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Electronic structure, Fermi surface, and antiferromagnetism of high-Tc cuprate materials
and their doping dependence
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We determine the electronic state of the antiferromagnetic CuO2 layer of high-Tc 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 spectroscopy.@S0163-1829~98!02217-6#
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I. INTRODUCTION

Since the discovery of high-temperature superconduc
ity by Bednorz and Mu¨ller,1 the abnormal physical propertie
found in the normal phase have stimulated theoretical ph
cists and have led to the creation of many new ideas.2–4 It is
generally accepted that the one-electron description bre
down in the insulating cuprate materials because of the la
intra-atomic Coulomb repulsionU betweend electrons on
copper ions.5

We take our stand on the more conservative point of v
and discuss the physics of a single CuO2 layer on the basis o
the two-dimensional, three-band Hubbard model.6–8 The
three-band Hubbard model has already been discusse
many theoretical works, however, only a few of them co
sidered the presence of the antiferromagnetic~AF! order.9,10

Recently, the results of angle-resolved photoemission s
troscopy~ARPES! seem to support the existence of antife
romagnetically nesting bands. In this context, it is import
to inquire into details of the electronic band structure w
the AF correlation. For that purpose, we propose a sim
approach to obtain the electronic band structure of a sin
CuO2 layer with the AF correlation betweend electrons at
copper sites. In the framework of the three-band Hubb
model, the most important effect of Hubbard correlationU
can be treated exactly in the atomic limit and, for high
order terms, we apply a decoupling procedure resembling
random-phase approximation. By these procedures, we
obtain the band structure, the energy dispersion, the spe
function, and the composition of copper and oxygen for
electronic states of the CuO2 layer. The band structure de
pends on the average number ofd electronŝ nd& and the AF
order parameter̂sQ&. These two parameters are determin
self-consistently. The results show the AF parameter^sQ&
decreases with increasing doping fraction of holes or e
trons. The tendency of decrease of^sQ& is much more promi-
nent for hole doping than for electron doping in qualitati
570163-1829/98/57~18!/11760~9!/$15.00
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agreement with experimental results. The existence of a
ferromagnetism also affects the topology of the Fermi s
face ~FS!. It is accepted that the cuprate materials have
large FS. Most of these ARPES experiments have been d
on the metallic states,11–13 but few have been done on th
undoped AF compounds.14 Abei et al.15 performed ARPES
experiments on Bi2Sr2CaCu2O8 ~Bi2212! and found the
structures that can be interpreted as the shadow bands
arise from the AF correlation. The three-band Hubba
model with AF order can explain the evolution of the F
obtained by ARPES. We discuss the evolution of the FS w
doping of holes or electrons in detail in Sec. III.

II. THEORY

The undoped cuprate materials are AF insulators.16–18We
propose a simple approach to obtain the electronic b
structure of a single CuO2 layer in the presence of the AF
order. Due to the superexchange mechanism19 mediated by
the neighboring oxygenps orbitals, the nearest-neighbo
copper dx22y2 spins are coupled antiferromagneticall
Therefore, to investigate the effect of the AF order, it
sufficient to consider the three-band Hubbard model.

H5(
js

«ddjs
† djs1U(

j
dj↑

† dj↑dj↓
† dj↓

1(
js

«s~s j 1~a/2!s
† s j 1~a/2!s1s j 1~b/2!s

† s j 1~b/2!s!

2h(
js

@djs
† ~s j 1~a/2!s2s j 1~b/2!s2s j 2~a/2!s1s j 2~b/2!s!

1H.c.#2t(
js

@s j 1~a/2!s
† ~s j 1~b/2!s2s j 2~b/2!s

2s j 1a1~b/2!s1s j 1a2~b/2!s!1H.c.#. ~1!
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The operatorsdjs
† anddjs ~s j 1(a/2)s

† ands j 1(a/2)s! create and
annihilate an electron with spins in the copperdx22y2 ~oxy-
genps! orbital at sitej ( j 1a/2), respectively. The Hubbar
correlation energy on a copper ion is denoted byU. The
nearest-neighbor copper-oxygen and oxygen-oxygen hyb
izations are described byh andt, respectively. Orbital ener
gies«d and«s are measured from the chemical potential

In the wave picture, we have

H5(
ks

«ddks
† dks1

U

N (
kk8q

dk↑
† dk1q↑dk81q↓

† dk8↓

1(
ks

«s~skxs
† skxs1skys

† skys!22ih(
ks

@dks
† ~Skxskxs

2Skyskys!2H.c.#24t(
ks

SkxSky~skxs
† skys1skys

† skxs!,

~2!

whereSkx5sinkxa/2, Sky5sinkya/2.
To obtain the band structure of a single CuO2 layer with

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

^^A;B†&&52^Tt@A~t!B†~0!#&

52
Tr$e2bHTt@A~t!B†~0!#%

Tr@e2bH#
, ~3!

whereA(t) andB†(t) are the Heisenberg operators,t rep-
resents the imaginary time, andTt is the imaginary time-
ordering operator. The equation of motion of the one-bo
Green’s function̂ ^dk↑ ;dk↑

† && is given by

2
]

]t
^^dk↑ ;dk↑

† &&5d~t!1«d^^dk↑ ;dk↑
† &&

1
U

N (
k8q8

^^dk1q8↑dk81q8↓
† dk8↓ ;dk↑

† &&

22ihSkx^^skx↑ ;dk↑
† &&

12ihSky^^sky↑ ;dk↑
† &&. ~4!

In Eq. ~4!, new Green’s functions appear and it is necess
to establish the consistent treatment of the higher-or
Green’s function with a fourd operator, in particular. We
write down the equation of motion of the higher-ord
Green’s function as follows:

2
]

]t (
k8q8

^^dk1q8↑dk81q8↓
† dk8↓ ;dk↑

† &&

5d~t! (
k8q8

^^dk1q8↑dk81q8↓
† dk8↓ ,dk↑

† &&

1«d(
k8q8

^^dk1q8↑dk81q8↓
† dk8↓ ;dk↑

† &&

1
U

N (
k8q8

(
k9q9

^^dk1q81q9↑dk81q8↓
† dk8↓d91q9↓

† dk9↓ ;dk↑
† &&
d-

e

y

ry
er

22ih (
k8q8

Sk1q8x^^sk1q8x↑dk81q8↓
† dk8↓ ;dk↑

† &&

12ih (
k8q8

Sk1q8y^^sk1q8y↑dk81q8↓
† dk8↓ ;dk↑

† &&

22ih (
k8q8

Sk8x^^dk1q8↑dk81q8↓
† sk8x↓ ;dk↑

† &&

12ih (
k8q8

Sk8y^^dk1q8↑dk81q8↓
† sk8y↓ ;dk↑

† &&

12ih (
k8q8

Sk81qx^^dk1q8↑sk81q8x↓
† dk8↓ ;dk↑

† &&

22ih (
k8q8

Sk81qy^^dk1q8↑sk81q8y↓
† dk8↓ ;dk↑

† &&. ~5!

Here further higher-order Green’s functions appear. The
lowing identity,20,21

1

N (
k8qk9q8

dk1q1q8↑dk81q↓
† dk8↓dk91q8↓

† dk9↓

5(
k8q

dk1q↑dk81q↓
† dk8↓ , ~6!

which is equivalent to the Pauli principle~see Appendix!, is
applied to the term involving the correlation energyU. By
using this identity we can replace the third term in the rig
hand side of Eq.~5! as follows:

U

N (
k8q8

(
k9q9

^^dk1q81q9↑dk81q8↓
† dk8↓dk91q9↓

† dk9↓ ;dk↑
† &&

5U (
k8q8

^^dk1q8↑dk81q8↓
† dk8↓ ;dk↑

† &&. ~7!

In Eq. ~5!, there remain other types of Green’s functions w
one s operator. We use the random-phase approxima
~RPA! for them, i.e.,

^^sk1q8x↑dk81q8↓
† dk8↓ ;dk↑

† &&.^dk81q8↓
† dk8↓&

3^^sk1q8x↑ ;dk↑
† &&. ~8!

Here, we assume the commensurate AF order,

^dj↑
† dj↑&1^dj↓

† dj↓&5^nd&, ~9!

^dj↑
† dj↑&2^dj↓

† dj↓&5^sQ&e2 iQRj . ~10!

^nd& is the average number of electrons in a copperdx22y2

orbital and^sQ& is the mean staggered magnetization.Q is
the AF wave vector

Q5S p

a
,

p

a D . ~11!

Using the relations~9! and ~10!, the expectation value
(k^dk1q↓

† dk↓& can be replaced by22,23
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1

N (
k

^dk1q↓
† dk↓&5

1

N (
j

^dj↓
† dj↓&e

2 iqRj

5 ddq,0

^nd&
2

2dq,Q

^sQ&
2 e. ~12!

The same average value~12! is also used for the term
^(k8q8(dk1q8↑dk81q8↓

† dk8↓ ,dk↑
† )& in Eq. ~5!. By this proce-

dure, the equation of motion~5! for the higher-order Green’s
function is reduced to

F2
]

]t
2~«d1U !G (

k8q8
^^dk1q8↑dk81q8↓

† dk8↓ ;dk↑
† &&

5d~t!N
^nd&

2
22ihN

^nd&
2

Skx^^skx↑ ;dk↑
† &&

12ihN
^sQ&

2
Sk1Qx^^sk1Qx↑ ;dk↑

† &&

12ihN
^nd&

2
Sky^^sky↑ ;dk↑

† &&

22ihN
^sQ&

2
Sk1Qy^^sk1Qy↑ ;dk↑

† &&. ~13!

Thus, the hierarchy of equations is truncated to a closed
of equations of motion.

Fourier transformation in the imaginary time is defined

^^A;B†&&5
1

b (
vn

e2 ivnt^^A;B†&&vn
, ~14!

where vn is Matsubara frequency for fermions:vn
5p/b(2n11), (n50,61,62, . . . ). Fourier components
of the Green’s functions generally have the form

^^A;B†&&vn
5

Numerator~ ivn!

Denominator~ ivn!
. ~15!

The denominator is common to all of the Green’s functio
and is a polynomial of 8th order in the frequencyivn . The
roots for the equation, Denominator (ivn)50, give the eight
energy eigenvalues at eachk point. The numerator of eac
Green’s function determines the spectral weight of e
band. We use the numerical parameters as follows:«s2
«d53.5, U58.8, h51.3, andt50.7 ~eV!.21,24,25We can de-
termine ^nd& and ^sQ& self-consistently by the following
equations:

^nd&5
1

bN (
k,kF

(
vn

@^^dk↑ ;dk↑
† &&vn

1^^dk↓ ;dk↓
† &&vn

#,

^sQ&5
1

bN (
k,kF

(
vn

@^^dk1Q↑ ;dk↑
† &&vn

2^^dk1Q↓ ;dk↓
† &&vn

#.

~16!

III. RESULTS AND DISCUSSION

From the coupled conditions~16!, we determine the self
consistent combinations of^nd& and ^sQ&. The dependence
of the AF order^sQ& on ^nd& in Fig. 1, shows a kink at
et

,

h

^nd&51.31. ^sQ& decreases for both sides when^nd& devi-
ates from the peak value. In our interpretation, the maxim
^sQ& corresponds to the undoped phase, but the total elec
number below the Fermi level at the peak value is 5.077
unfortunately there is a 1.51% discrepancy between our
culated total number and the exact half-filled numb
5.000. We consider, however, that the deviati
1/N(k,kF ,s@^nkds&12^nkss&#25.0775x gives the doping

fraction, hole doping forx,0, and electron dopingx.0.
Here, ^nkds& and ^nkss& are thed- and s-electron compo-
nents calculated numerically for each band. The AF corre
tion decreases for both hole and electron doping in qua
tive agreement with the experimental facts. The asymme
of decrease of̂ sQ& between hole and electron doping
apparent. Quantitatively, the AF order vanishes atuxu
50.074 for hole doping andx50.22 for electron doping and
these values are larger than the measured valuesuxu50.015
for La22xSrxCuO4 ~Ref. 26! andx50.14 for Nd22xCexCuO4
~NCCO!.27 These quantitative disagreements are not surp
ing, since we could not take into account the effect of the
fluctuations in this calculation. It must be stressed that
undoped phase does not correspond to^nd&51.0 in our
model, because of the hybridization between oxygenps .

The asymmetry of the AF phase between hole and e
tron doping has been discussed by several authors.9,10,28,29

Most of them, however, are based on thet-J model.28,29The
t-J model has the electron-hole symmetry and in order
describe the asymmetric behavior of the AF stability, o
must extend thet-J model to thet-t8-J model, which in-
cludes the next-nearest-neighbor hopping amplitudet8, and
the electron-hole asymmetry arises from the sign of the h
ping amplitudet8. On the other hand, the three-band Hu
bard model has the inherent electron-hole asymmetry an
offers a good starting point to describe the asymmetric
behavior of cuprates.

Zhang and co-workers9 discussed the AF order by th
three-band Hubbard model but they treated the Hubbard
relation U by the slave boson method in the limitU→`.
There are very few works that discuss the AF stability with
the finiteU model. One such article is by Fedroet al.10 They
have applied the projection-operator method to the thr
band Hubbard model with a finiteU value and have also
shown the diminution of the AF order with doping of hole
or electrons, but the discrepancy between the doping con
tration and the observed value is larger than in our resul

FIG. 1. The doping dependence of the antiferromagnetic~AF!
order ^sQ&.
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From each of the self-consistent combinations^nd& and
^sQ&, we can determine the electronic band dispersions
the d- ands-component density of states of the CuO2 layer.
Figure 2 shows the band structure for the undoped insula
phase at the maximum AF order~^nd&51.31 and ^sQ&
50.568!, shown along the high symmetry lines (0,0
2(p/2a,p/2a)2(p/a,0)2(0,0) in the Brillouin zone. The
Fermi energy, shown as the dashed line, and taken as
origin 0 of the energy axis, is located between the two upp
Hubbard bands that are split by the AF order. The lowest
bands correspond to the antiferromagnetically split low
Hubbard bands. Four bands between the upper- and lo
Hubbard bands have mainly oxygen character. In our b
structure there are two kinds of gaps. One is the Hubbard
between the upper-Hubbard and the oxygen bands. The o
is the small gap between the antiferromagnetically s
upper-Hubbard bands. The AF gap is also seen between
lower-Hubbard bands. The charge-transfer gap~CT gap! can
be observed by the optical reflection. The small AF gap
not yet been observed and this seems to be a drawbac
this paper. We shall add a comment at the end of the c
cluding section on this point.

In the band structure, there exists a flat band near
Fermi level, which has been observed by ARPES~Refs. 11–
13! and is in agreement with other theoretic
calculations.30–33Figure 3 shows the density of states for t
undoped insulating AF phase corresponding to Fig. 2. T
solid lines show the total density. Broken lines for each ba
show the minority component, i.e., oxygen, for the upp
and lower-Hubbard bands, copper for the four oxygen ba
between them. Figure 3 shows that the AF split upp
Hubbard bands include not only the copper component,
also an appreciable fraction of the oxygen component. T
represents the effect of hybridization between copper
oxygen. The following fact must be noted: although most
the holes are doped in the upper-Hubbard band, a finite f
tion of doped carriers occupies the oxygen sites.

Figure 4 indicates the characters of the doped carri
The abscissa is the concentration of doped holes or electr
The solid triangles and the solid diamonds represent the
centrations of copper and oxygen characters, respectiv
The solid circles are the total number of doping carriers. T
open marks indicate those calculated in the paramagn
~PM! phase,7 which describes the overdoped regions. A
though the rate of doped holes with oxygen character slig

FIG. 2. Band structure of the AF CuO2 layer described by the
three-band Hubbard model witĥnd&51.31 and^sQ&50.568. The
Fermi level is located between the two antiferromagnetically s
upper-Hubbard bands and represented by the broken line.
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decreases in the PM phase, there is no discontinuity of c
centrations between the AF and the PM phases. It shoul
remarked that nearly 50% of doped holes have oxygen c
acter and a large number of doped electrons have co
character. This disparity reflects the quantitatively differe
doping dependences of the AF order between hole and e
tron doping. Since added carriers with oxygen charac
strongly suppress the AF exchange interaction between
per atoms, the AF order is destroyed. In the case of elec
doping, the character of carriers is predominantly of copp
therefore the superexchange interaction remains almost
same. The spin magnetic moment of copper ions decre
instead, and this is the reason for the rather weak decrea
the AF order in the electron doped materials. Therefore,
quantitative difference can be explained by the different ra
of doped carrier characters and is supported by experime
observations,34,35 qualitatively.

The FS topology gives an important clue for the inves
gation of the electronic structure of cuprate materia

it

FIG. 3. The density of states of the AF three-band Hubb
model with the same values of parameters^nd& and^sQ& as in Fig.
2. The highest two bands and the lowest two bands are mainl
copper origin, and mainly oxygen bands are formed between th
Each band also includes the minority component, through the
bridizationh, and the rate of the minority component is represen
by broken lines.

FIG. 4. The rate of characters of doped carriers. The abscis
the concentration of doped holes or electrons. The solid trian
and the solid diamonds show carrier concentrations of copper
oxygen characters, respectively. The solid circles correspond to
total numbers of doping carriers. The open marks indicate th
calculated in the paramagnetic~PM! three-band Hubbard mode
Although the doped holes occupy the upper Hubbard band,
mixing oxygen rate reaches up to 50%. On the other hand,
doped electrons have an almost copper character.
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ARPES experiments seem to provide evidence for a la
FS, ~Refs. 11–13! but these experiments have been done
metallic samples. On the other hand, there is an assertion
the spectra obtained on insulating samples support the s
hole pockets.14 And from the experiments on the weak
doped Sr2CuO2Cl2, Wells et al.36 expect that for very low
doping levels the copper oxides must have a small poc
FS. Recently, Abeiet al.15 have reported the presence of
shadow band due to the AF order and the existence of
tures similar to hole pockets in Bi2212, which is consiste
with transport and optical data.37,38 The PM Hubbard mode
cannot reproduce the small pocket FS centered aro
(p/2a,p/2a).39 However, the presence of the AF order
copper atoms changes the topology of the FS drastically.
FS calculated by the AF three-band Hubbard model is sho
in Figs. 5~a!–5~d!. At a very low hole density FS starts wit
hole pockets centered at (p/2a,p/2a) @Fig. 5~a!#. The pock-
ets grow along the~0,p/a!2~p/a,0) directions@Figs. 5~b!
and 5~c!# with an increasing fraction of doped holes. Final
at high doping levels they evolve into a standard circular
with phase transition between the AF and the PM states@Fig.
5~d!#. The corresponding band structures are given in F
6~a!–6~d!. In Fig. 6~d!, the band structure is shown by th
enlarged PM Brillouin zone. At a small hole doping leve
the evolution with doping of the FS is similar to the resu
obtained by thet-J model40,41and the AF one-band Hubbar
model.42

In a heavily doped case, the FS obtained by us in the
state has a diamond shape with rounded corners with
center at~0,0! and the band crosses the Fermi level betwe
(p/a,0) and~0,0!. But the observed FS by the ARPES~Refs.
11–13! in metallic phases has the center at each corner of
Brillouin zone, i.e., (6p/a,6p/a) and (6p/a,7p/a),
and looks very different from our result. This discrepan
seems to be closely related to the slow decrease of the
order in our result. If the decrease of the AF order were m
rapid, the band would cross the Fermi level between (p/a,0)
and (p/a,p/a) and the FS of the metallic state would e
close the corners of the Brillouin zone in accord with t
experimental observations.

Next, we deal with the topological evolution of the F
with electron doping. The change of the FS with electr
doping is depicted in Figs. 7~a!–7~d! and the corresponding
band structures are given in Figs. 8~a!–8~d!. The doped elec-
trons at first occupy the space around (p/a,0) @Fig. 7~a!# and
the behavior of the growth of the electron pockets is differ
from the hole doping case@Figs. 7~b! and 7~c!#. In these
figures, the dotted regions are occupied by doped electr
Due to the AF order, the two upper-Hubbard bands h
weak dispersion along (p/2a,p/2a)2(p/a,0) line. Because
of the declination of the two upper-Hubbard bands, the to
logical evolution of the FS is different between hole a
electron doping. The ARPES have shown that the topolo
cal development of NCCO seems to be different from h
doped materials.43 The FS observed in metallic states has
large electron pockets around (p/a,p/a) and its shape
agrees with our result represented by Fig. 7~d!. If the de-
crease of the AF order were more rapid in accord with
experimental results, the FS of the PM state would shr
without the change in its shape.

The flat bands in our band structures need to be m
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FIG. 5. Fermi surface~FS! of the AF three-band Hubbard
model. Dotted regions are the Fermi surface~FS! of the AF three-
band Hubbard model. Dotted regions are occupied by holes:~a! x
50.01, ~b! x50.03, ~c! x50.07, ~d! x50.074.~d! is calculated by
the PM three-band Hubbard model.
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tioned. The flat bands are considered to play significant ro
in the physical properties~transport phenomena, superco
ductivity, etc.! of cuprate materials.44–46 Beenen and
Edwards31 have applied Roth’s two-pole approximation
the one-band Hubbard model and their results agree rem
ably well with the Monte Carlo results.32 Their results show
the existence of a flat band below the Fermi level in
half-filled case. With hole doping, there is also an additio
broad bump near (p/a,p/a) where doped holes are seen a

FIG. 6. Band structures~a!–~c! show the AF three-band Hub
bard models that correspond to Figs. 5~a!–5~c!. ~d! is calculated by
the three-band Hubbard model in the PM phase in correspond
with Fig. 5~d! and is represented by the enlarged PM Brillou
zone.
s

rk-

e
l

ce

FIG. 7. FS of the AF three-band Hubbard model. Dotted regio
are occupied by electrons.~a! x50.10,~b! x50.15,~c! x50.20,~d!
x50.22. ~d! is calculated by the PM three-band Hubbard model
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the band is still dispersionless in the vicinity of (p/a,0) and
stays near the Fermi level.

We can explain the behavior of the flat bands by
three-band Hubbard model with AF order, but the scenari
different from the one-band Hubbard model. In our resu
for the half-filled case, the flat bands are located below
Fermi level~Fig. 1!. From Figs. 6~a!–6~c!, we notice that the
flat bands still exist near the Fermi level in the hole dop
case. After transition from the AF state to the PM state,
upper-Hubbard band has dispersion, but at (p/a,0) we can

FIG. 8. Band structures~a!–~c! show the AF three-band Hub
bard models that correspond to Figs. 7~a!–7~c!. ~d! is calculated by
the PM three-band Hubbard model in correspondence with Fig.~d!
and is represented by the enlarged PM Brillouin zone.
e
is
s
e

e

find a flat region@Fig. 6~d!#. Recently, Marshallet al.47 have
shown a radical change of the electronic structure aro
(p/a,0) in Bi2212. As the rate of hole doping increases, t
Fermi level approaches the flat band. In our results, altho
the change of the band around (p/a,0) is not so drastic, it
seems to agree with these experiments, at least qualitativ
In the electron doping case, there is also a dispersion
band below the Fermi level@Figs. 8~a!–8~c!#. It is obvious
from Fig. 8~d! of the PM case that the flat band exists only
(p/a,0) and still stays below the Fermi level. Experimen
show a clearly different location of the flat band between
hole doped and the electron doped materials.48 In NCCO, the
flat band is approximately 300 meV below the Fermi lev
while in the hole doped materials it is located very close
the Fermi level. The location of the flat region in our ba
structures agrees with the experimental observations for b
hole @Fig. 6~d!# and electron@Fig. 8~d!# doped cases.

IV. CONCLUSIONS

We have calculated the AF order^sQ& and its doping
dependence by the three-band Hubbard model of a si
CuO2 layer. We have reproduced the decrease of^sQ& with
doping fraction of holes or electrons~Fig. 1! in qualitative
agreement with other experiments. The asymmetry of
decrease of Ne´el temperature between hole and electr
doped materials can be reasonably interpreted by the na
of the doped carriers~Fig. 2!. On the evolution of FS with
hole doping, we have obtained good agreement with the
cent ARPES experiments. For electron doped materials,
FS and its evolution we obtained are different from the
sults for hole doped materials. For electron doped mater
experiments have been carried out only for the metallic m
terials, but the evolution of the FS seems to be different fr
the results for hole doped materials. We hope ARPES
periments on NCCO for very low doping levels will be ca
ried out in the future. Concerning the flat band, althou
there are several theoretical interpretations, our results d
from them and seem to agree with experiments which sh
a different position with respect to the Fermi level betwe
hole doped and electron doped materials. In this paper,
have calculated normal-state properties of a single Cu2
layer. We think that the results such as those shown in
magnetic phase diagram and topologies of the FS are
evant for high-Tc copper oxide materials.

An apparent drawback of the results of this paper is t
the Fermi level in the undoped phase lies in the AF gap t
is formed in the upper-Hubbard band and not in the CT g
as is generally believed and also suggested by experim
such as optical reflection. Readers may get the impres
that this result shows the defect of the approximation use
this paper. We cannot agree with this view. The method
based on the identity~6! and the only approximation is a
kind of RPA, typically Eq.~8!, in decoupling the set of equa
tions of motion, applied to terms that arise from the hybr
izationh in the second stage equation, i.e., the last six te
in Eq. ~5!. We believe that using the approximation does n
undermine the validity of our results. Further, we have
remark that the split bands have a quite different chara
from the AF split bands of the itinerant electron pictur
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While the upper band has almost purelyd character, the
lower band is composed of the stronglyd-p hybridized elec-
trons, and especially near the region around (p/2a,p/2a),
where the Fermi surface appears at the lowest hole dop
levels, the mixing oxygen rate reaches up to 50%.

On the other hand, nuclear quadrupole resona
experiments49 have shown that nearly 20% ofdx22y2 orbitals
are doubly occupied by electrons. This has also been ver
by the numerical calculations by Ohota and co-workers50 and
Tsuji and co-workers51 for the half filled and low doping
region. This means that the Fermi level crosses the up
Hubbard band of thedx22y2 orbital and we cannot describ
simply the cuprates by the Brinkman-Rice type met
insulator transition.52 We think that the location of the Ferm
level obtained in this paper for the undoped case confo
with this view.

However, we think the serious defect in our theory is th
we could not take into account the effect of AF spin fluctu
tions. We have determined AF order and the chemical po
tial self-consistently. In order to be truly self-consisten
however, we have to include the effect of spin fluctuatio
around the AF ordered state, but we could not do that in t
paper. If we could take into account the effect of the sp
fluctuation, the reduction of the AF order would tend to b
come more rapid, and the description of the electronic sta
around the doping region near toTN;0 would change.

Note added in proof.Marshall et al. have carried out
ARPES experiments on insulating Bi2212 materials a
shown the AF nested band around (p/2a,p/2a) ~Ref. 47,
Fig. 3!. In Fig. 2 we plotted the band structure for the u
y

W

k

.

g

e

d

er

s

t

-

s

s

doped insulating phase by the AF reduced Brillouin zone
we plot it by the enlarged PM Brillouin zone, the AF neste
band similar to their experimental results is obtained. W
think the experimental results by Marshallet al. support the
existence of the AF nested band near the Fermi level.

APPENDIX: PROOF OF THE IDENTITY „6…

Here, we show the proof of the identity~6!. Remarking
that the Fourier transform of the number operator is given

(
J

eiqRJdJs
† dJs5(

k
dk1qs

† dks ,

we have

(
k8qk9q8

dk1q1q8↑dk81q↓
† dk8↓dk91q8↓

† dk9↓

5
1

AN
(
qq8

(
IJJ8

e2 i ~k1q1q8!RIdI↑e
iqRJnJ↓e

iq8RJ8nJ8↓

5
N2

AN
(

I
e2 ikRIdI↑nI↓nI↓5

N2

AN
(

I
e2 ikRIdI↑nI↓

5N(
k8q

dk1q↑dk81q↓
† dk8↓ .

We used the Pauli principlenI↓
2 5nI↓ .
-

.
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