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for high-temperature superconductors with CuO, planes

Fusayoshi J. Ohkawa
Division of Physics, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan
(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 3 levels are shallower than Op2evels by about 1 eV. When effects of shallow and broddadd
2p levels are taken into account, the superexchange interaction is substantially reduced but still it is as strong
asJ=-0.1 eV within the three-band periodic Anderson model calleddtfpemodel that takes into account
Cu 3d,2_y2, O 2p,, and O D, orbits. Thed-p model whose parameters are consistent with photoemission
spectra is a relevant model for the cuprate oxides; the coupling constamf-fqe-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 higf=a80— 100 K. Thet-J model with
t=—0.21 eV andJ=-0.1 eV is also a relevant model for the cuprate oxides. When the reduction of the
superexchange interaction is taken into account, on the other mgadyf the Hubbard model whose param-
eters are consistent with the two relevant models are substantially lower than Thkr
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[. INTRODUCTION It is certain that HTS in the cuprate oxides, cuprate HTS,
occurs in the vicinity of the Mott-Hubbard transition. Any
In order to explain high-temperature superconductivityrelevant theory of cuprate HTS should take into account that
(HTS) in the cuprate oxides with CuQOplanes, it is indis- it occurs in strongly correlated electron liquids.
pensable to understand their normal states. When no holes On the other hand, the accumulation of experimental data
are doped, they are Mott-Hubbard insulators, each of whictmplies that the formation ofi,2_,2-wave Cooper pairs be-
has an energy gap across the Fermi level between the lowereen quasiparticles in Landau’s Fermi liquids is responsible
Hubbard bandLHB) and upper Hubbard ban@HB).*~®  for cuprate HTS. Within this theoretical framework, the cou-
When enough holes are doped, they become metallic. Howpling constant for superconductivity is approximately pro-
ever, spectra of photoemission spectrosc@®iS or x-ray  portional to the density of stat¢®OS) of quasiparticles and
photoemission spectroscopyPS) of metallic oxides are al- a superconducting pairing interaction; they are mainly ar-
most the same as those of insulating oxfd&sxcept for  gued in this paper instead of superconducting critical tem-
small variations in the vicinity of the Fermi-level edg®. peraturesT,. themselves; it is never a good idea to try to
This implies that the formation of the LHB and UHB occurs predict accuratelyf.'s, which sensitively depend on the cou-
similarly in insulating and metallic oxides. The energy gappling constant.
between the LHB and UHB gives an estimate of the on-site  According to the Fermi-liquid relatiotf, the specific heat
repulsion between electrons. Then, the on-site repulsion beoefficient is given by
tween Cu 8 electrons in metallic oxides is almost the same
as that in insulating oxides, and is larger than the unrenor- 2 L5
malized bandwidth, which is deduced by band calculations. Y=37 Kgp™ (0), 1.9)
The small variations imply the formation of Gutzwiller's
heavy quasiparticle bafdaround the Fermi level. It was With kg being the Boltzmann constant apd (0) the DOS
demonstrated in a recent thettyhat when holes are doped per spin of quasiparticles at the Fermi level. Experimental
a narrow band is formed at the top of a broadband, and it wag's are as large as
argued there that the narrow band is nothing but Gutzwiller’s
heavy quasiparticle band and the broadband is nothing but y=14 mJ/K eV (CuG, mol) 1.2
the LH1Ig>.11 According to Gutzwiller's _theo_r%/or the recent ¢ e cuprate oxides Wit ,~50—100 K213 Then, it
theory; effect.|ve masses _of quaslpartlcles are approxi<|iows from Egs.(1.1) and(1.2 that
mately proportional to 1, with § being concentrations of
doped holes. In the region of smails, however, effective p*(0)=3.0 states/eV spin CuO (1.3
masses estimated from experimental specific heat coeffi-
cients become lighter a8's become smallet?® This dis- It is easy to explain this large* (0) in terms of the forma-
crepancy between theory and experiment was argued in tHe®n of Gutzwiller's heavy quasiparticles.
context of the so-called spin-gap behaviths® Gutzwiller's One of the most crucial issues is the question of what
heavy quasiparticles are renormalized by antiferromagnetiattractive interaction is the main pairing interaction in cu-
exchange interactions or spin fluctuations, so that their effegarate HTS. In general, mutual interactions are caused by the
tive masses become much lighter than those predicted byirtual exchange of bosons or bosonic excitations. For ex-
Gutzwiller's theory. ample, the electromagnetic force is caused by that of pho-
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tons, Yukawa's nuclear force by that of pions, pairing inter-for Cu 3d levels and

actions in conventional Bardeen-Cooper-SchrieffBCS)

superconductors by that of phonons, and so on. Magnetic €xp—pu=—3 eV (1.9
exchange interactions were originally derived by perturbaTOr 0 2p levels®
tion, implicitly or explicitly, in terms ofV/U, V being trans- ’
fer integrals or hybridization matrices arld the on-site
repulsion'® They can also be derived within the framework
of the virtual exchange of bosonic excitations. In this frame- €3g— pu=—2.3 eV (1.7)
work, for example, the superexchange interaction is caused

by that of high-energy spin excitations, pair excitations ofand

electrons in spin channels, between the LHB and Ufi&it

is obvious that as long as the formation of the LHB and UHB €p—u=—3.3 eV. 19

occurs the superexchange interac;tion is present in not only is surprising if such a large discrepancy between theory
insulating phases but also metallic phases. A magnetic exnd experiment is real; band calculations have given so far at
change interaction can also be a pairing mterac'ﬂozﬁ_.lt least good starting points to understand many crystalline ma-
was arguetf that in cuprate HTS the antiferromagnetic SU-terials. If this large discrepancy is real, the theory of band
perexchange interaction is mainly responsible for the formaggjcylations should be critically examined as to why it gives
tion of d,2_,>-wave Cooper pairs; the virtual exchange of gych a large discrepancy for the cuprate oxides. On the other
low-energy spin excitations, which are called paramagnonsand, it is interesting to examine whether or not XPS spectra
plays a less important role than the superexchange interagan be interpreted consistently with band calculations. This
tion. It is likely that the virtual exchange of phonons plays examination is another purpose of this paper.

only a minor role in strongly correlated electron liquids such |t is reasonable to expect that the universality class of the

with u being the chemical potential. On
the other hand, it follows according to band calculatigr&
hat

as the cuprate oxidéS. ~_ Hubbard model is the same as that of th& model and the
The exchange interaction in the cuprate oxides is antiferyround state of the Hubbard model is also superconducting
romagnetic and is as strong’as in a certain region of hole concentrations. On the other hand,
numerical studies of the Hubbard motfef®showed that no
J=-(0.10-0.12 eV. (1.4 significant superconducting fluctuations are developed for

) any hole concentration, at least in the temperature region
When both Egs.(1.3) and (1.4) are phenomenologically considered. These studies imply that the coupling constant of
taken into account, it is straightforward to obtain theoreti-the Hubbard model is so small that Ts's are too low to be
cally Tc=150-100 K for the formation ofl,>_,2>-wave Co0-  treated by numerical studié&.lt is interesting to examine
per pairs?’~*° Within a theoretical framework of the strong why the coupling constant of the Hubbard model is smaller
on-site repulsion, the antiferromagnetic exchange interactioghan that of the correspondirtgd model. The formation of
between nearest neighbors, and the large Fermi surface prgytzwiller's heavy quasiparticles must occur in a similar
dicted by band calculations, it is absolutely definite thds  manner in both of thé-J model, whose on-site repulsion is
for the formation ofd,z_2-wave Cooper pairs are much infinitely large, and the Hubbard model, whose on-site repul-
higher than those of other wav&s®® The main purpose of ~sjon is as large as or larger than the unrenormalized band-
this paper is to argue what is one of the simplest and relevanjdth. Then, a possible argument is that exchange interac-
effective Hamiltonians that involve both Ed4.3) and(1.4).  tions involved in the Hubbard model must be weaker than

The exchange interactiahin thet-J model is a phenom-  those of the correspondirtgd model.

enological term. It is microscopically derived in the pertur- Magnetic exchange interactions such as the superex-
bative scheme in terms &f/U; the on-site repulsion is infi-  change interaction were originally derived for insulating
nitely large in thet-J model. Then, it is certain that when phases where levels of magnetic electrons are deep and sharp
holes are doped Gutzwiller's heavy quasiparticles are formednought® According to band calculations, however, Cd 3
in thet-J model. When a phenomenologickés large as Eq. |evels are shallow and broad in the cuprate oxides. In gen-
(1.4) is used, thet-J model must be a relevant model for eral, an exchange interaction is reduced, when exchanged
cuprate HTS™ Actually, numerical studies imply that the hosons have nonzero lifetime broadening. Then, magnetic
ground state of the-J model in two dimension$ is the  exchange interactions must be reduced in the cuprate oxides.
condensed state af,>_,2-wave Cooper pairs in a certain One of the other purposes of this paper is to study such a

region of hole concentratioris: % reduction effect on magnetic exchange interactions in the
Because cuprate HTS occurs essentially on £planes, d-p and the Hubbard models.

it is reasonable to expect that the three-band periodic Ander- The structure of this paper is as follows. It is argued in
son model called the-p model that takes into account Cu Sec. Il that XPS spectra are consistent with band calcula-
3d, O 2p,, and O 2, orbits is a relevant microscopic tions. It is argued in Sec. Il that thé-p model whose pa-
model for cuprate HTS. TheJ model is approximately de- rameters are consistent with XPS spectra is a relevant model
rived or mapped from thel-p model® In deriving thet-J  for cuprate HTS. It is shown in Sec. IV that the exchange
model, Zhang and Ric assumed that Cudlevels are interaction involved in the Hubbard model corresponding to
much deeper than O2levels, following an interpretation of  the relevant-p or the relevant-J model is weaker than Eq.
XPS spectra®®’ that (1.4). A discussion is given in Sec. V. A summary is given in

Sec. VI. In the Appendix, several rigorous properties for the

€3¢— m=—(10—12) eV (1.5 auxiliary-particlet-J model are argued.
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II. SHALLOW Cu 3 d LEVELS E[(3d)10L2]—E[(3d)9]

Direct processes of XPS in the cuprate oxides ad){3 =Ugg+ U+ (30— ) —2(€x0— ). (2.8
+hy—(3d)®+e  and ()°+hv—(3d)°L+e, where | ot Upp* (€30 =) =2 ezp= st
(3d)? stands for the ground state of €uions, hy for a  According to Eq.(2.4), Eq. (2.3 is nothing but the depth of
photon,e~ for an emitted electron, arldfor a 2p hole on O 2P levels measured by XPS. When other Cd Grbits are
ions. On the other hand, the initial processes of resonant xP&xplicitly taken into account, the configuration of d)84s
are (H)°+hv—p(3d)® and (&)°+hv—p(3d)%s can be treated. Its excitation energy is substantially larger

= . . than Egs(2.6) and(2.7):*®

wherep stands for a B or 3p core hole on a Cu ion. Then,

the Auger processes ofp(3d)°—(3d)8+e” and E[(3d)74s]— E[(3d)®]=U g+ (e4s— 1) — 2( €3g— ).

p(3d)°4s—(3d)’4s+e occur. If electron correlations be- (2.9
tween O D electrons and Cu core holes are substantial, the

following Auger processes also occup(3d)°— (3d)°L Our interpretation of XPS spectra is essentially the same
+e, p(3d)°—(3d)1%L2+e", p(3d)°4s—(3d)%4sL as previous oneS:>°According to band calculatiorS;* Cu

+e~, andp(3d)%4s— (3d)%4sL2+ e~ . Because the hybrid- 3d levels are shallower than Qpdevels by about 1 eV, as is
ization between Cu@and O 2 orbits is strong, the mixing Shown by Eqs(1.7) and(1.8):
among (31)8, (3d)°L, and (3d)%? and the mixing among o
(3d)74s, (3d)®asL, and ()%4sL? in final states can €3~ €2p=1.0 eVv. (210
never be ignored in the direct and the Auger processes. I[fhe main peak around 3.5 eV below the Fermi-level edge
these processes are effective, an interpretation of XPS specerresponds to Eq$2.4) and(2.5), so that
tra consistent with band calculations is possible.

Consider a cluster of CuQon a plane, which includes €3¢~ u=—-3.0 eV (2.1
only a Cu 3l,2_,2 orbit, a Cu 4 orbit, and a linear combi-

and
nation of four O 2 orbits that has th&®—y? symmetry:

€2p—pu=—40 eV. (2.12

He= 2, (€45~ w)Nso+ 2, (€30— 1)Ngo+ UgaNg N The satellites around0—12 eV below the Fermi-level edge
7 7 correspond to Eq92.6), (2.7), (2.8), and (2.9),*"* so that
€1s—pn=(2—4) eV, U,p;=2 eV, and

+ ) (€2p— )NpytUpoNp Ny, (2.1)
g P TR TRRTRER Ugg=(4—T7) eV. (2.13
with n,,’s (v=d, s, or p) number operators. It is as- Equation(2.2) is satisfied for thesg parameté?s.
sumed that the on-site repulsitahy is so strong th4f Note thatezg—u and e;p—u given by Egs.(2.11) and
(2.12 are lower by about 0.7 eV than those given by Egs.
€3q+ Ugq— u>0, (2.2 (1.7 and (1.8), respectively. It is argued in Sec. Il A that

o when the chemical potential shift due to electron correlations
and thatezq— <0, €5+ Upp—u<0, andeys—u>0. No  is taken into account this discrepancy is resolved.
hybridization between different orbits is taken into account;

only excitation energies of XPS can be argued, but no line ll. d-p MODEL
shapes can be argued. .
Although the ground state of this cluster model is A. Doped holes on Cu and O ions

(3d)(2p)?, it is denoted as (8)° in this paper. The energy ~ When Cu 3 levels are actually shallow, doped holes
of the ground state isE[(3d)%]=(ezq—u)+2(ezp—p)  Must exist on not only O ions but also Cu ions. One of the

+U,,. Define an effective depth of2levels by purposes of this subsection is to examine how many holes
exist on Cu ions.
€2p=€2p+ Upp. (2.3 Consider thed-p model in two dimension#?

Excitation energies from @° are given b}’ Hap=S (esq—wdldyt S S (e3—m)chyy
e~ oo Sy T vio“vvio

EL(3Q)°LI-E[(3)°]= ~(ezp—pr), (24
vorgt e T d
E[(30)°1E[(30)°]=—(esg- 1), (29 "%y g VLot e
E[(3d)94SE2]_E[(3d)9]=Upp+(64s_ﬂ)_2(52p_,€¢2)16) +U2i diJerdeiTldil. (3.9

whered! , cl. . andc!. are creation operators of a Cudl3
E[(3d)845E]_ E[(3d)°] electron with spinr at I):/2i=a(ix ,iy), an O 2, electron with
=(ess— )~ (€3g—p)—(ep—p), (2.7 SPino atX;=a(ix+3.i,), and an O P, electron with spin
oatYi=a(iy,iy+ 1), respectively, with andiy being in-
and tegers and the lattice constant. As one of the simplest mod-
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els, V(”)’s are assumed to be nonzero only between the near- kg T=[1/x<s(0)]1_0k- (3.11

est nelghbors in such a way thht .
Note thatkgT«/U<1 in strongly correlated systeri$To

(—1)x7Ixv  for Ri—X;=(*a/2,0), leading order inkgT /U, the susceptibility due ta elec-
Viy= 0 for other pairs 3.2  trons in thed-p model is given by
and . Xs(i®)
- xsliop Q)=—F—————, (312
V,(_): (—1))/ lyv forRi—Yj=(0,ia/2), 33) 1_le(iwllq)Xs(iwl)
b 0 for other pairs. ' _
In the model(3.1), Uyq in Sec. Il is simply denoted by; with
€2p is defined by EQ(23) Is(iw| ,Q):ZUZAWs(i(m .q). (3.13
WhenU is zero, thed-p model (3.1) is easily diagonal- ) ] _ _ _ _
ized in such a way that Equation(3.12 is consistent with a physical picture of the

Kondo lattice that local spin fluctuations at different sites
interact with each other by an intersite exchange interaction,
Et(k):§(53d+ €2p~ 2H) I(iw;,q), which is antiferromagnetic for the cuprate oxides.
If the d-p model is actually a relevant model, the cuprate-
oxide high-temperature superconductors are Kondo
ii‘/( €30~ €2p)°+ 16V*S(K), B4 |attices’ Only low-temperature cases & Ty are consid-
ered in this papet®
When the self-energy of & electrons is given by
> .(ien,k), single-particle excitations are obtained by solv-

S(k)y=1- %[cos{kxa)Jrcos{kya)], (3.5 ing

with

for the antibonding band denoted byand the bonding band e+i0+p—e3q—2,(e+i0,k) 2VyS(k)
denoted by—, respectively, andey(k) = €,,— u for the de- 2VS(K) e+i0+u— ey =0.
coupled 2 band. In the case of five electrons per unit cell,

(3.19
=> (df d,)+> (¢l c,i,)=5, (3.6)  The self-energy fofe|>kgT is evaluated in the so-called
o 7 v " Hubbard | approximatioh,which is a SSA, so that
the chemical potential is at the center of the antibonding 1 1-n
band atT=0 K; the dispersion relation of the antibonding . . = 4=
band is given bV |8n+/'l’_63d_2(r(|8n!k) lent u—e€zqg
E., (k) =2ty [cogk,a) +cogk,a)], (3.7) b Mo
|8n+ILL_63d_U,
with
(3.19
—_\2 _
tap=—V/|€sat e2p— 24 (3-8 with en=(2n+1)7kgT and ng,=(d! d;,) the average
in the vicinity of the chemical potential. number of 3 electrons with spino per unit cell. Single-

Consider the case of nonzeloor U |t p| Every physi-  particle spectra are split into the LHB arouagy— u and the
cal property is divided into a single-site term and a multisiteUHB aroundezg+U — u. We conflne ourselves to consider-
term. For example, the polarization function in spin chan-ing the case ofi;=5 or ny,=3. When the LHB is argued,
nels, 7¢(iw| ,q), is written in such a way that , ) .
ientu—e€sg—2,(ien,K)=2(ient n—€39) (3.19
miw),q) =7iw)+Ariw,q), (39  can be approximately used. The dispersion relations of the
antibonding and the bonding bands of the LHB are obtained

where 7¢(iw)) is the single-site term and 7(i w,,q) the in such a way that

multisite term. The single-site term is identical to its corre-

sponding term of the Anderson model mapped fromdfe 1

model (3.1) in the single-site approximatiofiSSA) or to Fo(k)= (63d+ €2p—21) % \/(63d €2p) 2+8V?S(k).
leading order in I, with d being the spatial

dimensionality>>~>® Then, (3.17

~ . ~ . ~ . When the UHB is argued,

xs(iw)=27g(iw)/[1-Unyiw)] (3.10
is nothing but the susceptibility of the mapped Anderson lentp—esa=2o(ien k) =2(ient n—eq—U) a1
model. The local Kondo temperatufg or kgTy is defined (3189
as the temperature or energy scale of local quantum spican be approximately used. Equatig14) gives two solu-
fluctuations in such a way that tions
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1 AS (ien,K)=ASo(K) +[1—Ad(K) ]isy+ - - -
Ef (K)=5 (eaq+ U+ ep—20) " TN 32

1 for |e,|<kgTk. Then, the dispersion relation of quasiparti-
=5 \(€atU—e)7+8VZS(K). (319  Clesis given b§

The antibonding solutiorE}, (k) describes the dispersion k):E WHQ —u)
relation of the UHB. The bonding solutidg:_ (k) should be 2 (k) P
discarded, because E@3.18 can never apply to states > 5
around or below the chemical potential. +E\/ €aat 2o(k) —u (e p)| + 16v S(k)
When a small number of holes are doped, the chemical 2 dm(K) 2p— M dm(K) '
potential should be at the top of the antibonding band of the
LHB, Ef, (k), so that (3.26
with
(€30— w)(€2p— p) =4V, (3.20 _
The chemical potential moves upward from the band center Pm(K) = dmT A dp(k) (3.27)
to the band top due to electron correlations or the formatioryng
of the LHB and UHB. According to band calculatiofisthe
hybridization matrix is as large as So(K) =30+ A3 o(K). (3.29
V|=1.6 eV. (3.2)  Note that the Fermi-surface sum rule requires
It follows from Egs.(2.10), (3.20, and(3.21) that 34— u | €30+ 20(K) — | <2V?/| €35 p] (3.29

=—2.7 eV andezg—p=—3.7 eV. When the broadening
of the LHB due to electron correlations and the hybridizationin the case of & <1.
is taken into account, these values will become a little large; According to Gutzwiller's theoryor the recent theor,
they are consistent with Eq&.11) and(2.12. In this paper, both of which are in SSA's, it is reasonable to assume that
Egs.(2.11) and(2.12), which include the chemical potential -
shift, are assumed fatsy— u ande,, — u, respectively; Eqs. Gm=1/(1—ny)=3/6. (3.30
(2.1D3<1 paenddr(li.lil) ;‘Crg isstl;]nget’gpf(;? tire]zdl_l\H/lB, r\?\lsr?:r::tgﬁig Intersite terms vanish in any SSAA¢,(k)=0 and
u y : = — > — Py

or (3.16 is used, the spectral weight oti3lectrons in the AEO(k)_ZO' Bezczius§| €ap— 1|>[€gat Zo(K) — ul/ by ar_1d
LHB is about a half of that of @ electrons. Then, it is |€2p— #|">16V*/ ¢y, in the case of & 5<1, Eq.(3.26 is
straightforward to argue that about two-third of doped holetPProximately given by
exist on 8O ions while about a third of doped holes exist on 1

. 5 .
Cu ions;® it follows that £(K)= 2! €3qSo(K)—

1 m
— ——[cogk,a)+cogk,a)] (3.31

with §=5—ng being the concentration of doped holes. Smalll |€2p=

variations were observed in extended x-ray absorption fingor k’s in the vicinity of the Fermi surface.

structure(EXAFS) or near-edge EXAFENEXAFS),* when In the SSA or to leading order in d/ the local Kondo

holes are doped. These small variations are consistent Wiﬁl@mpera{uré{BTK is approximately given by a quarter of the
Eq. (3.22; for example, the valence of Cud3electrons is  heavy-electron bandwidf;*°so that
decreased by about 1/20 per Cu ions &¢0.15 according

nd:ndT‘Fndl:l_

to Eq. (3.22. 2Vv2
keTy==———=0.43 5 eV (3.32
B. Gutzwiller's heavy quasiparticles Pl €2~ 1
The self-energy of 8 electrons,s ,(isy,k), is divided and
into a single-site termi(isn) and a multisite term . 1 0.58 )
A3 (ie, k), so that p (0):m: 5 states/eV spin CuQ (3.33
S (e, K)=S(iey) +AS (e, K). (3.23 ExperimentalT.'s as a function of§ reach their maximum

_ _ _ , aroundd=0.152 It follows thatkgTx=0.064 eV and
Note that the single-site term is also equal to its correspond-

ing term of the mapped Anderson model. They are expanded p*(0)=3.9 states/eV spin CuO (3.39

in such a way that . . .
for 6=0.15. Thisp*(0) is a little larger than Eq(1.3).

ia ie)=S +[1—d lig.+--- 32 In t_his paper, the (enormalizatiop of qugsiparticles_is ar-
(1en) =20+ [1= dmlien (3.29 gued in a SSA. Intersite exchange interactions and spin fluc-
and tuations also renormalize quasiparticles. There are two types
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of renormalization. One is the mass enhancement due tQere, the energy dependencesiqfic,+iw) ,ic,) are ig-
A¢m(k); p*(0) is enhanced furthermore. The other is thenored, because we are concerned with low-energy processes
mass reduction due W2, y(k); it was shown in the previous of |en|<ksTk and|e,+ )| <kgTk. In Eg.(3.39, N is the
papers**® that thek dependence oAX (k) makes quasi- number of unit cells. In Eq(3.40, the subtraction of intra-
particles light. A part of the discrepancy between H4s3)  site terms is assumed.

and (3.34 can be explained in terms of the latter type of According to Eq.(3.40, |(iw,,q) is enhanced by anti-
renormalization, at least. ferromagnetic spin fluctuations, whose development is due to

The SSA is expected to be good enough in the region (i, ,q) itself% Equation(3.40 is also written in such a
where local quantum spin fluctuations are more substantialay that

than intersite spin fluctuations. In the region 0.2, Eq.

(3.33 is actually consistent witlp* (0)’s of the cuprate ox- . i 1 2

ides, which are estimated from experimental temperature- 7!~ (1@1,) = 7ls(tw,a)+| Z1s(fw;,q) | xs(iw;,q).
linear specific heat coefficients. (3.41)

The second term is nothing but the enhanced part. According

. 20 _ _ to Eq.(3.39, Un(0)¢s is an effective vertex function for
In the previous papers;?°the superexchange interaction the enhanced exchange interactign? (i w, ,q). It follows
was derived within the theoretical framework of the virtual from Egs.(3.10 and (3.11) that s '
f (3. )

exchange of spin excitations. In this subsection, the previou

C. Reduction of the superexchange interaction

study is extended to take into account the broadening of the _ U/kgT
LHB and UHB due to electron correlations and the hybrid- UwS(O)zm, (3.42
ization, which causes the broadening of exchanged spin ex- BIK
citations. which is about unity fold/kgT¢>1. Then,
When the single-site vertex corrections are taken into ac-
count, a magnetic pairing interaction is giverPby UT(0)ps>1 (3.43
) 1 2 o ) for U/kgT¢>1; the effective vertex function plays an essen-
Ys(iw,q)= ZU Ns(ieptiw) ien) xs(io,q), tial role®®

(3.3 In metallic phases, the virtual exchange of pair excitations
- of Gutzwillers heavy quasiparticles in spin chanrf@ls,
with Ag(ieq+iw ,ie,) being the irreducible single-site ver- \which is denoted byl(i w,q) here, can also play a role as
tex function for spin channels. According to the Ward- el as the superexchange interaction, which is denoted by
Takahashi identity? it follows that J«(q) here®” When small irrelevant terms are ignored, it fol-

~ ~ ~ - - lows that
As(0,0=¢{1-Umy(0)]=2¢sms(0)/xs(0), (3.36 . _
with Is(i o, aq):Js(Q)+JQ(|wI Ne)B (3.44
~ - It was discussed in the previous papehatJ (q) dominates
hs={1—[dZ;(0)/dH* T}y« . (330 Jo(iw,q) in the cuprate oxides. When only the nearest-

neighbor terms ofly(q), which are the most effective, are

. P
Here,H* is an infinitesimally small Zeeman energy ofl 3 taken into account. it follows that

electrons. Note thads/ ¢, is nothing but the Wilson ratio
for the mapped Anderson model so that Js(@) =234 [cogaa) + cogqya)] (3.45

bl =2 (3.39 in the momentum-space representation, wigt), being the

63 ) . strength between nearest neighbors. The reduction effect on
for U/kgTx>1."" The intrasite part of Eq:3.35 can play no Jop is examined in the following.

essential role in the formation of Cooper pairs; the total in- ~ penote the site-diagonal part of the single-particle Green
trasite term is definitely strongly repulsive. When |ntra5|tefunction for 3 electrons byG,(ie,)), which is also equal to

terms are subtracted, E(g.35 turns out to be the single-particle Green function of the mapped Anderson
model. In this paper, a phenomenological

1
Yo=Yl - g2 Yoiona)

~ . 1_ndfo'
. Gy(ien)= —
:[U;’TS(O)]Z'&Z_I*“(DI q) (3 39) |8n+lu’_€3d+0-H +|FISgr(8n)
s4 ' .
Ng—o
with +- —_
ientu—e€zq—U+oH*+il" sgne,)

1

o) (349
1 4 . . : . . :
ZI*(iw' Q)= . (3.40 is used in order to take into account high-energy pair excita-

tions between the LHB and UHB. EquatidB.46) is ob-

1= 71t a)xs(ior) tained in a SSA called the Hubbard 11l approximatfothen
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the DOS of unrenormalizedd3electrons is approximated by
a Lorentzian shape. Although the level width of the LHB

is equal to the level width', of the UHB in this approxima-

tion, it is assumed thak, andI',, are different from each

other. The site-diagonal part of the single-particle Green

function for 2p electrons is assumed to be given by

1

ientu—exptilpsgnie,)’ 347

instead of Eq(3.18 of Ref. 20. Herep(v') is 2p, or 2p, .
According to the Ward-Takahashi identfyjt follows that

fOI’ |8n| >kBTK
‘|H*—>0
74(0) [ 1

é%(isn)[i8n+ﬂ_63d+ir| sgn(ey)

GVV’(T(i 8n) = 51}1}’

Nelien,ien)=[1—-UT(0)]

dH* G (iey)

1
ieptpu—ezq—U+il' sgne,)

(3.48
Here, higher-order terms inkgTy/|esq+U—pu| and
kgTk /| u— €34| are ignored, and
AN L0 3.4
dH* » O_EUXS( ) (3.49

is made use of.
Following the treatment of Ref. 20, it is straightforward to
calculateJy., so that

Jap=[UT(0)1%34, (3.50

with U7r¢(0) given by Eq.(3.42, and

-2

/ 1

2 N 1 1)

n — —_—
(2-2)° ~% (z-2)2\% %
2 1 /1

.
n —_—
(22~ (2-z)% % %

Jgp=——1Im| —
d-p T !

-2,

2In(—z) 2In(—z,)

(zo-2)(z1—2p) (24— 2)(24—2p)?

2(z1+2,—22)In(—2z,) 2
(21— 2,) (24— 2,)? 2,(z1—2,)(24—2Zp) |
(3.51
Here,z, z,, andz, are given by
Z=e3q— p—il), Zp=ep—p—ily, (3.52
and
z,=€3qtU—pu—il,. (3.53
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There are two types of reduction effects. One is due to non-
zerol'y, I'y, andI',. This can be regarded as the effect of
the broadening of exchanged spin excitations. The other is
due toU74(0)<1 or finite U/kgT .

In the limit of U/kgTx— +<°, I'}/|V|—+0, andl",/|V|
—+0, Egs.(3.50 and(3.5)) are reduced to the well-known
result

IP= LA E + (3.59
dp (€3d+U_62p)2\;U 63d+U_62p . .
For example, consider the parameter region of
45 eV=U<5.0 eV. (3.595

TheseU’s are consistent with Eq2.13. When Eqgs(2.11),
(2.12, and(3.21) are used, it follows that

J=—(0.27-0.35 eV. (3.56

These|J{)|'s are about 3 times as large as Ef1.4).
When e34=¢€,, is taken into account in E¢3.17), the

bandwidth of the LHB is estimated in such a way that

W,=4V=6.4 eV. (3.57
When the strong hybridization betweed and 2 levels is
considered, it is reasonable to assume that

I=T,=cW. (3.59

In this schemegc is a constant a little smaller than A/
=0.318 ... . Thebandwidth of the UHB is estimated from
Eg. (3.19 in such a way that

W,=(1.4-1.5) eV (3.59
for U’s given by Eq.(3.59. In this paper,
I'y=cW, (3.60

is approximately used. The reduction due to nonzEro
=I', and T'y is substantial, so thatJy,=—(0.10
—0.15) eV forU’s given by Eq.(3.55 andc=0.22. When

ksTc=0.1 eV is used, it follows thdtU7¢(0)]2=0.92; the
reduction due tdU7r¢(0)]? is small. Then, we obtain

Ja-p=—(0.09-0.19 eV. (3.61

Although theJy.y’s depend orx, Eq. (3.6 is at least con-
sistent with Eq(1.4).

When a similar value ody., to Eq.(3.61) is assumed and
both Jo(iw;,q) and the enhancement effect are taken into
account, it is straightforward to obtaifi,=50—100 K.%
The d-p model whose parameters are given by H@sl)),
(2.12), (3.21), and (3.55 is a relevant model for cuprate
HTS.
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IV. t-J AND HUBBARD MODELS trons in the LHB of thet-J model obtained in this way do

not correspond to electrons in the antibonding LHB of the

d-p model. A little largert than Eq.(4.6) should be used to

N . describe the antibonding LHB. ThieJ model cannot de-

Hia= E (€g—p)aj,ai,+t 2 8i,8jo scribe consistently both low-energy and high-energy proper-
7 (i ties of the cuprate oxides.

Consider thet-J model on the simple square lattite®!

1 E z N 1 " E " 1 45 Next, examine whether or not the Hubbard model on the
-=J al, o5 a, -o’a; ' ices5t
2V, o | Hag 0 Sis| o | By T %o simple square latticé?
= — T a T a. Ta . afa
+UDZ alaa ), @.1) HH_% (g M)aigalo+t<ij)o awaJU+UZ alaial &,

(4.7)

can be a relevant model for cuprate HTS. As long as only
low-energy properties are considered, it is possible that
the Hubbard model is different frotd in the d-p model. In

UD/|t|—>+oc. (4.2) this section,

No doubly occupied sites can exist because of B). 10t{<sU<5.0 eV (4.8
A question is what andJ should be used in order that the

with t the transfer integral, the summatii) over the near-
est neighbors;r;“ﬁ the (¢B)th component of the Pauli matrix
(v=Xx, vy, orz), and

; is assumed in order that the formation of the LHB and UHB
t-J model might be a relevant model for cuprate HTS. Theyjgnt occur. The mass renormalization factor in such a case
susceptibility of thet-J model is written in the same form as 5 1o+ so different from that in the caseldf|t| - +c. Then

Eq. (3.12; local spin fluctuations and intersite interactions Eq. (4.6) should be used forin the Hubbard mode(4.7). ’
between them should be the same as or at least similar to \ynan Eq.(3.46 is used, the superexchange interaction

those of thed-p model. When Eq(1.4) or (3.61) is used for  poqyveen the nearest neighbors is calculated in the same ap-
J, the virtual exchange of high-energy spin excitations iSproximation as that in Sec. Il C so that

phenomenologically taken into accolfft.
Because thé-J model is also mapped to the Anderson In=[UT(0)]2RIY, (4.9

model in the SSA? local quantum spin fluctuations are

uniquely characterized by the local Kondo temperaflige ~ with U7((0) given by Eq.(3.42,

Then,t should be determined in such a way thatof thet-J

model might be the same d% of thed-p model or that the R=1— i

dispersion relations of heavy quasiparticles might be the T

same as or at least similar to each other between the two (4.10

models. The self-energy is expanded in such a way that

tan *

and
255(ien,K)=230(K) +[1=Pyn(K)]ig,+--- (4.9 \]5_'0):_4t2/u_ (4.11)
fgc:\r/(lﬁni;kBTK. The dispersion relation of quasiparticles is In the limit of U/kgTg— +2, T\/|t|—+0, and T',/[t|
—+0, Eq.(4.9 is reduced to Eq(4.11), which is the well-
1 known result. It follows that
£a(k) = Z—q 5 {Za0(k) + 2t[codkea) + codkya) ]~ u}. o
Im 4.4 J9=—(0.035-0.084 eV (4.12

fort=—0.21 eV andU=(2.1-5.0) eV.

It is reasonable to assume thB{=I",=8|t|c with ¢
Gm(K)=1/5. (4.5 =<1/w. Whenc=0.22 andkgTx=0.1 eV are used, it fol-
lows that[ U7r¢(0)]?=0.83—0.92 andR=0.78-0.84. Then,
we obtair?®

In the Gutzwiller approximation, it follows that

Because Eq(4.4) should be approximately equal to Eq.
(3.32), it follows that

PR V2 Ju=—(0.027-0.054 eV. 4.13

b lep—ul Blep—ul

t= —0.21 eV. (4.6

These|Jy|’s are substantially smaller than Ed..4); T.'s of
o the Hubbard model whose parameters are consistent with
Here, thek dependence ofyn(k) and ¢;m(k) is ignored;  those of the relevarttd model are much lower thafi,’s of

they are simply denoted a%, and¢;,,. Because the chemi- the relevant-J or the relevant-p model.
cal potential is at the top of the LHB, it follows that— u

=—4|t|=-0.85 eV.

The t-J model whose parameters are given by EGs4)
and(4.6) is a relevant model for cuprate HTS; its low-energy It is one of the most crucial issues which is the case, the
properties, including critical temperatur€g, are almost the scheme of deep Cudlevels or the scheme of shallow Cu
same as those of the relevalhp model within the theoret- 3d levels. In the scheme of shallow Cud 3evels, a problem
ical framework of Landau’s Fermi liquids. However, elec- to be resolved is to explain Cyp2or 3p resonant XPS spec-

V. DISCUSSION
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tra; it was argued that a strong resonant behavior of the peaksides. It is interesting to study numerically such an ex-
around 10-12 eV below the Fermi-level edge must be evitended Hubbard model withJ>8|t| and AJ=—(0.04
dence for deep Cu@levels’® On the other hand, there are —0.07) eV. If the addition of such relatively smaNJ

also discrepancies in the scheme of deep @Ueels. Spec- brings about a substantial enhancement of superconducting
tra of NEXAFS imply that the ground state is mainly com- fluctuations atT<Ty, the ground state of the Hubbard
posed of (3)° and the component of (BlOL is small>®  model must be superconducting a little away from half fill-

Then, ing; it can be confirmed that the Hubbard model belongs to
10 0 the same universality class as ttigp and thet-J models.
E[(3d)"L]—E[(3d) 1=V (5.1) The situation for thed-p model is similar to that for the
should be satisfied, with Hubbard model. Whety=5.5 eV is used, for example, it
follows thatJy,=—0.06 eV; itis significantly smaller than
E[(3d)™L]—E[(3d)°]=U+ (€34~ u) — (€2p— 1) Eq. (1.4). The actual strength of the superexchange interac-
tion may be a little different from that argued in Sec. Il C.
=U—(7-9) eV. (52 Critical temperatured . sensitively depend on the coupling
In Eq.(5.2), Egs.(1.5 and(1.6) are used. When no holes are constant. If theT;’s of the d-p model are a little lower or a
doped, the cuprate oxides are insulators. Not only (B®) little higher than the experimentdl.’s, it is reasonable to
but also add a phenomenological antiferromagnetic or ferromagnetic
exchange interaction to thbp model.
€3¢+ U—u>W,/2 (5.3 When t=—0.40 eV is used instead df=—0.21 eV
should be satisfied in order that the UHB might be emptydiven by Eq. (4.6), for example, it follows thatJ(
Both Egs.(5.1) and (5.3 require thatU should be about 10 = —(0.13-0.16) eV forU=(4.0-5.0) eV. The reduction

eV or larger than 10 eV. However, such largés are un-  effects are substantial, so that=—(0.10-0.11) eV for
likely for Cu 3d electrons. It is difficult to explain both Egs. €=0.22. ThesaJy|'s are almost the same as H4.4). Be-
(1.3 and (1.4 within the scheme of deep Cud3levels. cause the DOS of quasiparticles fof=0.40 eV is about a
Furthermore, band calculations totally contradict the schemgalf of that for [t[=0.21 eV, T's of this Hubbard model
of deep Cu 8 levels. Because it seems to be difficult to are also much lower thafi;'s of the relevantd-p or the
resolve these discrepancies within the scheme of deepdCu Jelevantt-J model. It is difficult to explain both of Eq$1.3)
levels, it is interesting to try to explain Cyp2r 3p resonant  and(1.4) within the Hubbard model.

XPS spectra within the scheme of shallow Cdil8vels. For It was argued in the previous pafiéthat the superex-

example, it is interesting to examine which is actually thechange interaction involved in the Hubbard model with

main Auger process among those argued in Sec. II. =0.4 eV and U=6 eV is as strong asJ=-—(0.10
There are two differences in the derivation of thd —0.12) eV; the reduction effects were not taken into ac-

model from thed-p model between Zhang and Ric®sand  count there. The previous argum@his irrelevant from a
this paper. One is that the level schemes of @uad O 2  Microscopical point of view. Not only the superexchange
levels are different between the two derivations. The other ighteraction but also effective masses of quasiparticles appear-
more crucial than this difference. The derivation by Zhanging in the previous paper should be regarded as phenomeno-
and Rice follows an assumption that the so-called Zhanglogical ones. . _
Rice singlet is formed in each CyQluster. On the other ~ The pairing mechanism due to the virtual exchange of
hand, the derivation in this paper follows the idea thatParamagnons, the so-called spin fluctuation mechanism, is
strongly correlated electron liquids described by the ~ consistent with that argued in this paper. According to Eq.
model or thet-J model are Kondo lattices; local quantum (3-39, the effective interaction appearing in the spin fluctua-
spin fluctuations are uniquely characterized by the locafion mechanism is given by
Kondo temperature of the mapped Anderson model. The
crossover demonstrated in the real-space renormalization U=
study of the Kondo effelf implies that, in general, a singlet
state formed in a small cluster is quantitatively or physically — )
different from that in a large cluster, that is, the singlet'WhenU/kgT«>1, U is as large as or a little smaller than a
ground state of the-d or the Anderson model. The transfer Nalf of the unrenormalized bandwidth. When the superex-
integral between the local singlets in small clusters is differ-change interaction is effective, spin fluctuations or
ent from that given by Eq4.6). xs(iw;,q) in the wh.ole region of the Bplloum zone contrib-
Effects of high-energy processes on low-energy propertie§t® to the formation of Cooper pairs. In such a case,
are often taken into account in a phenomenological mannes(i @i.d) in Eq. (3.39 should be accurately treated for the
Because the superexchange interaction is due to the virtu#fholea’s.

exchange of high-energy spin excitations between the LHB The word “paramagnons” is usually used for low-energy
and UHB, it is reasonable to add spin excitations in paramagnetic states. It is inadequate to

use it for spin excitations whose excitation energies are much

larger than both of the total exchange interaction and the
' (5.4 quasiparticle bandwidth, such as spin excitations between the

LHB and UHB. It is reasonable to argue that the first term in
to the Hubbard model in order to take into account phenomgg. (3.41) is an exchange interaction whose main part is the
enologically the presence of OpZbands in actual cuprate superexchange interaction. In the second term of(8d.),

UXs(0)=U7(0) ks Tk - (5.5

N| =

1
|a2

1
al, >0,

a iro

TSP

(ij)v aB

>

Yo

O'g'Baiﬁ
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[31(iw,q)]? plays a role of a cutoff function fog. Only ACKNOWLEDGMENTS

spin fluctuations in a narrow region of the Brillouin zone are  The author thanks Noriaki Hamada for useful discussion.
effective; an expansion form can be approximately used foHe is also thankful to Atsushi Fujimori for valuable com-

xs(iw;,q) in Eq. (3.41). It is also reasonable to argue that ments. This work was partly supported by a Grant-in-Aid for
the enhancement of the exchange interaction, the secorfécientific ResearckC) No. 08640434 from the Ministry of
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The weak-coupling region is defined in such a way that
0<U/|ty.p|<8 for thed-p model and 8<U/|t|<8 for the APPENDIX: RIGOROUS PROPERTIES

Hubbard model. Strictly speaking, the treatment in this paper OF THE AUXILIARY-PARTICLE  t-J MODEL

pannot qppl_y to the weak-coupling_ region._ However, its na- When four kinds of auxiliary particles are introduced in
ive application to the weak-coupling region suggests thal,a same manner as Barnésthe t-J model, Eq.(4.1), is

magnetic exchange interactions correspondingl,fogiven mapped to the following auxiliary-particle model:
by Eq. (4.9 andJg., given by Eq.(3.50 are small because

of the reduction effects, and that superconducfints are _E T 2 +

very low in the weak-coupling region of not only the Hub- 73~ > (€4 M)SigSict i €07 b;

bard model but also theé-p model. Numerical studies for the

case ofU/|ty|>8 or U/[t|>8 are interesting in order to

confirm that their ground states are superconducting in a cer- +E (2e4=2p+Up )d di+t %U a‘”

tain region of hole concentrations. 1 1
__JZ 2 ( |a2 aﬁslﬁ 2 ( 1720'75516>

(ijyv aB

N

VI. SUMMARY

=

Photoemission spectra of high-temperature cuprate-oxide * Euwzi: (Qi—1)%, (A1)
superconductors are interpreted consistently with band calcu-
lations; Cu 3 levels are shallower than Op2levels by  With €,=0,
about 1 eV. The chemical potential shift due to the formation — ;
of the lower Hubbard band and upper Hubbard band is re- aj,=Si bt odisi_g, (A2)
sponsible for small differences about 0.7 eV in the depths of

3d and 2 levels between experiment and theory. It is ar- _ e o4t
gued that about a third of doped holes exist on Cu ions and _g SioSio Dby did;, (A3)
about two-thirds exist on O ions.
When shallow and broadd3and 2 levels are considered and
in the d-p model, the superexchange interaction is substan- U /|t +o0. (Ad)

tially reduced; it is reduced fromJ=-0.3 eV to J
=—0.1 eV within thed-p model whose parameters are con- There are two methods of statistics for auxiliary particles. In
sistent with band calculations and photoemission spectrasne methods particles, which are created IS)T/U, are fermi-
€3g—u=—3.0 eV for the depth of 8 levels, e;,—u  ons whileb andd particles, which are created Iy andd/,
=—4.0 eV for the depth of @ levels,|V|=1.6 eV for the are bosons. In the other methaparticles are bosons while
hybridization energy betweend3and 2o levels, andU b andd particles are fermions. We take the former method
=(4.5-5.0) eV for the on-site repulsion betweed &lec-  following mean-field resonating valence bo(RVB) theo-
trons. The reduced one is consistent with the experimentales, wheres particles are called spinons abdarticles are
one. Because both of the formation of Gutzwiller's heavycalled holong? It is easy to show tha®; at each site is a
guasiparticles and the superexchange interaction as strong @snstant of motion and

J=-0.1 eV are involved, such d-p model is one of the

simplest and relevant effective Hamiltonians for the cuprate [He,Q;]1=0. (A5)
oxides; the superexchange interaction is the main pairing in-

teraction, which is responsible for the formations of Ih® model(Al) has local gauge symmetries. The mapping

d,2_,2-wave Cooper pairs between Gutzwiller's heavy qua- from the t-J model (4.1) to the model(Al) is exact only
siparticles. when the local constraint

Within the Gutzwiller approximation, effective masses of
guasiparticles in theé-J model whose transfer integral be-
tween the nearest neighbors is as largé=as-0.21 eV are s satisfied; the last term in the mod@1) is introduced in
almost the same as those in the relevdst model. Then, order to satisfy the local constraint of E¢\6). The creation
thet-J model witht=—-0.21 eV andJ=—0.1 eVisalsoa operator of electronafg, in the t-J model corresponds to
relevant model for the cuprate oxides. When the reduction 0§t - it i easy to show that
the superexchange interaction is taken into account, on the'”
other hand, both of the formation of heavy quasiparticles and aa ta.al =826 (A7)
the pairing interaction in the cuprate oxides cannot be ex- AR LA
plained within the Hubbard model. within the restricted Hilbert space of ECA6).

Q;=1forany i site (AB)
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Spontaneous breaking local gauge symmetries are According to Eq.(A12), fluctuations of holon condensa-
impossible” One of the purposes of this appendix is to showtion identically vanish. In a similar manner, it is straightfor-
that even fluctuations corresponding to broken local gaugward to show that
symmetries identically vanish when the local constraint of

S ; B
Eq. (A6) is rigorously taken into account. J dTe'“"T<TTSila( T)Siza’(T)SiT U,Si‘r ,=0. (A14)
Because local gauge symmetries are never broken, it is 0 3 4
obvious that Fluctuations of spinon-pair condensation identically vanish.

The absence of these fluctuations questions the validity of

fa Vo T thy— t

(SioSio) = 0ij(SisSia)s (bibj)=3di(biby),  (A8) only the mean-field approximatith’® where itinerant

and (dfd;)= ,(d]d;)=0. Auxiliary particles are localized SPINONs Tand holons or, more precisely speaking, nonzero in-

in the sense that intersite elements of these matrices idenﬁ?rs'tef<_3itfrsjcr,>t and(b; b};} %ret?]sstumed but glst,odthe.tlat_rtpduc— .
- - n of intersite gauge fields that are associated with itineran

cally vanish; they are itinerant through excha_mge. processéséginons and holord

caused by the fourth term in EgAl). The situation for It is obvi that th d-ord h ¢ i h

auxiliary particles is exactly the same as that for electrons in_ " 'S OPVIOUsS that the second-order phase transition of ho-

localized magnetic systems: the localization of electrond®” condensation or spinon-pair condensation never occurs in

o . o . -~ Yhis modef! If the first-order transition of holon condensa-
themselves and the itineracy of spin excitations, It is obviougjq, o spinon-pair condensation occurred, some sites would
that no Fermi surface of auxiliary fermions exiéts. ’

. . be empty and some other sites would be occupied by two or
Denote the chronologpal ordering operatorbyand the more than two auxiliary particles. As long as the local con-
Heisenberg representation of an opera@r by O(7)  gyaint of Eq.(A6) is satisfied, the first-order transition of
=exp(H;.;7)Oexp(~H;.;7). It is easy to show that in the neither holon condensation nor spinon-pair condensation oc-
limit of U, /[t|—+o curs in this model.
—5(shs.)  for 7=—0° In the functional-integral method, the local constraint is
(T.s (r)s-T )= ij\SigSia 7= (A9) usually imposed by the introduction of the so-called auxil-
e e 0 for other 7, iary \ fields® Note that

_ N(7)
iN(D[Qi(7)—1]+ U

5i(blb,) for 7=—0% EJ““ _ B
<bei<r)b,-*>=[ 0 retern (A0 2] (Do AT

and(T,d;(7)d])=0 for any, with 0* being the inverse of _ EJ’-HCd)\'(T)EX _As
an infinitely large positive energy. Then, single-particle 2m) o !

Green functions of auxiliary particles identically vanish so
that

1 2
5U[Q(7—1]

+ N HULLQi(n 1)) } (A15)

Sijoien)=— fﬁdfreianT(TTsiU(r)s;rU}:0, (A11l)  for anyU, and anyAr. In the limit of U, /|t|—+, Eq.
0 (A15) gives 8(Q;(7)—1). When we compare both sides of
8 Eqg. (A15), it is obvious that the two treatments of the local
Bij(iwl)E_J dre""'T(TTbi(r)b}r)=0, (A12)  constraint, the introduction of the last term in EAl1) and
0 that of the\ fields, are equivalent to each other. In general,
and broken symmetries cause only relatively small differences in
the total free energ§? Then, it is reasonable that the saddle-
B point approximation for the functional integral, which corre-
Dij(iwI)E_f dre' (T di(1)d[)=0  (A13)  sponds to the mean-field approximation, gives an approxi-
0 mate free energy of the origin&ld model®* However, this
for finite e, andw; , with 8=1/kgT. It is easy to understand treatment can never verify broken local gauge symmetries.
that auxiliary particles are confined in the sense that no In conclusion, broken local gauge symmetries in the
single-particle excitations are possibfelt is also easy to saddle-point or mean-field approximation correspond to no
understand the absence of single-particle excitations from physical phenomena in the original model. The intersite
physical argument that when the local constraint of @§)  gauge fields that are associated with itinerant spinons and
is taken into account it is definitely impossible to add orholons correspond to no physical phenomena in the original

remove an auxiliary particle. t-J model either.

*Electronic address: fohkawa@phys.sci.hokudai.ac.jp 4N. Nicker, J. Fink, B. Renker, D. Ewert, C. Politis, P.J.W. Weijs,
1J. Hubbard, Proc. R. Soc. London, Ser2#6, 238(1963. and J.C. Fuggle, Z. Phys. &7, 9 (1987.

2J. Hubbard, Proc. R. Soc. London, Ser281, 401(1964). 5A. Fujimori, E. Takayama-Muromachi, Y. Uchida, and B. Okai,

3In this paper, we do not discriminate between the typical Mott-  Phys. Rev. B35, 8814(1987).
Hubbard insulator and the so-called charge transfer insulator thaP A. Fujimori, Physica B163 736 (1990.
has one or more than one valence or conduction bands betweehSee, for example, H. Ding, T. Yokota, J.C. Campuzano, T. Taka-
the LHB and UHB; the formation of the LHB and UHB is es- hashi, M. Randeria, M.R. Norman, T. Mochiku, K. Kadowaki,
sential in these types of insulators. and J. Giapintzakis, Naturg&.ondon 382 51 (1996.



PRB 59

83.M. Harris, P.J. White, Z.-X. Shen, H. Ikeda, R. Yoshizaki, H.
Eisaki, S. Uchida, W.D. Si, Xiong, Z.-X. Zhao, and D.S. Des-

RELEVANCE AND IRRELEVANCE OF THREE . ..

8941

region where the coupling constant is smaller but never much
smaller than unity.

sau, Phys. Rev. Let?9, 143(1997.
9M.C. Gutzwiller, Phys. Revi34 A923(1963.
10F 3. Ohkawa, J. Phys. Soc. Ji58, 4156(1989.
An apparent discrepancy between Hubbard's theory and
Gutzwiller's theory can be easily understood in the following  too high. This discrepancy was argued in Ref. 23, where elec-
way. When high-energy single-particle excitations are argued, tron correlations were taken into account beyond the SSA.
the configuration of electrons with different spins can be treated'In Ref. 22, Anderson argued from a little different theoretical
as being static. Hubbard’'s approximation is equivalent to the point of view from that of this paper that the Hubbard or the
coherent potential approximati@@PA) for disordered systems. model is a relevant model for cuprate HTS.
Then, it is valid for only high-energy properties. On the other *Any ordered state is impossible at nonzero temperatures in two
hand, Gutzwiller's variational theory is concerned with low-  dimensions because of the divergence of thermal fluctuations.
energy properties. Because this divergence is logarithmic, weak three dimensional-
12A. Junod, T. Graf, D. Saches, G. Triscone, and JlldtpPhysica ity is enough to suppress the divergence and to give nonzero and
B 165-166 1335(1990. substantially highT.'s. Weak three dimensionality is implicitly
13N. Momono and M. Ido, Physica @64, 311(1996. assumed in this whole paper. It is reasonable to expect that
14 3. Ohkawa, Phys. Rev. 57, 412 (1998. temperatures where significant superconducting fluctuations
15£ 3. Ohkawa, Physica B01, 246 (1998. start to de_velop _in two dimensions give approximdigs of
163 M. Luttinger, Phys. Rev119, 1153(1960. - such quasrtwo-dmenspnal systems.
7 according to band calculations, the DOS at the Fermi level or th 4H' Yokoyama and H. Shiba, J. Phys. Soc. Jpn.2482(1988.
chemical potentiaj, is aboutp(0)=1.3 states/eV spin CuO 35C' Gros, Phys. Rev. B8, 931(1988.
while the bandwidth is about 3.0 eV; the DOS is much larger H. Yokoyama and M. Ogata, J. Phys. Soc. Ji). 3615(1996.

36 ;
than the inverse of the bandwidth about 0.33 states/eV spirg7F'C' zhang e_md T:M. Rice, Phys_. Rev.3, 3759(198&.'

S ) _ T. Takahashi, F. Maeda, H. Arai, H. Katayama-Yoshida, Y. Ok-
CuG,. This discrepancy is due to the logarithmic van Hove

. larit hich is ch teristic of two di . | wal abe, T. Suzuki, S. Hosoya, A. Fujimori, T. Shidara, T. Koide, T.
singulari y,.w ic .|s characteristic of two |men3|on§. n ac L_Ja Miyahara, M. Onoda, S. Shamoto, and M. Sato, Phys. Rev. B
cuprate oxides withl;=50-100 K, however, there is no evi-

. o o ) 36, 5686(1987).
dence that the singularity is in the vicinity of the Fermi level. ss,, this level scheme, Gutzwiller's heavy-quasiparticle band is
This implies that the renormalization of quasiparticles and the  ¢ormed at the top of the valence band, which is much above the
reduction of the singularity are substantially large in the cuprate | yg
oxides. It is difficult to explain both of the absence of the van39T Takegahara, H. Harima, and A. Yanase, Jpn. J. Appl. Phys.,
Hove singularity in the vicinity ofu and the experimental large Part 126, L352 (1987.
p*(0) given by Eq.(1.3 in terms of the renormalization of 40N, Hamada, S. Massida, A.J. Freeman, and J. Redinger, Phys.
quasiparticles by phonons. Rev. B40, 4442(1989.

185ee, for example, P.W. Anderson, $olid State Physicedited  4'0.K. Anderson, O. Jepsen, A.l. Liechtenstein, and I.I. Mazin,
by F. Seitz and D. TurnbullAcademic Press, New York, 1963 Phys. Rev. B49, 4145(1994).

30when electron correlations are taken into account in the SSA, the
superexchange interaction as weaklas—(0.02—-0.04) eV can
explain experimental ;'s, as was argued in Refs. 27 and 28.
This means that theoretic@il's obtained in Refs. 27 and 28 are

Vol. 14, p. 99. 42J.E. Hirsch and H.Q. Lin, Phys. Rev. &, 5070(1988.
9FJ. Ohkawa and N. Matsumoto, J. Phys. Soc. B#.602  “**H.Q. Lin, J.E. Hirsch, and D.J. Scalapino, Phys. Re®87B7359
(1994. (1988.

20F J. Ohkawa, J. Phys. Soc. Jii7, 525 (1998.
213.E. Hirsch, Phys. Rev. Leth4, 1317(1985.

4M. Imada, J. Phys. Soc. Jph7, 3128(1988.
“>M. Imada and Y. Hatsugai, J. Phys. Soc. Jp8&.3752(1989.
22p_ W. Anderson, Scienc235, 1196(1987). “6precisely speaking, Eq5.3 should be satisfied instead of Eq.
23F_J. Ohkawa, Phys. Rev. B4, 15 388(1996. (2.2) so that the UHB might be empty. It is actually satisfied in
%The vertex corrections due to electron correlations in charge the level scheme of this paper.
channels, which appear in electron-phonon interactions, ar&’When excitation energies of twogzhole states are argued, cor-
never enhanced in strongly correlated systems, while those in relations between two [2 holes should be treated beyond the
spin channels are much enhanced, as is shown in(B@9 and scheme of this paper, for example, in the configuration-
(3.43. interaction scheme. Thehl,,'s in Egs.(2.6) and(2.8) depend
25K B. Lyons, P.A. Fleury, L.F. Schneemeyer, and J.V. Waszczak, on the configuration of two 2 holes. The effectivé) ,, is large
Phys. Rev. Lett60, 732(1988. when two 2 holes are on an O ion, while it is small when they
267, Rossat-Mignod, L.P. Regnault, C. Vettier, P. Burlet, J.Y. are on different O ions. This is one of the possible mechanisms
Henry, and G. Lanpertot, Physica59, 58 (1991). responsible for the two-peak structure of the satellites in XPS
27E.J. Ohkawa, Jpn. J. Appl. Phys., Par26, L652 (1987. spectra.
28k J. Ohkawa, J. Phys. Soc. Jgi6, 2267(1987). “8Not only Eq. (2.9 but also Eqs(2.5) and (2.7) depend on the
2pccording to EqJ(1.3), the quasiparticle bandwidth is as small as  configurations of & electrons in the excited states. This is an-
0.3-0.4 eV. However, it is still much larger thakgT, other possible mechanism responsible for the two-peak structure
=0.005-0.01 eV. The cutoff energy, which corresponds to the of the satellites in XPS spectra.
Debye cutoff energy in conventional BCS superconductors, i#9J.A. Yarmoff, D.R. Clarke, W. Drube, U.K. Karlsson, A. Tabel-
about 1/8 of the quasiparticle bandwidth, as was shown in Fig. 2 Ibrahimi, and F.J. Himpsel, Phys. Rev.3B, 3967 (1987.
of Ref. 28. The region where cuprate HTS occurs must be &°B.H. Brandow, J. Solid State Chei®8, 28 (1990.



8942 FUSAYOSHI J. OHKAWA PRB 59

5lWhen the shape of the Fermi surface or the signs of the Hall trons in spin channels and works between localized magnetic
coefficient are argued, nonzekd;?’s or nonzero transfer inte- moments in metals.
grals between next-nearest neighbors and, if necessary, farth&fBecause the characteristic energy of exchanged bosons is as large
neighbors should be taken into account; the signs of observed asU, the energy dependence of the superexchange interaction
Hall coefficients are consistent with band calculatiéRsf. 40. can be ignored in the low-energy region fof,|<kgTy and

*2t follows from the Fermi-surface sum rule thagsf— u)(ezp |lent o <kgTy . _ o _
— 1) =4V2 for n,=5 within the d-p model (3.1). When Eq. %8The virtual exchange of pair excitations of Gutzwiller's heavy

(3.9) is derived, this relation is made use of. quasiparticles is also present in metallic phases of-thenodel

53F.J. Ohkawa, Phys. Rev. &, 6812(1991. s ";“d the_H“bbaTd_ mOdfe'- -
54F.J. Ohkawa, J. PhyS. Soc. ‘]m 3218(199]). Tthe ton;SIte repuds_lon oda Im?_gped ;AhndeArsgn mode ISdt le same 35
55F_J. Ohkawa, J. Phys. Soc. Jifil, 1615(1992. at ot a periocic modet. Then, the Anderson model mappe

6As is argued in Sec. Il BT’s of the cuprate oxides witfl, gﬁ‘frgntahn?tf-r\]omotﬁzlt’ nvzzosic?rf]r-z:;e trrfdt-)msrrl%ndg '&E'{;\'?E{g?ﬁ 1S
=50-100 K are about fOK. PP P

. S . site repulsion.
5"This formulation is general. Then, not only the cuprate oxides butogee fofexample LH. Tjeng, C.T. Chen, J. Ghijsen, P. Rudolf

also many other strongly correlated electron liquids can be re- and F. Sette, Phys. Rev. Le87, 501 (1991,

garded as Kondo lattices in this sense. 1S E. Barnes, J. Phys. & 1375(1976

58 . . . B y I .0 .
Heavy quasiparticles are mainly composed dfeectrons. How-  72gecayse the concentration dfparticles is identically zero, it is
ever, the contribution to Eq3.22) from the heavy-quasiparticle not necessary to take into account explicithyarticles. Actu-

band can be ignored, because the Fermi-surface volume obeys gy, they were not explicitly taken into account in almost all

the Fermi-surface sum rule and the spectral weight of the heavy- puplished papers. When the anticommutation relation of Eq.
quasiparticle band is small because of the mass-renormalization (A7) is argued, howeven particles should be explicitly taken

factor. into account.

®J M. Tranquanda, S.H. Heald, A.R. Moodenbaugh, and M.3g Ejitzur, Phys. Rev. [12, 3978(1975.

o Suenaga, Phys. Rev. 8, 7187(1987. N In the mean-field approximation, the Fermi-surface volumes of
Equation(3.14 has another solution in addition to E¢8.26). auxiliary fermions are different from each other between the two

This solution should be discarded, because the expansion form gitferent methods of statistics. Because the existence of the
of the self-energy can never apply to states much below the Fermi surfaces of auxiliary fermions itself is fictitious, this dif-
chemical potential. ference causes no problem.

51The three spin channels, the longitudinal and the two transversé|n Ref. 10, the local constraint of EGA6) is not rigorously

channels, are responsible for the formation of Cooper pairs. Be-  gatisfied. Auxiliary particles are not confined there, although
cause the spin-orbit interaction is weak in the cuprate oxides, the they are localized there.

isotropy of the pairing interaction or the superexchange interac?6a £ Ruckenstein, P.J. Hirschfeld, and J. Appel, Phys. Re36,B
tion is assumed in this paper. Then, the pairing interaction in  g57(1987.

o each channel is given by E¢B.35. ""H. Fukuyama, Prog. Theor. Phys. Suph08 287 (1992.
oa) G Ward, Phys. Rew8, 182 (1950. 7X-G. Wen and P.A. Lee, Phys. Rev. Le®6, 503 (1996.
K.G. Wilson, Rev. Mod. Phys47, 773(1975. p A, Lee, Phys. Rev. Let63, 680 (1989.
54The nesting of the Fermi surface also plays a role in the developsopy . Nagaosa and P.A. Lee, Phys. Rev. Lét, 2450(1990).
ment of antiferromagnetic spin fluctuations throuti{iw, ,q).  81Tne sjtuation for the nonexistence of holon condensation spinon-

65 P o - _ . . R
In the quasiparticle picture, however, it is convenient to use an  pajr condensation and their fluctuations is similar to that of the
effective vertex function including the mass-renormalization  syppression of superconductivity in fine particles; superconduc-

factor, which is given by 7y(0)ds/ by or Ums(0) s/ din(K). tivity or fluctuations of electron numbers are suppressed in fine
Although Um4(0)¢>1 for U/kgT¢>1, the effective vertex particles, because deviations from charge neutral states bring
function for quasiparticles is about unity. about a large energy increase.

®Note that Jo(iw;,q) works between itinerant electrons. Its 8N. Read and D.M. Newns, J. Phys.16, L1055 (1983.
strength is proportional to the bandwidth of quasiparticles, a$®No part of the energy increase duelg /|t|]— + is taken into
was argued in Ref. 20. It is different from the Ruderman-Kittel-  account in either the mean-field or saddle-point approximation.
Kasuya-YosidaRKKY) exchange interaction, which is caused 8G. Kotliar and A.E. Ruckenstein, Phys. Rev. Leb7, 1362
by the virtual exchange of pair excitations of conduction elec- (1986.



