induced by charge fluctuations is strengthened
ing coupling A in the p(\p), de-y2(Ng .) and dyy(hg ) by antiferromagnetic spin fluctuations induced by the ex-
channels as a function aF for a given value ofv=0.5%  change coupling’ in at-J’-V model for quarter-filled sys-
close to the CO instability. tems. This can be intuitively understood by analogy with the

Clearly, superconductivity becomes more favorable in thenore standard case @fz_,» superconductivity induced by
d,y channel only ad’ is increased. The influence #fon the  the superexchange couplidgn thet-J model if one realizes
d,2_y2 symmetry(dashed-dotted line in Fig)4s rather weak. that theJ" acts in directions rotated by 45° with respectito
WhenJ’ increases, superconducting couplings are more reBoth charge and spin fluctuations are then found to work
pulsive in thep channel and even more in tleesymmetry  together cooperatively to produak, superconductivity in
(not shown channel. the quarter-filled-J'-V model.

Note also the large difference between thevalues for The way superconductivity behaves in thd’-V model
J'=0 (Ref. 7 andJ'=0.3. For J’=0.2, \ is one order of proposed here could be viewed as a two-step process in
magnitude larger than fod’=0 at V=0.%. This behavior, which the charge fluctuations are responsible for the onset of
which only occurs in thel,, channel, shows the strong in- SC in the first place and subsequently the dynamically gen-
fluence of the second-neighbor effective antiferromagneti@rated spin-exchange couplidgwould strengthen the bind-
exchange coupling’ on d,, superconductivity. ing between electrons forming the Cooper pairs.

Although we find a substantial enhancement of pairing in  Critical temperatures are found to be too small compared
the d,, channel withJ’, the associated is yet very low to experimental valuegwvhich are of the order of a few K
from Slmple estimatesT,~ e /Ml ~ 6 x 108t which is tiny ~ The smallness off; is related to the small Fermi surface
even taking the most favorable caseJo£0.3 (see Fig. 4  associated with the one-quarter filling of the system. Due to
for pairing, for which )\d ~-0.06. SmallT, values have this fact, there are no two points at the Fermi surface con-
been also found by Motrunich and L&en the context of Nhected by thém, ) CO wave vector which makes the inter-
Na,Co0,, although their couplings are typically larger than action less effective in producing Cooper pairs than in nearly
ours because, in the case of 8a0,, several sections of the antiferromagnetic metals close to half filling. A similar situ-
Fermi surface are connected by the charge ordering wavation arises in thé-J model” at one-quarter filling in which
vector forx=1/3. It isworth noting that in our approach we superconductivity in thed,>_,> channel is found although
have not considered the renormalization of the quasipartiwith rather small attractive effective couplings. Only at dop-
cles, which enhances the effective mass, that occurs close #gs close to half filling(for doping levels of at most 0.15—
the charge ordering transition due Yo This could be taken 0.2 the couplings are found to be substantfalhis is be-
into account by including self-energy effects in the calcula-cause, in this case, larger Fermi-surface sections are
tion. One would then have to consider that the hopping ameffectively connected by the antiferromagnetie, =) wave
plitudes are effectively renormalized by the quasiparticlevector.

IV. CONCLUSIONS
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An important finding that derives from our work is that X07 = (1 —c-tc-f)c- X0 = (X07) X0 =ct e
including J’ is crucial in order to enhancg, sufficiently. If ' ooz oo e
only theV is taken into account, the values ©f (Ref. 7 (A1)
obtained would be astronomically small as previously ! oo’ i
noted’ A more sophisticated theory including the renormal- The five Hubbard; operators anndxf;iare bosonlike
ization of the quasiparticles could enhance the estimates fgnd the four Hubbar& operatorsxy™ and X are fermion-

T, even further. Measured effective masses in quarter-filledfke: The names fermionlike and bosonlike come from the
layered organics correspond to values of abeitm=1-2, fact that qubard opergtors do rjot verify the usual Fermionic
leading toJ' /t larger by a factor of 2. Considering the de- and Bosonic commutation relatiof. _ |
pendence oy with J'/t shown in Fig. 4, this many-body From the above relations we note theP=T;, and X
effect can lead to large enhancementsTinas T, depends :S.' The Hubbard operators §§1t|sfy

exponentially with)\dxy. HenceT/'s of a fraction ¢ a K can (i) the completeness condition

be obtained in the most favorable case, ¥+0.5 and J/t XO+ > X07=1, (A2)
=0.3, considering~0.1 eV?2 -

It has been recently suggested by Coléeall® that cer- . . . . B .
tain experimental observations are consistent with the charginich IS equivalent to imposing that “double occupancy” at
mediated superconductivity scenario. For instance, the uni€ach site is forbidden;
cell volume of 8'-(BEDT-TTF),[(Hs0)M(C,0,)3]-Y,!® and (if) the commutation rules
a-(BEDT-TTF),MHg(SCN), salts?® is found to increase [X?B,Xfﬁi:dj(ﬁgmﬁﬁi 5OXP), (A3)
from metallic to insulating salts by changilg andY. Su- .
perconducting salts such as(BEDT-TTF),NH,Hg(SCN), where the “+” sign must be used when both operators are

“w_n

and the recently analyzed  B'-(BEDT- fermionlike, otherwise it corresponds to the “~” sign.

TTF),[(H0)GaC,0,)s]- CsHsNO, are found to have unit- On the basis of Hubbard operators, the-J’-V Hamil-

cell volumes right between their respective metallic and in_toman (1) is of the form

sulating salts. Increasing the unit-cell volume is translated to OO0 1 -
an increase i/t as well as inJ' /t within our model which ~ H) = 2 (XX + H.c) + > 2 J (XX = XTOX)

drives the system closer to the charge ordered state. In the (.o (e
critical region between the metal and charge ordered phase, + > Vi-Xi""Xf’/"' - ME X7 (A4)
V=V, superconductivity is predicted to appéar. (iy:o0" . ) i

However, a definitive test for unconventiorthlvave pair- ) o ) N _
ing in quasi-two-dimensional quarter-filled organics is yet ~Our starting point is the path-integral partition functian
missing. Possible experimental probes could come fronfVritten in the Euclidean form
measurements of the Knight shift and NMR relaxation rate in 7000
the metallic phase close to the CO transition. In contrast to z:fpxi“ﬁg[xio% 2 X7 - 1]5 xi‘"’/ - - O(')
the x-(BEDT-TTF),X superconductors, in which large en- o Xi
hancements of the Korringa ratio are found due to their _
closeness to a Mott phase, in the quarter-filled systems stud- X (sdetMAB)il’zexp<—f dr LE(X,X)). (A5)
ied here there should be no enhancement of the Korringa
ratio. Finally, the dependence &f on impurities and disor-
der can also be used to distinguidtwave superconductivity
from conventionak-wave pairing as recently pointed oit.

The Euclidean LagrangiaInE(X,X) in Eqg. (A5) is
X070 4 X70%07)
X0
1

. 1 (
LeXX)= 22
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port from the Australian Research Council. that usuaily found in Qt er sol -state pro ems. The measure
of the integral contains additional constraints as well as a

determinant(s detMp)?2 Also the kinetic term of the La-

grangian(A6) is nonpolynomial. The determinant reads

+H(X). (A6)

APPENDIX: LARGE- N APPROACH FOR t-J’'-V MODEL

In this Appendix, we will give a summary of the path- 1
integral largeN approach for Hubbard operatéfd-12used in (sdetMag)!?= UW, (A7)
the present paper. A more detailed version of the formalism
including the exchange coupling can be found in Ref. 12. and is formed by all the constraints of the theory.
First we introduce Hubbard operators which are related We now discuss the main steps needed to introduce a
with the usual Fermionic operators by largeN expansion of the partition functiofA5). First, we
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integrate over the boson variablx§°’ using the second
function in Eq.(A5). We extend the spin indax=+ to a new
indexp running from 1 toN. In order to get a finite theory in
theN — o [imit, we rescaldij to t” IN, V” to V” IN, and\]i,j to

PHYSICAL REVIEW B 71, 144502(2005

1

VNrg

fip= X%, (A9)

Ji:/N. The completeness condition is enforced by exponentiwherefﬁ) andf;, are Grassmann variables.

ating X*°+= XPP=N/2, with the help of Lagrangian multi-
pliers \;. We write the boson fields in terms of static mean-
field values(ry,\g) and dynamic fluctuations

XP=Nry(1 +6R),

)\i = )\0 + 5)\i, (A8)

and, we make the following change of variables:

p)(1 =R + R + > (tyrof

1es . .
Lett=— 52 (fipfip * finfi
i,p (j).p

pIp

- SR+ AT (177 (A7) - &
in

(ij)p.p’

. , 1
A X (fofpr+ f;"p,fip)(ri”+ |A(')<1 - E(m + 5Rj)> +
(ij)p,p’

where we have changed to u—\y and dropped constant
and linear terms in the fields.

The last term of Eq(A10) results from the path-integral
representation of the determinant which uses
N-component boson ghost fiel,.” 112

Looking at the effective Lagrangiai@10), the Feynman

iofip + H.

2 (Ffipr + 1 fip)

The exchange interactions can be decoupled in terms of
the bond variabl\;; through a Hubbard-Stratonovich trans-
formation, where);; is the field associated with the quantity
Sofifie/ V(1+6R)(1+6R;). We write thed;; fields in term
of static mean-field values and dynamics fluctuations
A7=A(1+r+iA["), where 5 can take two values associated
with the bond directionsy;=(1,1) and 7,=(-1,1) in real
space.

Introducing the above change of variables into E&p)
and, after expanding the denominatorg1l#SR), we arrive

at the following effective Lagrangian:

c)- M_E i fip(1 = R + ORY) + NrOE O\ OR, + 2 i fip(1
L,p 1 1,p
1 1 3
(1 —E(éRi + R + Z&RiéRj + §(5Ri2+ 5R]2)>

NEES

1
(Vij - EJi’j)éRi‘SRj -2 ZH1-0R + 6R) 2,
(i) ip

(A10)

On the other hand, minimizing with respect Aowe ob-
tain A=(J'/2)(1/NgZcosk, cosk ne(Ey—u), whereng is
the Fermi function andNg is the number of sites in the Bril-

thdouin zone.

For a given dopings, the chemical potentiakk and A
must be determined self-consistently from(1-46)

rules can be obtained as usual. The bilinear parts give rise t8(2/Ng) =, ne(E,— ).

the propagators and the remaining pieces are represented
vertices. Besides, we assume that E§L0) written in the

bywe associate with the six componentsX?
=(8R, 6\, r1,r2 AL, A%) the inverse of the propagatpwhich

momentum space once the Fourier transformation was pefs O(1/N)], connecting two generic componertsandb,

formed.

To leading order of 1M, we associate with the
N-component fermion field,, connecting two generic com-
ponentsp andp, the propagator

Glopp(ks ) = - —— 2 (AL1)
iv,— (Ex— )
which is O(1) and where E,=-2tr(cosk,+cosk)

—2Acosk,cosk,, is the electronic dispersion to leading order.
The quantitiek and v, are the momentum and the Fer-

mionic Matsubara frequency of the Fermionic field, respec-

tively.

The mean-field valuegy andA must be determined mini-
mizing the leading-order theory. From Hé8) and the com-
pleteness conditiorr,y is equal tod/2, where§ is the hole
doping away from half filling.

Yq To 0 0 0 0
ro O 0 0 0 0
4 2
0 0 -A 0 0 0
J
-1 _ 4,
D(O)ab(van) =N|] 0 O 0 ?A 0 0 ,
4 2
0 O 0 0 ?A 0
4 2
0 O 0 0 0 ?A
(A12)

where Yq= ré{4V[coe(qX) + COE{Qy)] -4 'COS(qX)COS(Qy)}-
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Propagators Feynman Rules (@ Irreducible boson self-energy
G.=P , P Dy=f-»-l B= P B n - n® . n®, n® . 0@
© T
Vertices X /a' a@.h 2Ot a_Qb s alth
APP’= —+—f- App’= 4 . . . .
2 ab \\ ®) Effective interaction between fermions
g o >
G (O e
PP’ ‘\ a r’ = T <’/ Veff = 'I
ra = ,.‘.‘—-_>-- ab 7.'“ \\\\
A ~ f
b -p’ X FIG. 6. (a) The four different contributionﬁ[gg (i=1,2,3,4to

the irreducible boson self-enerdy,,. (b) Effective interaction be-
FIG. 5. Summary of the Feynman rules. The solid line repre-yyeen fermions. Only two three-leg vertices contribute.
sents the propagat@g for the correlated fermioX®”. The dashed
line represents the %6 boson propagatoD, for the six-  calculation ofVq(q,w,). The analytical expression for this
component fieldsX®. The componentl, 1) of this propagator is  diagram isVe;=A,D.xA, WhereD,y, is the propagator of the
directly associated with th¥°° charge operator. The dotted line is Bosonic field which contains the irreducible self-energies of
the propagatoB for the boson ghost field,. AJ” and ASP rep-  Fig. 6(@) and A, is the three leg vertex of Fig. 5. Looking at
resent the interaction between two fermiofysand one and two the order of the propagators and vertices we see that
bosons X2, respectively.l*gp’ and rgg’ represent the interaction Ve, wp) is O(1/N).
between two ghost fieldsZ, and one and two bosonsX?, To conclude this Appendix we make contact with closely
respectively. related approaches such as slave boson formulations. In con-
trast to slave boson theorig$) Green’s functions are calcu-
The quantities) and w, are the momentum and the Bose lated in terms of the original Hubbard operatafis) fermi-
Matsubara frequency of the boson field, respectively. We asonsfi, appearing in the theory are proportional to the Fermi-
sociate with theN-component ghost fielc), the propagator like X-operatorX®? [see Eq.(A9)] to all orders in the 1N

connecting two generic componergsand p’, expansion; not only to leading ord¥r(iii) as our path inte-
gral is written in terms ofX operators we do not need to

Bop == Spp (A13)  introducea priori any decoupling scheme, afit) r, is the
which is O(1). mean value ofX° which is a real field associated with the

number of holegsee Eq.(A8)] and not with the number of
holons. At leading ordegfN— <0 or O(1)] andV=0, our for-
malism is equivalent to slave boson approaches. However, at
Ref. 12) In Fig. 5 the Feynman rules associated with thethe next to leading orde[rO(l/N)], [which is necessary to
calculate one-electron properties such as the electron self-

largeN approach are summarized. .
The charge-charge correlation function is directly associ—energyE(k’“’) and the electron spectral functigik, )],

ated with the elementl, 1) of the boson propagator the two formulations do not coincide. The differences be-

: ; tween the two formulations are not yet completely estab-
D(0)ab(d, wp) [the inverse of Eq(A12)]. As in Ref. 7, upto . .
O(1/N).Do(q, w,) is renormalized td(q, ;) by an infinite lished. Our theory has thedvantagethat it does not require

. ) } the introduction of gauge fields like in slave boson ap-
series of diagrams dd(1/N) [Fig. 6@)], and reads proaches. Hence through orde1/N) we do not need to

DY(q, wn) = DX, wp) — T1(q, wp), (A14) take care of gauge fluctuations nor Bose condensétiote
that Eq. (A8) does not mean Bose condensatiofhis is
wherell(q, wy) is the boson self-energy for which explicit important because for the doped Hubbard model the gauge
expressions are given in Ref. 11. fluctuations are known to significantly change the physics.
The superconducting effective interaction between fermi-Careful numerical work will determine the improvements of
ons, Vei(g, w,), can be calculated using the Feynman rulesthe present approach with respect to slave boson formula-
of Fig. 5. Figure €b) represents the diagram involved in the tions.

The nonquadratic terms in E§A10) define three- and
four-leg vertices which ar®(1). (The full expressions for
the vertices associated with the lafyexpproach are given in
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