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We determine the electronic state of the antiferromagnetic,Gay@r of highT, cuprate materials on the

basis of the three-band Hubbard model and derive the doping dependence of the antiferromagnetic order,
electronic structure, and the Fermi surface. We solve the equation of motion for the single-electron Green’s
function taking into account the strong but finite Hubbard correlation and assuming the commensurate anti-
ferromagnetic order. The result shows qualitatively correct behavior, i.e., the decline of the antiferromagnetic
order along with the doping fraction of holes or electrons from the half-filled insulating phase. We also discuss
the Fermi-surface structures dependent on the hole or electron doping fraction and compare these with the
results of the angle-resolved photoemission spectros¢QHL63-18208)02217-6

[. INTRODUCTION agreement with experimental results. The existence of anti-
ferromagnetism also affects the topology of the Fermi sur-
Since the discovery of high-temperature superconductivface (FS). It is accepted that the cuprate materials have a
ity by Bednorz and Mller,! the abnormal physical properties large FS. Most of these ARPES experiments have been done
found in the normal phase have stimulated theoretical physion the metallic state’; ™ but few have been done on the
cists and have led to the creation of many new ide&s is  undoped AF compoundé.Abei et al!® performed ARPES
generally accepted that the one-electron description breal@periments on BBr,CaCyOs (Bi2212 and found the

down in the insulating cuprate materials because of the larggtfuctures that can be interpreted as the shadow bands that
intra-atomic Coulomb repulsiob) betweend electrons on  risé from the AF correlation. The three-band Hubbard

copper ion$. model with AF order can explain the evolution of the FS
We take our stand on the more conservative point of Viev\pbtamed by ARPES. We discuss the evolution of the FS with

and discuss the physics of a single Gu&yer on the basis of doping of holes or electrons in detail in Sec. Il

the two-dimensional, three-band Hubbard mdtél.The

three-band Hubbard model has already been discussed in Il. THEORY

many theoretical works, however, only a few of them con- . , _
sidered the presence of the antiferromagn@i) order®® The undoped cuprate materials are AF insulatbr&we
Recently, the results of angle-resolved photoemission spe ; .
troscop))/l(ARPES seem to gupport the e?dstence of antifgr— structure of a single Cuflayer in the presence of the AF

romagnetically nesting bands. In this context, it is important2d€r- Dué to the superexchange mechaffismediated by

to inquire into details of the electronic band structure withthe neighboring oxygerp,, orbitals, the nearest-neighbor

the AF correlation. For that purpose, we propose a simpl€PPPer diz—y2 spins are coupled antiferromagnetically.

approach to obtain the electronic band structure of a singld nerefore, to investigate the effect of the AF order, it is
CuO, layer with the AF correlation betweesh electrons at sufficient to consider the three-band Hubbard model.
copper sites. In the framework of the three-band Hubbard

model, the most important effect of Hubbard correlatidn ‘ " "

can be treated exactly in the atomic limit and, for higher- szs: dejsdjs+UE dj;djdjdj,

order terms, we apply a decoupling procedure resembling the !

random-phase approximation. By these procedures, we can + +

obtain the band structure, the energy dispersion, the spectral + 2 &4( Ti+(a2)s7) +(a2)s T O'j+(b/2)so'j+(b/2)s)
function, and the composition of copper and oxygen for the 1

electronic states of the CyQayer. The band structure de- "

pends on the average numberdbélectronsng) and the AF - h.ES [djs(Tj+ @25~ Tj+ b2~ Tj— (@25 Tj - (b/2)
order parametefsy). These two parameters are determined :

self-consistently. The results show the AF paramgty) +

decreases with increasing doping fraction of holes or elec- +H-C-]_t% [0+ (ar2)s( T+ (br2)s™ O~ (bi22s

trons. The tendency of decreasg(s$) is much more promi-

nent for hole doping than for electron doping in qualitative —Ojra+ st Tj+a—(b2s) T H.CJ. D

propose a simple approach to obtain the electronic band
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The o.peratorsi;rS andd;s .(ajT + (a2 AN} 1 aye) Create and
annihilate an electron with spmin the copped,2_,2 (0xy-

genp,) orbital at sitej (j +a/2), respectively. The Hubbard

correlation energy on a copper ion is denoted Uy The

nearest-neighbor copper-oxygen and oxygen-oxygen hybrid-
izations are described by andt, respectively. Orbital ener-

giesey ande, are measured from the chemical potential.
In the wave picture, we have

U
1
H=Y addlsdk;rﬁ 2 didiqdyr g i
ks kk'q
+ % &4l lesa'kxs'*' O'Iysa'kys) —2ih % [dls( SkxTkxs

- Skyo'kys) —H.c.]—- 4t% Skaky( O'Exsa-kys"' Ulyso'kxs)a

)

whereS,,=sinka/2, S, =sinka/2.
To obtain the band structure of a single Gu@yer with

the AF order, we use the Green’s-function method. We use 1
the following notation for the imaginary time-correlation

function:

(A;BTY)=—(T [A(7)B'(0)])
Trie AHT [A(7)BT(0)]}
B Tr{e AH] ’

whereA(7) andB'(7) are the Heisenberg operatorstep-
resents the imaginary time, anid, is the imaginary time-

)
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+2ihk2q, Sk/+qx<<dk+q’T‘7E’+q’dek’i i)
5

. + .
N Z'hkz, Se+ay{{G+qr1 o0 vyl iy ’dim-
q

Here further higher-order Green'’s functions appear. The fol-

lowing identity 2%

t t
N 2 Oieqra g i G g bt
k’qk”q/

:
:kz dics g1+ g, » (6)
q

which is equivalent to the Pauli principlesee Appendix is
applied to the term involving the correlation enerdy By

using this identity we can replace the third term in the right-
hand side of Eq(5) as follows:

ordering operator. The equation of motion of the one-body

Green'’s function((dy, ;dL)) is given by
J T i
— 5 (i 1dig)) = 8(7) +84((diy ;i)

U
PR, (g G dher k)
q

— 2ih Se{{ i 10110

+2i Sy (( oy 1A8))- (4)

In EqQ. (4), new Green'’s functions appear and it is necessary

t T gt
N k% kz;' {{dctqrrqr1drvqr G 1 i gy i 1))

t .
:Usz ((Aicr g7 1Ay s g Giry 30E))- 7
q

In Eq. (5), there remain other types of Green’s functions with
one o operator. We use the random-phase approximation
(RPA) for them, i.e.,

(o qriur s g By A =(db 4 i)

X{(0eqrer i) ®)

to establish the consistent treatment of the higher-order
Green’s function with a foud operator, in particular. We Here, we assume the commensurate AF order,
write down the equation of motion of the higher-order

Green's function as follows: (dfdjp)+(df dj ) =(ny),

(dfidjy—(df dj ) =(sqre"?"i.

9

J
t .t
- qu ((dksqri g i k) (10
(ng) is the average number of electrons in a copger 2
25(7)2 desorrd!,  dirdf orbital and(sg) is the mean staggered magnetizatiQnis
ot ((GherariGievqr iy G )) the AF wave vector

a ar
a’'a

T .
+eq>, <<dk+q'Tdkr+qudk’1vle» Q=
k’qV

. (12)
v

+
N

Using the relations(9) and (10), the expectation value

T T A
2 E <<dk+q’+q”Idk'+Q’1dk’ld"+q”ldk"l 1dkT>> Ek<dl+qldkl> can be replaced B§,23

k/q/ kl/q//
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1 1 .
N Ek (disq di )= N 2 (df dj e 'aR

(ng) (Sq)
:{5%0_2 - q,Q _2 . (12)
The same average valud?) is also used for the term
(Zkrq (A qridly o Ay 1di,)) in Eq. (5). By this proce-
dure, the equation of motiof®) for the higher-order Green'’s
function is reduced to

1%
{———wdw)

t qt
a7 k’Zq’ ((dy+qr1dyr g s 30k ))

2

% Skt oxl{ Tkt ox §dl¢>>

ANy
+2ihN T

(ng)

— 8(7)N 2ihN =

Skx<<0'kxT ;dET»

+2ihN

Sky<<0'kyT ;dET»

—2ihN @ Scroyl{ T+ Qyt ;le»- (13

Thus, the hierarchy of equations is truncated to a closed s

of equations of motion.

Fourier transformation in the imaginary time is defined by

(A= 7 S e e ((ABY),,

@n

14

where w, is Matsubara frequency for fermionsw,
=x/B(2n+1), (n=0,=1,+2,...). Fourier components
of the Green’s functions generally have the form

<<A;BT>>wn_ Numeratofi )

~ Denominatofi w,,) (19

The denominator is common to all of the Green’s functions,

and is a polynomial of 8th order in the frequeniay,. The
roots for the equation, Denominatdry,) =0, give the eight
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FIG. 1. The doping dependence of the antiferromagn@fe)
order(sq).

(ng)=1.31.(sq) decreases for both sides whém,) devi-

ates from the peak value. In our interpretation, the maximum
(sq) corresponds to the undoped phase, but the total electron
number below the Fermi level at the peak value is 5.077 and
unfortunately there is a 1.51% discrepancy between our cal-
culated total number and the exact half-filled number,
5.000. We consider, however, that the deviation
INZy<k, (Nkag +2(Nkes)]—5.077=x gives the doping

fraction, hole doping forx<<0, and electron doping>0.
é—{ere,(nkdg and(n,,s) are thed- and o-electron compo-
nents calculated numerically for each band. The AF correla-
tion decreases for both hole and electron doping in qualita-
tive agreement with the experimental facts. The asymmetry
of decrease ofsg) between hole and electron doping is
apparent. Quantitatively, the AF order vanishes |at
=0.074 for hole doping ang=0.22 for electron doping and
these values are larger than the measured vakjes0.015
for La,_,Sr,CuQ, (Ref. 26 andx=0.14 for Nd,_,Ce,CuQ,
(NCCO).?’ These quantitative disagreements are not surpris-
ing, since we could not take into account the effect of the AF
fluctuations in this calculation. It must be stressed that the
undoped phase does not correspond(i@)=1.0 in our
model, because of the hybridization between oxygen

The asymmetry of the AF phase between hole and elec-
tron doping has been discussed by several auth9ré:2°
Most of them, however, are based on thé model?®?°The

energy eigenvalues at eakhpoint. The numerator of each t_j model has the electron-hole symmetry and in order to
Green's function determines the spectral weight of eachjescribe the asymmetric behavior of the AF stability, one

band. We use the numerical parameters as folloays:
£4=3.5,U=8.8,h=1.3, andt=0.7 (eV).2>?*?5We can de-
termine (ny) and (sg) self-consistently by the following
equations:

1
()= 517 2 2 LA i)+ (1)),

1
(sq)= ,B_N k;(F % [({(dk+or ;dET>>wn_<<dk+Qi ;dll»wn]-
(16)

Ill. RESULTS AND DISCUSSION

From the coupled conditiond 6), we determine the self-
consistent combinations @hy) and(sg). The dependence
of the AF order(sg) on (ng) in Fig. 1, shows a kink at

must extend thé-J model to thet-t’-J model, which in-
cludes the next-nearest-neighbor hopping amplituideand

the electron-hole asymmetry arises from the sign of the hop-
ping amplitudet’. On the other hand, the three-band Hub-
bard model has the inherent electron-hole asymmetry and it
offers a good starting point to describe the asymmetric AF
behavior of cuprates.

Zhang and co-worketsdiscussed the AF order by the
three-band Hubbard model but they treated the Hubbard cor-
relation U by the slave boson method in the limit—oco.
There are very few works that discuss the AF stability within
the finiteU model. One such article is by Fedeoal1° They
have applied the projection-operator method to the three-
band Hubbard model with a finite value and have also
shown the diminution of the AF order with doping of holes
or electrons, but the discrepancy between the doping concen-
tration and the observed value is larger than in our results.
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FIG. 2. Band structure of the AF CyQayer described by the FIG. 3. The density of states of the AF three-band Hubbard
three-band Hubbard model wifmg)=1.31 and(sq)=0.568. The  model with the same values of paramet@rg) and(so) as in Fig.
Fermi level is located between the two antiferromagnetically split2. The highest two bands and the lowest two bands are mainly of
upper-Hubbard bands and represented by the broken line. copper origin, and mainly oxygen bands are formed between them.

F h of th if istent binati d Each band also includes the minority component, through the hy-
rom each o e_se -consisten .com Ina !Qn@ fan bridizationh, and the rate of the minority component is represented
(sq), we can determine the electronic band dispersions angy broken lines.

the d- and o-component density of states of the Gu@yer.

Figure 2 shows the band structure for the undoped insulating in the PM oh h . di tinuity of
phase at the maximum AF orddfng)=1.31 and(s) ecreases in the phase, there is no discontinuity of con-

_ : : centrations between the AF and the PM phases. It should be
_?7'322’777;63\’!”( W&;I;l)r(l)g)]_t(rgeo)h:?lhthzygmgari)r/] z“gr? eS 'I('g:eO) remarked that nearly 50% of doped holes have oxygen char-

Fermi energy, shown as the dashed line, and taken as t ter and a large number of doped electrons have copper

- o character. This disparity reflects the quantitatively different
origin 0 of the energy axis, is located between the two upper oping dependences of the AF order between hole and elec-

Hubbard bands that are split by the AF order. The lowest tw ron doping. Since added carriers with oxygen character

bands correspond to the antiferromagnetically split lower- tronalv subpress the AF exchange interaction between cop-
Hubbard bands. Four bands between the upper- and lowep- ON9ly Supp X ge ! ' W P

Hubbard bands have mainly oxygen character. In our ban er atoms, the AF order is destroyed. In the case of electron
structure there are two kinds of gaps. One is the-Hubbard g oping, the character of carriers is predominantly of copper,

between the upper-Hubbard and the oxygen bands. The oth erefore the superexchange interaction remains almost the
is the small gap between the antiferromagnetically Sp”tsame. The Spin magnetic moment of copper ions decreases
upper-Hubbard bands. The AF gap is also seen between o stead, and this is the reason for the rather weak decrease of

) } the AF order in the electron doped materials. Therefore, the
lower-Hubbard bands. 'I_'he chargg transfer ¢2p gap can guantitative difference can be explained by the different ratio

doped carrier characters and is supported by experimental
servations; 3 qualitatively.

The FS topology gives an important clue for the investi-
gation of the electronic structure of cuprate materials.

not yet been observed and this seems to be a drawback 8
this paper. We shall add a comment at the end of the con?
cluding section on this point.

In the band structure, there exists a flat band near th
Fermi level, which has been observed by ARRBS8fs. 11—
13) and is in agreement with other theoretical 025 ' ' ' ' ' '
calculations’®~*3Figure 3 shows the density of states for the . ©
undoped insulating AF phase corresponding to Fig. 2. The 02r & @
solid lines show the total density. Broken lines for each band
show the minority component, i.e., oxygen, for the upper-
and lower-Hubbard bands, copper for the four oxygen bands .
between them. Figure 3 shows that the AF split upper- olr 2 o
Hubbard bands include not only the copper component, but 2 ¥
also an appreciable fraction of the oxygen component. This 0051 2 O
represents the effect of hybridization between copper and . tre o, * I o*j‘
oxygen. The following fact must be noted: although most of 025 02 o015 01 005 g 005 01
the holes are doped in the upper-Hubbard band, a finite frac- electron doping hole doping

tion of doped carriers occupies the oxygen sites. . FIG. 4. The rate of characters of doped carriers. The abscissa is

Figure 4 indicates the characters of the doped carriergne concentration of doped holes or electrons. The solid triangles
The abscissa is the concentration of doped holes or electrongng the solid diamonds show carrier concentrations of copper and
The solid triangles and the solid diamonds represent the comyxygen characters, respectively. The solid circles correspond to the
centrations of copper and oxygen characters, respectivelyetal numbers of doping carriers. The open marks indicate those
The solid circles are the total number of doping carriers. Thealculated in the paramagneti®M) three-band Hubbard model.
open marks indicate those calculated in the paramagnetigithough the doped holes occupy the upper Hubbard band, the
(PM) phas€, which describes the overdoped regions. Al- mixing oxygen rate reaches up to 50%. On the other hand, the
though the rate of doped holes with oxygen character slightlyloped electrons have an almost copper character.

015} 4 e
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ARPES experiments seem to provide evidence for a large (/a,/a) PRGN (r/a,7/a)
FS, (Refs. 11-13but these experiments have been done on s N

metallic samples. On the other hand, there is an assertion that P N

the spectra obtained on insulating samples support the small & kS

hole pocket3? And from the experiments on the weakly ’, N
doped S;CuO,Cl,, Wells et al3® expect that for very low , N
doping levels the copper oxides must have a small pocket 0.0)
FS. Recently, Abegt al!® have reported the presence of a ’
shadow band due to the AF order and the existence of fea-
tures similar to hole pockets in Bi2212, which is consistent
with transport and optical daf4:*® The PM Hubbard model

cannot reproduce the small pocket FS centered around \ s
(/2a,/2a).%° However, the presence of the AF order of @ T/a-m/)) N[ (n/e,-m/a)
copper atoms changes the topology of the FS drastically. The

FS calculated by the AF three-band Hubbard model is shown (-m/a,m/a) R (r/a,7/a)

in Figs. 5a)—5(d). At a very low hole density FS starts with
hole pockets centered air(2a,/2a) [Fig. 5(@]. The pock-

ets grow along th€0,m/a)—(7/a,0) directions[Figs. 5b)

and Hc)] with an increasing fraction of doped holes. Finally,
at high doping levels they evolve into a standard circular FS
with phase transition between the AF and the PM std&p
5(d)]. The corresponding band structures are given in Figs.
6(a)—6(d). In Fig. 6(d), the band structure is shown by the
enlarged PM Brillouin zone. At a small hole doping level,
the evolution with doping of the FS is similar to the results
obtained by the-J modef®*!and the AF one-band Hubbard
model 2

In a heavily doped case, the FS obtained by us in the PM
state has a diamond shape with rounded corners with the
center af0,0) and the band crosses the Fermi level between
(7/a,0) and(0,0). But the observed FS by the ARPESefs.
11-13 in metallic phases has the center at each corner of the
Brillouin zone, i.e., (tw/a,tm/a) and (X =/a,*m/a),
and looks very different from our result. This discrepancy
seems to be closely related to the slow decrease of the AF
order in our result. If the decrease of the AF order were more
rapid, the band would cross the Fermi level betweea(0)
and (w/a,w/a) and the FS of the metallic state would en-
close the corners of the Brillouin zone in accord with the
experimental observations.

Next, we deal with the topological evolution of the FS
with electron doping. The change of the FS with electron
doping is depicted in Figs.(@-7(d) and the corresponding
band structures are given in FiggaB-8(d). The doped elec-
trons at first occupy the space aroune/4,0) [Fig. 7(a)] and
the behavior of the growth of the electron pockets is different
from the hole doping casfFigs. 1b) and 7c)]. In these
figures, the dotted regions are occupied by doped electrons.
Due to the AF order, the two upper-Hubbard bands have
weak dispersion alongr/2a,w/2a) — (w/a,0) line. Because
of the declination of the two upper-Hubbard bands, the topo-
logical evolution of the FS is different between hole and
electron doping. The ARPES have shown that the topologi-
cal development of NCCO seems to be different from hole
doped material&® The FS observed in metallic states has the
large electron pockets aroundrfa,n/a) and its shape
agrees with our result represented by Figd)7If the de- FIG. 5. Fermi surface(FS) of the AF three-band Hubbard
crease of the AF order were more rapid in accord with thémodel. Dotted regions are the Fermi surf4E&) of the AF three-
experimental results, the FS of the PM state would shrinkhand Hubbard model. Dotted regions are occupied by hé&s
without the change in its shape. =0.01,(b) x=0.03,(c) x=0.07,(d) x=0.074.(d) is calculated by

The flat bands in our band structures need to be merthe PM three-band Hubbard model.

AS (07 O)

T e, nj)

(r/a,7/a)
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FIG. 6. Band structure&)—(c) show the AF three-band Hub-
bard models that correspond to Fig$a)5-5(c). (d) is calculated by
the three-band Hubbard model in the PM phase in correspondence
with Fig. 5(d) and is represented by the enlarged PM Brillouin
zone.

tioned. The flat bands are considered to play significant roles
in the physical propertiegtransport phenomena, supercon-
ductivity, etc) of cuprate material¥~® Beenen and
Edwards® have applied Roth’s two-pole approximation to
the one-band Hubbard model and their results agree remark- (d) (
ably well with the Monte Carlo resulfé. Their results show

the existence of a flat band below the Fermi level in the FIG. 7. FS of the AF three-band Hubbard model. Dotted regions
half-filled case. With hole doping, there is also an additionalare occupied by electron&@) x=0.10, (b) x=0.15,(c) x=0.20,(d)
broad bump nears/a,/a) where doped holes are seen andx=0.22.(d) is calculated by the PM three-band Hubbard model.
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FIG. 8. Band structure&)—(c) show the AF three-band Hub-
bard models that correspond to Figéa)#7(c). (d) is calculated by
the PM three-band Hubbard model in correspondence with Fay. 7
and is represented by the enlarged PM Brillouin zone.

the band is still dispersionless in the vicinity affa,0) and
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7 (0,0) (m/2a, 7/20)

—

(0,0) (x/2a,

0,0 0,7/a)

(r/a,m/a) (0,0)

stays near the Fermi level.
We can explain the behavior of the flat bands by thebased on the identity6) and the only approximation is a
three-band Hubbard model with AF order, but the scenario ikind of RPA, typically Eq.(8), in decoupling the set of equa-
different from the one-band Hubbard model. In our resultgions of motion, applied to terms that arise from the hybrid-
for the half-filled case, the flat bands are located below thézationh in the second stage equation, i.e., the last six terms

Fermi level(Fig. 1). From Figs. 6a)—6(c), we notice that the

find a flat regiof{Fig. 6(d)]. Recently, Marshalt al*’ have
shown a radical change of the electronic structure around
(7/a,0) in Bi2212. As the rate of hole doping increases, the
Fermi level approaches the flat band. In our results, although
the change of the band around/@,0) is not so drastic, it
seems to agree with these experiments, at least qualitatively.
In the electron doping case, there is also a dispersionless
band below the Fermi levgFigs. §a)—8(c)]. It is obvious
from Fig. 8d) of the PM case that the flat band exists only at
(7r/a,0) and still stays below the Fermi level. Experiments
show a clearly different location of the flat band between the
hole doped and the electron doped mateffals.NCCO, the

flat band is approximately 300 meV below the Fermi level,
while in the hole doped materials it is located very close to
the Fermi level. The location of the flat region in our band
structures agrees with the experimental observations for both
hole[Fig. 6(d)] and electrorfFig. 8d)] doped cases.

IV. CONCLUSIONS

We have calculated the AF ord¢sg) and its doping
dependence by the three-band Hubbard model of a single
CuG, layer. We have reproduced the decreasésgh with
doping fraction of holes or electror(&ig. 1) in qualitative
agreement with other experiments. The asymmetry of the
decrease of N& temperature between hole and electron
doped materials can be reasonably interpreted by the nature
of the doped carriergFig. 2). On the evolution of FS with
hole doping, we have obtained good agreement with the re-
cent ARPES experiments. For electron doped materials, the
FS and its evolution we obtained are different from the re-
sults for hole doped materials. For electron doped materials,
experiments have been carried out only for the metallic ma-
terials, but the evolution of the FS seems to be different from
the results for hole doped materials. We hope ARPES ex-
periments on NCCO for very low doping levels will be car-
ried out in the future. Concerning the flat band, although
there are several theoretical interpretations, our results differ
from them and seem to agree with experiments which show
a different position with respect to the Fermi level between
hole doped and electron doped materials. In this paper, we
have calculated normal-state properties of a single CuO
layer. We think that the results such as those shown in the
magnetic phase diagram and topologies of the FS are rel-
evant for highT; copper oxide materials.

An apparent drawback of the results of this paper is that
the Fermi level in the undoped phase lies in the AF gap that
is formed in the upper-Hubbard band and not in the CT gap
as is generally believed and also suggested by experiments
such as optical reflection. Readers may get the impression
that this result shows the defect of the approximation used in
this paper. We cannot agree with this view. The method is

in Eqg. (5). We believe that using the approximation does not

flat bands still exist near the Fermi level in the hole dopingundermine the validity of our results. Further, we have to
case. After transition from the AF state to the PM state, theemark that the split bands have a quite different character

upper-Hubbard band has dispersion, but ata,0) we can

from the AF split bands of the itinerant electron picture.
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While the upper band has almost purelycharacter, the doped insulating phase by the AF reduced Brillouin zone. If
lower band is composed of the stronglyp hybridized elec- we plot it by the enlarged PM Brillouin zone, the AF nested

trons, and especially near the region around2@,w/2a), band similar to their experimental results is obtained. We
where the Fermi surface appears at the lowest hole dopindpink the experimental results by Marshatl al. support the
levels, the mixing oxygen rate reaches up to 50%. existence of the AF nested band near the Fermi level.

On the other hand, nuclear quadrupole resonance
experiment® have shown that nearly 20% df2_,2 orbitals
are doubly occupied by electrons. This has also been verified
by the numerical calculations by Ohota and co-workasd Here, we show the proof of the identitg). Remarking
Tsuji and co-worker® for the half filled and low doping that the Fourier transform of the number operator is given by
region. This means that the Fermi level crosses the upper
Hubbard band of thel,2_,2 orbital and we cannot describe S iRt d, =S df. d
simply the cuprates by the Brinkman-Rice type metal- 3 Is¥sT 4o Fk+gs-ks:
insulator transition? We think that the location of the Fermi
level obtained in this paper for the undoped case conformge have
with this view.

However, we think the serious defect in our theory is that ; N
we could not take into account the effect of AF spin fluctua- 2 iegqeqrie g ke iy o diery
tions. We have determined AF order and the chemical poten-  *'ak'a’
tial self-consistently. In order to be truly self-consistent,

APPENDIX: PROOF OF THE IDENTITY (6)

however, we have to include the effect of spin fluctuations _ 1 > X e lktatdiRq, daRin; 'R,
around the AF ordered state, but we could not do that in this N ga 9

paper. If we could take into account the effect of the spin 5 )

fluctuation, the reduction of the AF order would tend to be- :N_ 2 e kRid .ni N :N_ 2 e KRid n
come more rapid, and the description of the electronic states N T N e

around the doping region near g ~0 would change.

Note added in proofMarshall et al. have carried out =N dy,gid’,dp
ARPES experiments on insulating Bi2212 materials and g k+al -k +q| k'] -
shown the AF nested band around/Ra,w/2a) (Ref. 47,

Fig. 3. In Fig. 2 we plotted the band structure for the un-We used the Pauli principlaﬁznu.
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