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Relevance and irrelevance of three effective Hamiltonians
for high-temperature superconductors with CuO2 planes
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~Received 24 June 1998; revised manuscript received 16 September 1998!

Photoemission spectra of high-temperature cuprate-oxide superconductors are consistent with band calcula-
tions; Cu 3d levels are shallower than O 2p levels by about 1 eV. When effects of shallow and broad 3d and
2p levels are taken into account, the superexchange interaction is substantially reduced but still it is as strong
asJ.20.1 eV within the three-band periodic Anderson model called thed-p model that takes into account
Cu 3dx22y2, O 2px , and O 2py orbits. Thed-p model whose parameters are consistent with photoemission
spectra is a relevant model for the cuprate oxides; the coupling constant fordx22y2-wave superconductivity,
which is approximately proportional to the density of states of quasiparticles and the superexchange interac-
tion, is large enough to explain observed critical temperatures as high asTc5502100 K. Thet-J model with
t.20.21 eV andJ.20.1 eV is also a relevant model for the cuprate oxides. When the reduction of the
superexchange interaction is taken into account, on the other hand,Tc’s of the Hubbard model whose param-
eters are consistent with the two relevant models are substantially lower than theirTc’s.
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I. INTRODUCTION

In order to explain high-temperature superconductiv
~HTS! in the cuprate oxides with CuO2 planes, it is indis-
pensable to understand their normal states. When no h
are doped, they are Mott-Hubbard insulators, each of wh
has an energy gap across the Fermi level between the lo
Hubbard band~LHB! and upper Hubbard band~UHB!.1–3

When enough holes are doped, they become metallic. H
ever, spectra of photoemission spectroscopy~PES! or x-ray
photoemission spectroscopy~XPS! of metallic oxides are al-
most the same as those of insulating oxides4–6 except for
small variations in the vicinity of the Fermi-level edge.7,8

This implies that the formation of the LHB and UHB occu
similarly in insulating and metallic oxides. The energy g
between the LHB and UHB gives an estimate of the on-
repulsion between electrons. Then, the on-site repulsion
tween Cu 3d electrons in metallic oxides is almost the sam
as that in insulating oxides, and is larger than the unren
malized bandwidth, which is deduced by band calculatio
The small variations imply the formation of Gutzwiller’
heavy quasiparticle band9 around the Fermi level. It was
demonstrated in a recent theory10 that when holes are dope
a narrow band is formed at the top of a broadband, and it
argued there that the narrow band is nothing but Gutzwille
heavy quasiparticle band and the broadband is nothing
the LHB.11 According to Gutzwiller’s theory9 or the recent
theory,10 effective masses of quasiparticles are appro
mately proportional to 1/d, with d being concentrations o
doped holes. In the region of smalld ’s, however, effective
masses estimated from experimental specific heat co
cients become lighter asd ’s become smaller.12,13 This dis-
crepancy between theory and experiment was argued in
context of the so-called spin-gap behaviors;14,15 Gutzwiller’s
heavy quasiparticles are renormalized by antiferromagn
exchange interactions or spin fluctuations, so that their ef
tive masses become much lighter than those predicted
Gutzwiller’s theory.
PRB 590163-1829/99/59~13!/8930~13!/$15.00
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It is certain that HTS in the cuprate oxides, cuprate HT
occurs in the vicinity of the Mott-Hubbard transition. An
relevant theory of cuprate HTS should take into account t
it occurs in strongly correlated electron liquids.

On the other hand, the accumulation of experimental d
implies that the formation ofdx22y2-wave Cooper pairs be
tween quasiparticles in Landau’s Fermi liquids is respons
for cuprate HTS. Within this theoretical framework, the co
pling constant for superconductivity is approximately pr
portional to the density of states~DOS! of quasiparticles and
a superconducting pairing interaction; they are mainly
gued in this paper instead of superconducting critical te
peraturesTc themselves; it is never a good idea to try
predict accuratelyTc’s, which sensitively depend on the cou
pling constant.

According to the Fermi-liquid relation,16 the specific heat
coefficient is given by

g 5
2

3
p2kB

2r* ~0!, ~1.1!

with kB being the Boltzmann constant andr* (0) the DOS
per spin of quasiparticles at the Fermi level. Experimen
g ’s are as large as

g .14 mJ/K2 eV ~CuO2 mol! ~1.2!

for the cuprate oxides withTc.502100 K.12,13 Then, it
follows from Eqs.~1.1! and ~1.2! that

r* ~0!.3.0 states/eV spin CuO2. ~1.3!

It is easy to explain this larger* (0) in terms of the forma-
tion of Gutzwiller’s heavy quasiparticles.17

One of the most crucial issues is the question of w
attractive interaction is the main pairing interaction in c
prate HTS. In general, mutual interactions are caused by
virtual exchange of bosons or bosonic excitations. For
ample, the electromagnetic force is caused by that of p
8930 ©1999 The American Physical Society
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tons, Yukawa’s nuclear force by that of pions, pairing int
actions in conventional Bardeen-Cooper-Schrieffer~BCS!
superconductors by that of phonons, and so on. Magn
exchange interactions were originally derived by pertur
tion, implicitly or explicitly, in terms ofV/U, V being trans-
fer integrals or hybridization matrices andU the on-site
repulsion.18 They can also be derived within the framewo
of the virtual exchange of bosonic excitations. In this fram
work, for example, the superexchange interaction is cau
by that of high-energy spin excitations, pair excitations
electrons in spin channels, between the LHB and UHB;19,20it
is obvious that as long as the formation of the LHB and UH
occurs the superexchange interaction is present in not
insulating phases but also metallic phases. A magnetic
change interaction can also be a pairing interaction.21,22 It
was argued23 that in cuprate HTS the antiferromagnetic s
perexchange interaction is mainly responsible for the form
tion of dx22y2-wave Cooper pairs; the virtual exchange
low-energy spin excitations, which are called paramagno
plays a less important role than the superexchange inte
tion. It is likely that the virtual exchange of phonons pla
only a minor role in strongly correlated electron liquids su
as the cuprate oxides.24

The exchange interaction in the cuprate oxides is anti
romagnetic and is as strong as25,26

J.2~0.1020.12! eV. ~1.4!

When both Eqs.~1.3! and ~1.4! are phenomenologically
taken into account, it is straightforward to obtain theore
cally Tc5502100 K for the formation ofdx22y2-wave Coo-
per pairs.27–30 Within a theoretical framework of the stron
on-site repulsion, the antiferromagnetic exchange interac
between nearest neighbors, and the large Fermi surface
dicted by band calculations, it is absolutely definite thatTc’s
for the formation ofdx22y2-wave Cooper pairs are muc
higher than those of other waves.27,28 The main purpose o
this paper is to argue what is one of the simplest and rele
effective Hamiltonians that involve both Eqs.~1.3! and~1.4!.

The exchange interactionJ in the t-J model is a phenom-
enological term. It is microscopically derived in the pertu
bative scheme in terms ofV/U; the on-site repulsion is infi-
nitely large in thet-J model. Then, it is certain that whe
holes are doped Gutzwiller’s heavy quasiparticles are form
in the t-J model. When a phenomenologicalJ as large as Eq
~1.4! is used, thet-J model must be a relevant model fo
cuprate HTS.31 Actually, numerical studies imply that th
ground state of thet-J model in two dimensions32 is the
condensed state ofdx22y2-wave Cooper pairs in a certai
region of hole concentrations.33–35

Because cuprate HTS occurs essentially on CuO2 planes,
it is reasonable to expect that the three-band periodic An
son model called thed-p model that takes into account C
3d, O 2px , and O 2py orbits is a relevant microscopi
model for cuprate HTS. Thet-J model is approximately de
rived or mapped from thed-p model.36 In deriving thet-J
model, Zhang and Rice36 assumed that Cu 3d levels are
much deeper than O 2p levels, following an interpretation o
XPS spectra5,6,37 that

e3d2m.2~10212! eV ~1.5!
-
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for Cu 3d levels and

e2p2m.23 eV ~1.6!

for O 2p levels,38 with m being the chemical potential. O
the other hand, it follows according to band calculations39–41

that

e3d2m.22.3 eV ~1.7!

and

e2p2m.23.3 eV. ~1.8!

It is surprising if such a large discrepancy between the
and experiment is real; band calculations have given so fa
least good starting points to understand many crystalline
terials. If this large discrepancy is real, the theory of ba
calculations should be critically examined as to why it giv
such a large discrepancy for the cuprate oxides. On the o
hand, it is interesting to examine whether or not XPS spe
can be interpreted consistently with band calculations. T
examination is another purpose of this paper.

It is reasonable to expect that the universality class of
Hubbard model is the same as that of thet-J model and the
ground state of the Hubbard model is also superconduc
in a certain region of hole concentrations. On the other ha
numerical studies of the Hubbard model42–45showed that no
significant superconducting fluctuations are developed
any hole concentration, at least in the temperature reg
considered. These studies imply that the coupling constan
the Hubbard model is so small that itsTc’s are too low to be
treated by numerical studies.32 It is interesting to examine
why the coupling constant of the Hubbard model is sma
than that of the correspondingt-J model. The formation of
Gutzwiller’s heavy quasiparticles must occur in a simi
manner in both of thet-J model, whose on-site repulsion i
infinitely large, and the Hubbard model, whose on-site rep
sion is as large as or larger than the unrenormalized ba
width. Then, a possible argument is that exchange inte
tions involved in the Hubbard model must be weaker th
those of the correspondingt-J model.

Magnetic exchange interactions such as the supe
change interaction were originally derived for insulatin
phases where levels of magnetic electrons are deep and s
enough.18 According to band calculations, however, Cu 3d
levels are shallow and broad in the cuprate oxides. In g
eral, an exchange interaction is reduced, when exchan
bosons have nonzero lifetime broadening. Then, magn
exchange interactions must be reduced in the cuprate ox
One of the other purposes of this paper is to study suc
reduction effect on magnetic exchange interactions in
d-p and the Hubbard models.

The structure of this paper is as follows. It is argued
Sec. II that XPS spectra are consistent with band calc
tions. It is argued in Sec. III that thed-p model whose pa-
rameters are consistent with XPS spectra is a relevant m
for cuprate HTS. It is shown in Sec. IV that the exchan
interaction involved in the Hubbard model corresponding
the relevantd-p or the relevantt-J model is weaker than Eq
~1.4!. A discussion is given in Sec. V. A summary is given
Sec. VI. In the Appendix, several rigorous properties for t
auxiliary-particlet-J model are argued.
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II. SHALLOW Cu 3 d LEVELS

Direct processes of XPS in the cuprate oxides are (3d)9

1hn→(3d)81e2 and (3d)91hn→(3d)9L1e2, where
(3d)9 stands for the ground state of Cu21 ions, hn for a
photon,e2 for an emitted electron, andL for a 2p hole on O
ions. On the other hand, the initial processes of resonant
are (3d)91hn→p(3d)10 and (3d)91hn→p(3d)94s,
wherep stands for a 2p or 3p core hole on a Cu ion. Then
the Auger processes of p(3d)10→(3d)81e2 and
p(3d)94s→(3d)74s1e2 occur. If electron correlations be
tween O 2p electrons and Cu core holes are substantial,
following Auger processes also occur:p(3d)10→(3d)9L
1e2, p(3d)10→(3d)10L21e2, p(3d)94s→(3d)84sL
1e2, andp(3d)94s→(3d)94sL21e2. Because the hybrid
ization between Cu 3d and O 2p orbits is strong, the mixing
among (3d)8, (3d)9L, and (3d)10L2 and the mixing among
(3d)74s, (3d)84sL, and (3d)94sL2 in final states can
never be ignored in the direct and the Auger processe
these processes are effective, an interpretation of XPS s
tra consistent with band calculations is possible.

Consider a cluster of CuO4 on a plane, which includes
only a Cu 3dx22y2 orbit, a Cu 4s orbit, and a linear combi-
nation of four O 2p orbits that has thex22y2 symmetry:

Hc5(
s

~e4s2m!n̂ss1(
s

~e3d2m!n̂ds1Uddn̂d↑n̂d↓

1(
s

~ē2p2m!n̂ps1Uppn̂p↑n̂p↓ , ~2.1!

with n̂ns’s (n5d, s, or p) number operators. It is as
sumed that the on-site repulsionUdd is so strong that46

e3d1Udd2m.0, ~2.2!

and thate3d2m,0, ē2p1Upp2m,0, ande4s2m.0. No
hybridization between different orbits is taken into accou
only excitation energies of XPS can be argued, but no
shapes can be argued.

Although the ground state of this cluster model
(3d)(2p)2, it is denoted as (3d)9 in this paper. The energy
of the ground state isE@(3d)9#5(e3d2m)12(ē2p2m)
1Upp . Define an effective depth of 2p levels by

e2p5 ē2p1Upp . ~2.3!

Excitation energies from (3d)9 are given by47

E@~3d!9L#2E@~3d!9#52~e2p2m!, ~2.4!

E@~3d!8#2E@~3d!9#52~e3d2m!, ~2.5!

E@~3d!94sL2#2E@~3d!9#5Upp1~e4s2m!22~e2p2m!,
~2.6!

E@~3d!84sL#2E@~3d!9#

5~e4s2m!2~e3d2m!2~e2p2m!, ~2.7!

and
S

e

If
ec-

t;
e

E@~3d!10L2#2E@~3d!9#

5Udd1Upp1~e3d2m!22~e2p2m!. ~2.8!

According to Eq.~2.4!, Eq. ~2.3! is nothing but the depth o
2p levels measured by XPS. When other Cu 3d orbits are
explicitly taken into account, the configuration of (3d)74s
can be treated. Its excitation energy is substantially lar
than Eqs.~2.6! and ~2.7!:48

E@~3d!74s#2E@~3d!9#.Udd1~e4s2m!22~e3d2m!.
~2.9!

Our interpretation of XPS spectra is essentially the sa
as previous ones.49,50According to band calculations,39,41Cu
3d levels are shallower than O 2p levels by about 1 eV, as is
shown by Eqs.~1.7! and ~1.8!:

e3d2e2p.1.0 eV. ~2.10!

The main peak around 3.5 eV below the Fermi-level ed
corresponds to Eqs.~2.4! and ~2.5!, so that

e3d2m.23.0 eV ~2.11!

and

e2p2m.24.0 eV. ~2.12!

The satellites around~10–12! eV below the Fermi-level edge
correspond to Eqs.~2.6!, ~2.7!, ~2.8!, and ~2.9!,47,48 so that
e4s2m.(224) eV, Upp&2 eV, and

Udd.~427! eV. ~2.13!

Equation~2.2! is satisfied for these parameters.46

Note thate3d2m and e2p2m given by Eqs.~2.11! and
~2.12! are lower by about 0.7 eV than those given by E
~1.7! and ~1.8!, respectively. It is argued in Sec. III A tha
when the chemical potential shift due to electron correlatio
is taken into account this discrepancy is resolved.

III. d-p MODEL

A. Doped holes on Cu and O ions

When Cu 3d levels are actually shallow, doped hole
must exist on not only O ions but also Cu ions. One of t
purposes of this subsection is to examine how many ho
exist on Cu ions.

Consider thed-p model in two dimensions:32

Hd-p5(
is

~e3d2m!dis
† dis1 (

n5x,y
(
is

~e2p2m!cn is
† cn is

1 (
n5x,y

(
ij s

Vi; j
~n!@dis

† cn js1cn js
† dis#

1U(
i

di↑
† di↑di↓

† di↓ , ~3.1!

wheredis
† , cxis

† , andcyis
† are creation operators of a Cu 3d

electron with spins at Ri5a( i x ,i y), an O 2px electron with
spin s at Xi5a( i x1 1

2 ,i y), and an O 2py electron with spin
s at Yi5a( i x ,i y1 1

2 ), respectively, withi x and i y being in-
tegers anda the lattice constant. As one of the simplest mo
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els,Vi; j
(n)’s are assumed to be nonzero only between the n

est neighbors in such a way that51

Vi; j
~x!5H ~21! i x2 j xV for Ri2Xj5~6a/2,0!,

0 for other pairs
~3.2!

and

Vi; j
~y!5H ~21! i y2 j yV for Ri2Yj5~0,6a/2!,

0 for other pairs.
~3.3!

In the model~3.1!, Udd in Sec. II is simply denoted byU;
e2p is defined by Eq.~2.3!.

When U is zero, thed-p model ~3.1! is easily diagonal-
ized in such a way that

E6~k!5
1

2
~e3d1e2p22m!

6
1

2
A~e3d2e2p!2116V2S~k!, ~3.4!

with

S~k!512
1

2
@cos~kxa!1cos~kya!#, ~3.5!

for the antibonding band denoted by1 and the bonding band
denoted by2, respectively, andE0(k)5e2p2m for the de-
coupled 2p band. In the case of five electrons per unit ce

ne[(
s

^dis
† dis&1(

ns
^cn is

† cn is&55, ~3.6!

the chemical potential is at the center of the antibond
band atT50 K; the dispersion relation of the antibondin
band is given by52

E1~k!52td-p@cos~kxa!1cos~kya!#, ~3.7!

with

td-p52V2/ue3d1e2p22mu ~3.8!

in the vicinity of the chemical potential.
Consider the case of nonzeroU or U@utd-pu. Every physi-

cal property is divided into a single-site term and a multis
term. For example, the polarization function in spin cha
nels,ps( iv l ,q), is written in such a way that

ps~ iv l ,q!5p̃s~ iv l !1Dps~ iv l ,q!, ~3.9!

where p̃s( iv l) is the single-site term andDps( iv l ,q) the
multisite term. The single-site term is identical to its corr
sponding term of the Anderson model mapped from thed-p
model ~3.1! in the single-site approximation~SSA! or to
leading order in 1/d, with d being the spatial
dimensionality.53–55 Then,

x̃s~ iv l !52p̃s~ iv l !/@12Up̃s~ iv l !# ~3.10!

is nothing but the susceptibility of the mapped Anders
model. The local Kondo temperatureTK or kBTK is defined
as the temperature or energy scale of local quantum
fluctuations in such a way that
r-

g

-

-

n

in

kBTK5@1/x̃s~0!#T→0 K . ~3.11!

Note thatkBTK /U!1 in strongly correlated systems.56 To
leading order inkBTK /U, the susceptibility due tod elec-
trons in thed-p model is given by

xs~ iv l ,q!5
x̃s~ iv l !

12
1

4
I s~ iv l ,q!x̃s~ iv l !

, ~3.12!

with

I s~ iv l ,q!52U2Dps~ iv l ,q!. ~3.13!

Equation~3.12! is consistent with a physical picture of th
Kondo lattice that local spin fluctuations at different sit
interact with each other by an intersite exchange interact
I s( iv l ,q), which is antiferromagnetic for the cuprate oxide
If the d-p model is actually a relevant model, the cupra
oxide high-temperature superconductors are Kon
lattices.57 Only low-temperature cases ofT!TK are consid-
ered in this paper.56

When the self-energy of 3d electrons is given by
Ss( i«n ,k), single-particle excitations are obtained by so
ing

U«1 i01m2e3d2Ss~«1 i0,k! 2VAS~k!

2VAS~k! «1 i01m2e2pU50.

~3.14!

The self-energy foru«nu@kBTK is evaluated in the so-calle
Hubbard I approximation,1 which is a SSA, so that

1

i«n1m2e3d2Ss~ i«n ,k!
5

12nd2s

i«n1m2e3d

1
nd2s

i«n1m2e3d2U
,

~3.15!

with «n5(2n11)pkBT and nds5^dis
† dis& the average

number of 3d electrons with spins per unit cell. Single-
particle spectra are split into the LHB arounde3d2m and the
UHB arounde3d1U2m. We confine ourselves to conside
ing the case ofne.5 or nds. 1

2 . When the LHB is argued,

i«n1m2e3d2Ss~ i«n ,k!52~ i«n1m2e3d! ~3.16!

can be approximately used. The dispersion relations of
antibonding and the bonding bands of the LHB are obtain
in such a way that

El 6* ~k!5
1

2
~e3d1e2p22m!6

1

2
A~e3d2e2p!218V2S~k!.

~3.17!

When the UHB is argued,

i«n1m2e3d2Ss~ i«n ,k!52~ i«n1m2e3d2U !
~3.18!

can be approximately used. Equation~3.14! gives two solu-
tions
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Eu6* ~k!5
1

2
~e3d1U1e2p22m!

6
1

2
A~e3d1U2e2p!218V2S~k!. ~3.19!

The antibonding solutionEu1* (k) describes the dispersio
relation of the UHB. The bonding solutionEu2* (k) should be
discarded, because Eq.~3.18! can never apply to state
around or below the chemical potential.

When a small number of holes are doped, the chem
potential should be at the top of the antibonding band of
LHB, El 1* (k), so that

~e3d2m!~e2p2m!.4V2. ~3.20!

The chemical potential moves upward from the band ce
to the band top due to electron correlations or the forma
of the LHB and UHB. According to band calculations,41 the
hybridization matrix is as large as

uVu.1.6 eV. ~3.21!

It follows from Eqs.~2.10!, ~3.20!, and ~3.21! that e3d2m
.22.7 eV ande3d2m.23.7 eV. When the broadenin
of the LHB due to electron correlations and the hybridizat
is taken into account, these values will become a little lar
they are consistent with Eqs.~2.11! and~2.12!. In this paper,
Eqs.~2.11! and ~2.12!, which include the chemical potentia
shift, are assumed fore3d2m ande2p2m, respectively; Eqs.
~2.13! and ~3.21! are assumed forU and uVu, respectively.

Doped holes occupy the top of the LHB. When Eq.~3.15!
or ~3.16! is used, the spectral weight of 3d electrons in the
LHB is about a half of that of 2p electrons. Then, it is
straightforward to argue that about two-third of doped ho
exist on O ions while about a third of doped holes exist
Cu ions;58 it follows that

nd5nd↑1nd↓.12
1

3
d, ~3.22!

with d552ne being the concentration of doped holes. Sm
variations were observed in extended x-ray absorption
structure~EXAFS! or near-edge EXAFS~NEXAFS!,59 when
holes are doped. These small variations are consistent
Eq. ~3.22!; for example, the valence of Cu 3d electrons is
decreased by about 1/20 per Cu ions ford.0.15 according
to Eq. ~3.22!.

B. Gutzwiller’s heavy quasiparticles

The self-energy of 3d electrons,Ss( i«n ,k), is divided

into a single-site termS̃( i«n) and a multisite term
DSs( i«n ,k), so that

Ss~ i«n ,k!5S̃~ i«n!1DSs~ i«n ,k!. ~3.23!

Note that the single-site term is also equal to its correspo
ing term of the mapped Anderson model. They are expan
in such a way that

S̃s~ i«n!5S̃01@12f̃m# i«n1••• ~3.24!

and
al
e

er
n

;

s
n

ll
e

ith

d-
ed

DSs~ i«n ,k!5DS0~k!1@12Dfm~k!# i«n1•••

~3.25!

for u«nu!kBTK . Then, the dispersion relation of quasipar
cles is given by60

j~k!5
1

2
F e3d1S0~k!2m

fm~k!
1~e2p2m!G

1
1

2
AF e3d1S0~k!2m

fm~k!
2~e2p2m!G2

1
16V2

fm~k!
S~k!,

~3.26!

with

fm~k!5f̃m1Dfm~k! ~3.27!

and

S0~k!5S̃01DS0~k!. ~3.28!

Note that the Fermi-surface sum rule requires

ue3d1S0~k!2mu!2V2/ue2p2mu ~3.29!

in the case of 0,d!1.
According to Gutzwiller’s theory9 or the recent theory,10

both of which are in SSA’s, it is reasonable to assume th

f̃m.1/~12nd!.3/d. ~3.30!

Intersite terms vanish in any SSA:Dfm(k)50 and
DS0(k)50. Becauseue2p2mu@ue3d1S0(k)2mu/f̃m and
ue2p2mu2@16V2/f̃m in the case of 0,d!1, Eq. ~3.26! is
approximately given by

j~k!.
1

f̃m
H e3d1S0~k!2m

2
2V2

ue2p2mu @cos~kxa!1cos~kya!#J ~3.31!

for k’s in the vicinity of the Fermi surface.
In the SSA or to leading order in 1/d, the local Kondo

temperaturekBTK is approximately given by a quarter of th
heavy-electron bandwidth,53–55 so that

kBTK.
2V2

f̃mue2p2mu
.0.43 d eV ~3.32!

and

r* ~0!.
1

4kBTK
.

0.58

d
states/eV spin CuO2. ~3.33!

ExperimentalTc’s as a function ofd reach their maximum
aroundd.0.15.13 It follows that kBTK.0.064 eV and

r* ~0!.3.9 states/eV spin CuO2 ~3.34!

for d50.15. Thisr* (0) is a little larger than Eq.~1.3!.
In this paper, the renormalization of quasiparticles is

gued in a SSA. Intersite exchange interactions and spin fl
tuations also renormalize quasiparticles. There are two ty
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of renormalization. One is the mass enhancement du
Dfm(k); r* (0) is enhanced furthermore. The other is t
mass reduction due toDS0(k); it was shown in the previous
papers14,15 that thek dependence ofDS0(k) makes quasi-
particles light. A part of the discrepancy between Eqs.~1.3!
and ~3.34! can be explained in terms of the latter type
renormalization, at least.

The SSA is expected to be good enough in the reg
where local quantum spin fluctuations are more substan
than intersite spin fluctuations. In the region ofd*0.2, Eq.
~3.33! is actually consistent withr* (0)’s of thecuprate ox-
ides, which are estimated from experimental temperatu
linear specific heat coefficients.13

C. Reduction of the superexchange interaction

In the previous papers,19,20 the superexchange interactio
was derived within the theoretical framework of the virtu
exchange of spin excitations. In this subsection, the prev
study is extended to take into account the broadening of
LHB and UHB due to electron correlations and the hybr
ization, which causes the broadening of exchanged spin
citations.

When the single-site vertex corrections are taken into
count, a magnetic pairing interaction is given by61

Ys~ iv l ,q!5
1

4
U2l̃s

2~ i«n1 iv l ,i«n!xs~ iv l ,q!,

~3.35!

with l̃s( i«n1 iv l ,i«n) being the irreducible single-site ve
tex function for spin channels. According to the War
Takahashi identity,62 it follows that

l̃s~0,0!5f̃s@12Up̃s~0!#52f̃sp̃s~0!/x̃s~0!, ~3.36!

with

f̃s5$12@dS̃↑~0!/dH* #%H*→0 . ~3.37!

Here, H* is an infinitesimally small Zeeman energy of 3d

electrons. Note thatf̃s /f̃m is nothing but the Wilson ratio
for the mapped Anderson model so that

f̃s /f̃m.2 ~3.38!

for U/kBTK@1.63 The intrasite part of Eq.~3.35! can play no
essential role in the formation of Cooper pairs; the total
trasite term is definitely strongly repulsive. When intras
terms are subtracted, Eq.~3.35! turns out to be

Y8~ iv l ,q![Ys~ iv l ,q!2
1

N (
q

Ys~ iv l ,q!

5@Up̃s~0!#2f̃s
2 1

4
I * ~ iv l ,q! ~3.39!

with

1

4
I * ~ iv l ,q!5

1

4
I s~ iv l ,q!

12
1

4
I s~ iv l ,q!x̃s~ iv l !

. ~3.40!
to

n
al

e-

l
s
e

-
x-

c-

-

Here, the energy dependences ofl̃s( i«n1 iv l ,i«n) are ig-
nored, because we are concerned with low-energy proce
of u«nu!kBTK and u«n1v l u!kBTK . In Eq. ~3.39!, N is the
number of unit cells. In Eq.~3.40!, the subtraction of intra-
site terms is assumed.

According to Eq.~3.40!, I s( iv l ,q) is enhanced by anti-
ferromagnetic spin fluctuations, whose development is du
I s( iv l ,q) itself.64 Equation~3.40! is also written in such a
way that

1

4
I * ~ iv l ,q!5

1

4
I s~ iv l ,q!1F1

4
I s~ iv l ,q!G2

xs~ iv l ,q!.

~3.41!

The second term is nothing but the enhanced part. Accord
to Eq. ~3.39!, Up̃s(0)f̃s is an effective vertex function for
the enhanced exchange interaction,1

4 I s* ( iv l ,q). It follows
from Eqs.~3.10! and ~3.11! that

Up̃s~0!5
U/kBTK

21~U/kBTK!
, ~3.42!

which is about unity forU/kBTK@1. Then,

Up̃s~0!f̃s@1 ~3.43!

for U/kBTK@1; the effective vertex function plays an esse
tial role.65

In metallic phases, the virtual exchange of pair excitatio
of Gutzwiller’s heavy quasiparticles in spin channels66

which is denoted byJQ( iv l ,q) here, can also play a role a
well as the superexchange interaction, which is denoted
Js(q) here.67 When small irrelevant terms are ignored, it fo
lows that

I s~ iv l ,q!5Js~q!1JQ~ iv l ,q!. ~3.44!

It was discussed in the previous paper23 thatJs(q) dominates
JQ( iv l ,q) in the cuprate oxides. When only the neare
neighbor terms ofJs(q), which are the most effective, ar
taken into account, it follows that

Js~q!52Jd-p@cos~qxa!1cos~qya!# ~3.45!

in the momentum-space representation, withJd-p being the
strength between nearest neighbors. The reduction effec
Jd-p is examined in the following.

Denote the site-diagonal part of the single-particle Gre
function for 3d electrons byG̃s( i«n), which is also equal to
the single-particle Green function of the mapped Anders
model. In this paper, a phenomenological

G̃s~ i«n!5
12nd2s

i«n1m2e3d1sH* 1 iG l sgn~«n!

1
nd2s

i«n1m2e3d2U1sH* 1 iGu sgn~«n!

~3.46!

is used in order to take into account high-energy pair exc
tions between the LHB and UHB. Equation~3.46! is ob-
tained in a SSA called the Hubbard III approximation,2 when
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the DOS of unrenormalized 3d electrons is approximated b
a Lorentzian shape. Although the level widthG l of the LHB
is equal to the level widthGu of the UHB in this approxima-
tion, it is assumed thatG l and Gu are different from each
other. The site-diagonal part of the single-particle Gre
function for 2p electrons is assumed to be given by

Gnn8s~ i«n!5dnn8

1

i«n1m2e2p1 iGp sgn~«n!
,

~3.47!

instead of Eq.~3.18! of Ref. 20. Here,n(n8) is 2px or 2py .
According to the Ward-Takahashi identity,62 it follows that
for u«nu@kBTK

l̃s~ i«n ,i«n!5@12Up̃s~0!#F d

dH*

1

G̃↑~ i«n!
G

H*→0

.2
p̃s~0!

G̃↑
2~ i«n!

F 1

i«n1m2e3d1 iG l sgn~«n!

2
1

i«n1m2e3d2U1 iGu sgn~«n!G .
~3.48!

Here, higher-order terms inkBTK /ue3d1U2mu and
kBTK /um2e3du are ignored, and

Fdnds

dH*
G

H*→0

5
1

2
sx̃s~0! ~3.49!

is made use of.
Following the treatment of Ref. 20, it is straightforward

calculateJd-p so that

Jd-p5@Up̃s~0!#2Jd-p8 , ~3.50!

with Up̃s(0) given by Eq.~3.42!, and

Jd-p8 5
2V4

p
ImF2

2

~zl2zp!3
ln

2zl

2zp
1

1

~zl2zp!2S 1

zl
1

1

zp
D

2
2

~zu2zp!3
ln

2zu

2zp
1

1

~zu2zp!2S 1

zu
1

1

zp
D

1
2 ln~2zl !

~zu2zl !~zl2zp!2
2

2 ln~2zu!

~zu2zl !~zu2zp!2

2
2~zl1zu22zp!ln~2zp!

~zl2zp!2~zu2zp!2
2

2

zp~zl2zp!~zu2zp!G .

~3.51!

Here,zl , zp , andzu are given by

zl5e3d2m2 iG l , zp5e2p2m2 iGp, ~3.52!

and

zu5e3d1U2m2 iGu . ~3.53!
n

There are two types of reduction effects. One is due to n
zeroG l , Gu , andGp . This can be regarded as the effect
the broadening of exchanged spin excitations. The othe
due toUp̃s(0),1 or finite U/kBTK .

In the limit of U/kBTK→1`, G l /uVu→10, andGu /uVu
→10, Eqs.~3.50! and~3.51! are reduced to the well-known
result

Jd-p
~0! 52

4V4

~e3d1U2e2p!2F 1

U
1

1

e3d1U2e2p
G . ~3.54!

For example, consider the parameter region of

4.5 eV<U<5.0 eV. ~3.55!

TheseU ’s are consistent with Eq.~2.13!. When Eqs.~2.11!,
~2.12!, and~3.21! are used, it follows that

Jd-p
~0! 52~0.2720.35! eV. ~3.56!

TheseuJd-p
(0) u ’s are about 3 times as large as Eq.~1.4!.

When e3d.e2p is taken into account in Eq.~3.17!, the
bandwidth of the LHB is estimated in such a way that

Wl.4V.6.4 eV. ~3.57!

When the strong hybridization between 3d and 2p levels is
considered, it is reasonable to assume that

G l5Gp5cWl . ~3.58!

In this scheme,c is a constant a little smaller than 1/p
50.318 . . . . Thebandwidth of the UHB is estimated from
Eq. ~3.19! in such a way that

Wu.~1.421.5! eV ~3.59!

for U ’s given by Eq.~3.55!. In this paper,

Gu5cWu ~3.60!

is approximately used. The reduction due to nonzeroG l

5Gp and Gu is substantial, so thatJd-p8 52(0.10
20.15) eV forU ’s given by Eq.~3.55! andc50.22. When
kBTK50.1 eV is used, it follows that@Up̃s(0)#2.0.92; the
reduction due to@Up̃s(0)#2 is small. Then, we obtain

Jd-p52~0.0920.14! eV. ~3.61!

Although theJd-p’s depend onc, Eq. ~3.61! is at least con-
sistent with Eq.~1.4!.

When a similar value ofJd-p to Eq.~3.61! is assumed and
both JQ( iv l ,q) and the enhancement effect are taken in
account, it is straightforward to obtainTc5502100 K.23

The d-p model whose parameters are given by Eqs.~2.11!,
~2.12!, ~3.21!, and ~3.55! is a relevant model for cuprat
HTS.
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IV. t-J AND HUBBARD MODELS

Consider thet-J model on the simple square lattice:32,51

Ht-J5(
is

~ed2m!ais
† ais1t (

^ i j &s
ais

† aj s

2
1

2
J (

^ i j &n
(
ab

S aia
† 1

2
sn

abaibD(
gd

S aj g
† 1

2
sn

gdaj dD
1UD(

i
ai↑

† ai↑ai↓
† ai↓ , ~4.1!

with t the transfer integral, the summation^ i j & over the near-
est neighbors,sn

ab the (ab)th component of the Pauli matri
(n5x, y, or z), and

UD /utu→1`. ~4.2!

No doubly occupied sites can exist because of Eq.~4.2!.
A question is whatt andJ should be used in order that th

t-J model might be a relevant model for cuprate HTS. T
susceptibility of thet-J model is written in the same form a
Eq. ~3.12!; local spin fluctuations and intersite interactio
between them should be the same as or at least simila
those of thed-p model. When Eq.~1.4! or ~3.61! is used for
J, the virtual exchange of high-energy spin excitations
phenomenologically taken into account.68

Because thet-J model is also mapped to the Anderso
model in the SSA,69 local quantum spin fluctuations ar
uniquely characterized by the local Kondo temperatureTK .
Then,t should be determined in such a way thatTK of thet-J
model might be the same asTK of thed-p model or that the
dispersion relations of heavy quasiparticles might be
same as or at least similar to each other between the
models. The self-energy is expanded in such a way that

SJs~ i«n ,k!5SJ0~k!1@12fJm~k!# i«n1••• ~4.3!

for u«nu!kBTK . The dispersion relation of quasiparticles
given by

jJ~k!5
1

fJm~k!
$SJ0~k!12t@cos~kxa!1cos~kya!#2m%.

~4.4!

In the Gutzwiller approximation, it follows that

fJm~k!.1/d. ~4.5!

Because Eq.~4.4! should be approximately equal to E
~3.31!, it follows that

t52
fJm

fm

V2

uep2mu
.2

V2

3uep2mu
.20.21 eV. ~4.6!

Here, thek dependence offm(k) and fJm(k) is ignored;
they are simply denoted asfm andfJm . Because the chemi
cal potential is at the top of the LHB, it follows thated2m
.24utu.20.85 eV.

The t-J model whose parameters are given by Eqs.~1.4!
and~4.6! is a relevant model for cuprate HTS; its low-ener
properties, including critical temperaturesTc , are almost the
same as those of the relevantd-p model within the theoret-
ical framework of Landau’s Fermi liquids. However, ele
e

to

s

e
o

trons in the LHB of thet-J model obtained in this way do
not correspond to electrons in the antibonding LHB of t
d-p model. A little largert than Eq.~4.6! should be used to
describe the antibonding LHB. Thet-J model cannot de-
scribe consistently both low-energy and high-energy prop
ties of the cuprate oxides.

Next, examine whether or not the Hubbard model on
simple square lattice,32,51

HH5(
is

~ed2m!ais
† ais1t (

^ i j &s
ais

† aj s1U(
i

ai↑
† ai↑ai↓

† ai↓ ,

~4.7!

can be a relevant model for cuprate HTS. As long as o
low-energy properties are considered, it is possible thatU in
the Hubbard model is different fromU in the d-p model. In
this section,

10utu<U<5.0 eV ~4.8!

is assumed in order that the formation of the LHB and UH
might occur. The mass renormalization factor in such a c
is not so different from that in the case ofU/utu→1`. Then,
Eq. ~4.6! should be used fort in the Hubbard model~4.7!.

When Eq.~3.46! is used, the superexchange interacti
between the nearest neighbors is calculated in the same
proximation as that in Sec. III C so that

JH5@Up̃s~0!#2RJH
~0! , ~4.9!

with Up̃s(0) given by Eq.~3.42!,

R512
1

pF tan21S G l

m2ed
D1tan21S Gu

ed1U2m D G
~4.10!

and

JH
~0!524t2/U. ~4.11!

In the limit of U/kBTK→1`, G l /utu→10, and Gu /utu
→10, Eq. ~4.9! is reduced to Eq.~4.11!, which is the well-
known result. It follows that

JH
~0!52~0.03520.084! eV ~4.12!

for t520.21 eV andU5(2.125.0) eV.
It is reasonable to assume thatG l5Gu58utuc with c

&1/p. When c50.22 andkBTK50.1 eV are used, it fol-
lows that@Up̃s(0)#250.8320.92 andR50.7820.84. Then,
we obtain68

JH52~0.02720.054! eV. ~4.13!

TheseuJHu ’s are substantially smaller than Eq.~1.4!; Tc’s of
the Hubbard model whose parameters are consistent
those of the relevantt-J model are much lower thanTc’s of
the relevantt-J or the relevantd-p model.

V. DISCUSSION

It is one of the most crucial issues which is the case,
scheme of deep Cu 3d levels or the scheme of shallow C
3d levels. In the scheme of shallow Cu 3d levels, a problem
to be resolved is to explain Cu 2p or 3p resonant XPS spec
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tra; it was argued that a strong resonant behavior of the p
around 10–12 eV below the Fermi-level edge must be e
dence for deep Cu 3d levels.70 On the other hand, there ar
also discrepancies in the scheme of deep Cu 3d levels. Spec-
tra of NEXAFS imply that the ground state is mainly com
posed of (3d)9 and the component of (3d)10L is small.59

Then,

E@~3d!10L#2E@~3d!9#@uVu ~5.1!

should be satisfied, with

E@~3d!10L#2E@~3d!9#5U1~e3d2m!2~e2p2m!

.U2~729! eV. ~5.2!

In Eq. ~5.2!, Eqs.~1.5! and~1.6! are used. When no holes a
doped, the cuprate oxides are insulators. Not only Eq.~2.2!
but also

e3d1U2m.Wu/2 ~5.3!

should be satisfied in order that the UHB might be emp
Both Eqs.~5.1! and ~5.3! require thatU should be about 10
eV or larger than 10 eV. However, such largeU ’s are un-
likely for Cu 3d electrons. It is difficult to explain both Eqs
~1.3! and ~1.4! within the scheme of deep Cu 3d levels.
Furthermore, band calculations totally contradict the sche
of deep Cu 3d levels. Because it seems to be difficult
resolve these discrepancies within the scheme of deep Cd
levels, it is interesting to try to explain Cu 2p or 3p resonant
XPS spectra within the scheme of shallow Cu 3d levels. For
example, it is interesting to examine which is actually t
main Auger process among those argued in Sec. II.

There are two differences in the derivation of thet-J
model from thed-p model between Zhang and Rice’s36 and
this paper. One is that the level schemes of Cu 3d and O 2p
levels are different between the two derivations. The othe
more crucial than this difference. The derivation by Zha
and Rice follows an assumption that the so-called Zha
Rice singlet is formed in each CuO4 cluster. On the other
hand, the derivation in this paper follows the idea th
strongly correlated electron liquids described by thed-p
model or thet-J model are Kondo lattices; local quantu
spin fluctuations are uniquely characterized by the lo
Kondo temperature of the mapped Anderson model. T
crossover demonstrated in the real-space renormaliza
study of the Kondo effect63 implies that, in general, a single
state formed in a small cluster is quantitatively or physica
different from that in a large cluster, that is, the sing
ground state of thes-d or the Anderson model. The transfe
integral between the local singlets in small clusters is diff
ent from that given by Eq.~4.6!.

Effects of high-energy processes on low-energy proper
are often taken into account in a phenomenological man
Because the superexchange interaction is due to the vi
exchange of high-energy spin excitations between the L
and UHB, it is reasonable to add

2
1

2
DJ (

^ i j &n
(
ab

S aia
† 1

2
sn

abaibD(
gd

S aj g
† 1

2
sn

gdaj dD , ~5.4!

to the Hubbard model in order to take into account pheno
enologically the presence of O 2p bands in actual cuprat
ks
i-
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oxides. It is interesting to study numerically such an e
tended Hubbard model withU.8utu and DJ52(0.04
20.07) eV. If the addition of such relatively smallDJ
brings about a substantial enhancement of superconduc
fluctuations atT!TK , the ground state of the Hubbar
model must be superconducting a little away from half fi
ing; it can be confirmed that the Hubbard model belongs
the same universality class as thed-p and thet-J models.

The situation for thed-p model is similar to that for the
Hubbard model. WhenU55.5 eV is used, for example, i
follows thatJd-p.20.06 eV; it is significantly smaller than
Eq. ~1.4!. The actual strength of the superexchange inter
tion may be a little different from that argued in Sec. III C
Critical temperaturesTc sensitively depend on the couplin
constant. If theTc’s of the d-p model are a little lower or a
little higher than the experimentalTc’s, it is reasonable to
add a phenomenological antiferromagnetic or ferromagn
exchange interaction to thed-p model.

When t.20.40 eV is used instead oft.20.21 eV
given by Eq. ~4.6!, for example, it follows thatJH

(0)

52(0.1320.16) eV forU5(4.025.0) eV. The reduction
effects are substantial, so thatJH52(0.1020.11) eV for
c50.22. TheseuJHu ’s are almost the same as Eq.~1.4!. Be-
cause the DOS of quasiparticles forutu.0.40 eV is about a
half of that for utu.0.21 eV, Tc’s of this Hubbard model
are also much lower thanTc’s of the relevantd-p or the
relevantt-J model. It is difficult to explain both of Eqs.~1.3!
and ~1.4! within the Hubbard model.

It was argued in the previous paper23 that the superex-
change interaction involved in the Hubbard model withutu
.0.4 eV and U.6 eV is as strong asJ52(0.10
20.12) eV; the reduction effects were not taken into a
count there. The previous argument23 is irrelevant from a
microscopical point of view. Not only the superexchan
interaction but also effective masses of quasiparticles app
ing in the previous paper should be regarded as phenom
logical ones.

The pairing mechanism due to the virtual exchange
paramagnons, the so-called spin fluctuation mechanism
consistent with that argued in this paper. According to E
~3.35!, the effective interaction appearing in the spin fluctu
tion mechanism is given by

Ū5
1

2
Ul̃s~0!5Up̃s~0!f̃skBTK . ~5.5!

WhenU/kBTK@1, Ū is as large as or a little smaller than
half of the unrenormalized bandwidth. When the super
change interaction is effective, spin fluctuations
xs( iv l ,q) in the whole region of the Brillouin zone contrib
ute to the formation of Cooper pairs. In such a ca
xs( iv l ,q) in Eq. ~3.35! should be accurately treated for th
whole q’s.

The word ‘‘paramagnons’’ is usually used for low-energ
spin excitations in paramagnetic states. It is inadequate
use it for spin excitations whose excitation energies are m
larger than both of the total exchange interaction and
quasiparticle bandwidth, such as spin excitations between
LHB and UHB. It is reasonable to argue that the first term
Eq. ~3.41! is an exchange interaction whose main part is
superexchange interaction. In the second term of Eq.~3.41!,
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@ 1
4 I s( iv l ,q)#2 plays a role of a cutoff function forq. Only

spin fluctuations in a narrow region of the Brillouin zone a
effective; an expansion form can be approximately used
xs( iv l ,q) in Eq. ~3.41!. It is also reasonable to argue th
the enhancement of the exchange interaction, the sec
term in Eq.~3.41!, is mainly due to paramagnons.

The weak-coupling region is defined in such a way t
0,U/utd-pu!8 for the d-p model and 0,U/utu!8 for the
Hubbard model. Strictly speaking, the treatment in this pa
cannot apply to the weak-coupling region. However, its
ive application to the weak-coupling region suggests t
magnetic exchange interactions corresponding toJH given
by Eq. ~4.9! andJd-p given by Eq.~3.50! are small because
of the reduction effects, and that superconductingTc’s are
very low in the weak-coupling region of not only the Hu
bard model but also thed-p model. Numerical studies for th
case ofU/utd-pu.8 or U/utu.8 are interesting in order to
confirm that their ground states are superconducting in a
tain region of hole concentrations.

VI. SUMMARY

Photoemission spectra of high-temperature cuprate-o
superconductors are interpreted consistently with band ca
lations; Cu 3d levels are shallower than O 2p levels by
about 1 eV. The chemical potential shift due to the format
of the lower Hubbard band and upper Hubbard band is
sponsible for small differences about 0.7 eV in the depths
3d and 2p levels between experiment and theory. It is a
gued that about a third of doped holes exist on Cu ions
about two-thirds exist on O ions.

When shallow and broad 3d and 2p levels are considered
in the d-p model, the superexchange interaction is subst
tially reduced; it is reduced fromJ.20.3 eV to J
.20.1 eV within thed-p model whose parameters are co
sistent with band calculations and photoemission spec
e3d2m.23.0 eV for the depth of 3d levels, e2p2m
.24.0 eV for the depth of 2p levels,uVu.1.6 eV for the
hybridization energy between 3d and 2p levels, andU
.(4.525.0) eV for the on-site repulsion between 3d elec-
trons. The reduced one is consistent with the experime
one. Because both of the formation of Gutzwiller’s hea
quasiparticles and the superexchange interaction as stro
J.20.1 eV are involved, such ad-p model is one of the
simplest and relevant effective Hamiltonians for the cupr
oxides; the superexchange interaction is the main pairing
teraction, which is responsible for the formations
dx22y2-wave Cooper pairs between Gutzwiller’s heavy qu
siparticles.

Within the Gutzwiller approximation, effective masses
quasiparticles in thet-J model whose transfer integral be
tween the nearest neighbors is as large ast.20.21 eV are
almost the same as those in the relevantd-p model. Then,
the t-J model witht.20.21 eV andJ.20.1 eV is also a
relevant model for the cuprate oxides. When the reduction
the superexchange interaction is taken into account, on
other hand, both of the formation of heavy quasiparticles
the pairing interaction in the cuprate oxides cannot be
plained within the Hubbard model.
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APPENDIX: RIGOROUS PROPERTIES
OF THE AUXILIARY-PARTICLE t-J MODEL

When four kinds of auxiliary particles are introduced
the same manner as Barnes’,71 the t-J model, Eq.~4.1!, is
mapped to the following auxiliary-particle model:

H̄t-J5(
is

~ed2m!sis
† sis1(

i
ebbi

†bi

1(
i

~2ed22m1UD!di
†di1t (

^ i j &s
āis

† ā j s

2
1

2
J (

^ i j &n
(
ab

S sia
† 1

2
sn

absibD(
gd

S sj g
† 1

2
sn

gdsj dD
1

1

2
U`(

i
~Qi21!2, ~A1!

with eb50,

āis
† 5sis

† bi1sdi
†si 2s , ~A2!

Qi5(
s

sis
† sis1bi

†bi1di
†di , ~A3!

and

U` /utu→1`. ~A4!

There are two methods of statistics for auxiliary particles.
one method,s particles, which are created bysis

† , are fermi-
ons whileb andd particles, which are created bybi

† anddi
† ,

are bosons. In the other method,s particles are bosons while
b and d particles are fermions. We take the former meth
following mean-field resonating valence bond~RVB! theo-
ries, wheres particles are called spinons andb particles are
called holons.72 It is easy to show thatQi at each site is a
constant of motion and

@H̄t-J ,Qi #50. ~A5!

The model~A1! has local gauge symmetries. The mappi
from the t-J model ~4.1! to the model~A1! is exact only
when the local constraint

Qi51for any i site ~A6!

is satisfied; the last term in the model~A1! is introduced in
order to satisfy the local constraint of Eq.~A6!. The creation
operator of electrons,ais

† , in the t-J model corresponds to

āis
† ; it is easy to show that

āis
† ā j t1ā j tāis

† 5d i j dst ~A7!

within the restricted Hilbert space of Eq.~A6!.
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Spontaneous breaking local gauge symmetries
impossible.73 One of the purposes of this appendix is to sh
that even fluctuations corresponding to broken local ga
symmetries identically vanish when the local constraint
Eq. ~A6! is rigorously taken into account.

Because local gauge symmetries are never broken,
obvious that

^sis
† sj s&5d i j ^sis

† sis&, ^bi
†bj&5d i j ^bi

†bi&, ~A8!

and ^di
†dj&5d i j ^di

†di&50. Auxiliary particles are localized
in the sense that intersite elements of these matrices id
cally vanish; they are itinerant through exchange proces
caused by the fourth term in Eq.~A1!. The situation for
auxiliary particles is exactly the same as that for electron
localized magnetic systems: the localization of electro
themselves and the itineracy of spin excitations. It is obvio
that no Fermi surface of auxiliary fermions exists.74

Denote the chronological ordering operator byTt and the
Heisenberg representation of an operatorO by O(t)
[exp(H̄t-Jt)Oexp(2H̄t-Jt). It is easy to show that in the
limit of U` /utu→1`

^Ttsis~t!sj s
† &5H 2d i j ^sis

† sis& for t5201

0 for other t,
~A9!

^Ttbi~t!bj
†&5H d i j ^bi

†bi& for t5201

0 for othert,
~A10!

and^Ttdi(t)dj
†&50 for anyt, with 01 being the inverse of

an infinitely large positive energy. Then, single-partic
Green functions of auxiliary particles identically vanish
that

Si j s~ i«n![2E
0

b

dtei«nt^Ttsis~t!sj s
† &50, ~A11!

Bi j ~ iv l ![2E
0

b

dteiv lt^Ttbi~t!bj
†&50, ~A12!

and

Di j ~ iv l ![2E
0

b

dteiv lt^Ttdi~t!dj
†&50 ~A13!

for finite «n andv l , with b51/kBT. It is easy to understand
that auxiliary particles are confined in the sense that
single-particle excitations are possible.75 It is also easy to
understand the absence of single-particle excitations fro
physical argument that when the local constraint of Eq.~A6!
is taken into account it is definitely impossible to add
remove an auxiliary particle.
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According to Eq.~A12!, fluctuations of holon condensa
tion identically vanish. In a similar manner, it is straightfo
ward to show that

E
0

b

dteiv lt^Ttsi 1s~t!si 2s8~t!si 3s8
† si 4s

† &50. ~A14!

Fluctuations of spinon-pair condensation identically vani
The absence of these fluctuations questions the validity
not only the mean-field approximation76–78 where itinerant
spinons and holons or, more precisely speaking, nonzero
tersite^sis

† sj s& and^bi
†bj& are assumed but also the introdu

tion of intersite gauge fields that are associated with itiner
spinons and holons.79,80

It is obvious that the second-order phase transition of
lon condensation or spinon-pair condensation never occu
this model.81 If the first-order transition of holon condensa
tion or spinon-pair condensation occurred, some sites wo
be empty and some other sites would be occupied by two
more than two auxiliary particles. As long as the local co
straint of Eq.~A6! is satisfied, the first-order transition o
neither holon condensation nor spinon-pair condensation
curs in this model.

In the functional-integral method, the local constraint
usually imposed by the introduction of the so-called aux
iary l fields.82 Note that

Dt

2pE2`

1`

dl i~t!expH 2DtF il i~t!@Qi~t!21#1
l i

2~t!

U`
G J

5
Dt

2pE2`

1`

dl i~t!expH 2DtF1

2
U`@Qi~t!21#2

1
1

U`
$l i~t!1 iU `@Qi~t!21#%2G J ~A15!

for any U` and anyDt. In the limit of U` /utu→1`, Eq.
~A15! gives d„Qi(t)21…. When we compare both sides o
Eq. ~A15!, it is obvious that the two treatments of the loc
constraint, the introduction of the last term in Eq.~A1! and
that of thel fields, are equivalent to each other. In gener
broken symmetries cause only relatively small differences
the total free energy.83 Then, it is reasonable that the saddl
point approximation for the functional integral, which corr
sponds to the mean-field approximation, gives an appro
mate free energy of the originalt-J model.84 However, this
treatment can never verify broken local gauge symmetrie

In conclusion, broken local gauge symmetries in t
saddle-point or mean-field approximation correspond to
physical phenomena in the originalt-J model. The intersite
gauge fields that are associated with itinerant spinons
holons correspond to no physical phenomena in the orig
t-J model either.
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