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Theory of photoemission from copper oxide materials
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A mean-field theory which satisfies the electron on-site local constraint in the relevant regime of density for
the high-temperature superconductors is developed. Within this approach, the electron spectral function, the
electron dispersion, and the electron density of states of copper oxide materials are discussed, and the results
are qualitatively consistent with the numerical simulations.@S0163-1829~97!01001-1#
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The discovery of the high-temperature superconductiv
in copper oxide materials has initiated an enormous theo
cal effort on quantum antiferromagnets in two-dimensio
~2D!.1–3 Although experiments have not yet isolated the k
elements of the electronic structure necessary for a glo
understanding of the physical properties of copper oxide
terials, a significant body of reliable and reproducible d
has been amassed by using many probes.2,3 The normal-state
properties of these materials exhibit a number of anoma
properties in the sense that they do not fit in the conventio
Fermi-liquid theory.4 When undoped, with one hole per co
per site, these materials are antiferromagnetic M
insulators.2 When doped with sufficient carriers, they are s
perconductors with no antiferromagnetic long-range ord2

There is strong evidence from transport and neutron sca
ing that no sharp phase transition occurs, and the strong
relations are very important to the electronic structure.5 The
angle-resolved photoemission spectroscopy is the defin
way to determine the electron dispersion relation for a
materials. In copper oxide materials, the angle-resolved p
toemission experiments6 have produced interesting data th
introduce important constraints on theories. It has b
shown2,3 that the hole-doped copper oxide materials exh
universal properties likely induced by the behavior of ca
ers in their common copper oxide sheets. It is believed1 that
the physics of these materials may be effectively descri
by a 2D, large-U, single-band Hubbard model. In the larg
U limit, the Hubbard model is transferred into thet-J model
acting on the space with no doubly occupied sites. Furth
more, Zhang and Rice1 derived thet-J model from a multi-
band Hubbard model described with 2D copper oxide plan

It is clearly very important to establish appropriate fo
malism for the problem and to show that this leads to beh
ior similar to that seen in experiments. In order to acco
for real experiments under thet-J model, the crucial require
ment is to impose the electron local constraint.7 The local
nature of the constraint is of prime importance, and its v
lation may lead to some unphysical results.8 Recently a
fermion-spin theory based on the charge-spin separatio
proposed9 to incorporate this constraint. In this approach, t
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electron on-site local constraint for single occupancy is s
isfied even in the mean-field approximation~MFA!. In the
framework of the fermion-spin theory, the ground-state pro
erties, such as the ground-state energy, ground-state ki
energy, phase separation, specific-heat data, and doping
pendence of the antiferromagnetic long-range order,
discussed9–11 and the results are in qualitative agreeme
with experiments and numerical simulations. In this pap
we develop a mean-field theory in the optimal doping regi
within the fermion-spin theory to study the photoemissi
spectrum, the electron dispersion, and the electron densi
states, which is useful for understanding of the electro
structure of the copper oxide materials.

We start from thet-J model which describes the electron
moving on a planar square lattice,

H52t (
^ i j &s

Cis
† Cjs1H.c.2m(

is
Cis
† Cis1J(̂

i j &
Si•Sj ,

~1!

whereCis
† (Cis) are the electron creation~annihilation! op-

erators, Si5Ci
†sCi /2 are spin operators with

s5(sx ,sy ,sz) as Pauli matrices, andm is the chemical
potential. The summation̂i j & is carried over nearest nonre
peated bonds. Thet-J Hamiltonian ~1! is supplemented by
the on-site local constraint,(sCis

† Cis<1, i.e., there be no
doubly occupied sites. With the help of the fermion-sp
transformation9

Ci↑5hi
†Si

2 , Ci↓5hi
†Si

1 , ~2!

where the spinless fermion operatorhi keeps track of the
charge~holon!, while the pseudospin operatorSi keeps track
of the spin~spinon!, the t-J model ~1! can be rewritten as9

H52t(̂
i j &

hihj
†~Si

1Sj
21Si

2Sj
1!1H.c.2m(

i
hi
†hi

1J(̂
i j &

~hihi
†!~Si•Sj !~hjhj

†!, ~3!

whereSi
1 andSi

2 are pseudospin raising and lowering o
erators, respectively. It is shown9 that the constrained elec
642 © 1997 The American Physical Society
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55 643THEORY OF PHOTOEMISSION FROM COPPER OXIDE . . .
tron operator can be mapped exactly onto the fermion-s
transformation defined with an additional projection ope
tor. However, this projection operator is cumbersome
handle for the actual calculation possible in 2D, we ha
dropped it in Eq.~3!. It has been shown in Ref. 9 that suc
treatment leads to errors of the orderd in counting the num-
ber of spin states, which is negligible for small dopingd.
Within the MFA, thet-J model ~3! can be decoupled as

H5Ht1HJ28Ntxf, ~4a!

Ht52xt(
i ,h

hi1h
† hi2m(

i
hi
†hi , ~4b!

HJ5
1

2
Jeffe(

i ,h
~Si

1Si1h
2 1Si

2Si1h
1 !1Jeff(

i ,h
Si
zSi1h

z ,

~4c!

with h56 x̂,6 ŷ, N is the number of sites, andJeff
5J@(12d)22f2#. The nearest-neighbor spin bond-ord
amplitudex and holon particle-hole parameterf are defined
as x5^Si

1Si1h
2 & andf5^hi

†hi1h&, respectively, where the
site subscripts of the order parametersx andf have been
dropped since the system is translation invariant. In t
mean-field level, the spinon part is described by an an
tropic Heisenberg model with the anisotropic parame
given by

e5
Jeff12tf

Jeff
. ~5!

The quantum spin operators obey the Pauli spin alge
and this problem can be discussed in terms of the two-t
spin Green’s function within the Tyablikov scheme.12 In this
case, the one-particle spinon and holon two-time Gree
functions are defined as

D~ i2 j ,t2t8!52 iu~ t2t8!^@Si
1~ t !,Sj

2~ t8!#&

5^^Si
1~ t !;Sj

2~ t8!&&, ~6a!

Dz~ i2 j ,t2t8!52 iu~ t2t8!^@Si
z~ t !,Sj

z~ t8!#&

5^^Si
z~ t !;Sj

z~ t8!&&, ~6b!

and

g~ i2 j ,t2t8!52 iu~ t2t8!^@hi~ t !,hj
†~ t8!#&

5^^hi~ t !;hj
†~ t8!&&, ~7!

respectively, wherê . . . & is an average over the ensemb
Because the spinon system is an anisotropic, we have de
the two spinon Green’s functionD( i2 j ,t2t8) and
Dz( i2 j ,t2t8) to describe the spinon propagations. T
time-Fourier transform of the two-time Green’s function s
isfies the equation

v^^A;B&&5
1

2p
^@A,B#&1^^@A,H#;B&&, ~8!

therefore the Green’s functions can be obtained by apply
the Tyablikov decoupling technique, and the correlat
functions can be obtained by the spectral representation
in
-
o
e

r

is
o-
r

a,
e

’s

.
ed

-

g
n
as

^B~ t8!A~ t !&

5 i E
2`

` dv

2p

^^A;B&&v1 i012^^A;B&&v2 i01

ebv21
e2 iv~ t2t8!.

~9!

Recently, we9–11 have employed the fermion-spin theo
to study the ground-state properties of the 2Dt-J model and
obtained some interesting results. Within the random-ph
approximation, we11 have shown that the antiferromagnet
long-range order is destroyed by hole doping of the or
;5% for the reasonable value of the parameterst/J55.
Then in the following discussions, we only study the syste
in the optimal doping regime (20%.d.5%), where there
is no antiferromagnetic long-range order, i.e.,^Si

z&50. In
this case, the basic equations for the mean-field spinon t
time Green’s function in one-dimension have been discus
in detail by Kondo and Yamaji.13 Following their discus-
sions, we can obtain the mean-field spinon Green’s functi
of HJ in 2D,

D~k,v!5
D@~2exz1x!gk2~ex12xz!#

2v~k!

3S 1

v2v~k!
2

1

v1v~k! D , ~10a!

Dz~k,v!5
Dex~gk21!

2vz~k! S 1

v2vz~k!
2

1

v1vz~k! D ,
~10b!

wheregk5(1/Z)(he
ik•ĥ, and

v2~k!5D2H aeS xzgk2
1

Z
x D ~egk21!

1FaCz1
1

4Z
~12a!G~12egk!J

1D2S 12aexgk~gk2e!

1
1

2
eFaC1

1

2Z
~12a!G~e2gk! D , ~11a!

vz
2~k!5D2S e2FaC1

1

2Z
~12a!G

2aexgk2
1

Z
aex D ~12gk!, ~11b!

with D52ZJeff , Z is the number of the nearest-neighb
sites, and the order parameters

xz5^Si
zSi1h

z &, C5~1/Z2!(h,h8^Si1h
1 Si1h8

2 &,

and

Cz5~1/Z2!(h,h8^Si1h
z Si1h8

z &.

In order not to violate the sum rule of the correlation fun
tion ^Si

1Si
2&51/2 in the casêSi

z&50, the important decou-
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644 55SHIPING FENG AND YUN SONG
pling parametera has been introduced as discussed
Kondo and Yamaji,13 which can be regarded as the vert
corrections. At half-filling, thet-J model is reduced as th
isotropic antiferromagnetic Heisenberg model, wheree51,
xz5(1/2)x, andCz5(1/2)C in the rotational symmetrica
case, and we obtainDz(k,v)5(1/2)D(k,v), which is just
those discussed by Shimahara and Takada.14

The mean-field Green’s function ofHt for holons is very
simple, and can be written as

g~k,v!5
1

v2~«k2m!
, ~12!

where «k52Zxtgk . With help of the spinon and holon
Green’s functions and the spectral representations of the
relation functions, the order parametersx,C,xz ,Cz ,f, and
chemical potentialm can be obtained by the self-consiste
equations,

x5
1

N(
k

gk

D@~2exz1x!gk2~ex12xz!#

2v~k!
cothS bv~k!

2 D ,
~13a!

C5
1

N(
k

gk
2D@~2exz1x!gk2~ex12xz!#

2v~k!
cothS bv~k!

2 D ,
~13b!

1

2
5
1

N(
k

D@~2exz1x!gk2~ex12xz!#

2v~k!
cothS bv~k!

2 D ,
~13c!

xz5
1

N(
k

gk

Dex~gk21!

2vz~k!
cothS bvz~k!

2 D , ~13d!

Cz5
1

N(
k

gk
2Dex~gk21!

2vz~k!
cothS bvz~k!

2 D , ~13e!

f5
1

2N(
k

gkS 12th
b~«k2m!

2 D , ~13f!

d5
1

2N(
k

S 12th
b~«k2m!

2 D . ~13g!

As we have shown in previous works,11 the present MFA
self-consistent calculation is just the usual self-consis
Hartree-Fock approximation.

We15 have performed a numerical calculation for the
mean-field self-consistent equations. The results for the o
parameters at optimal doping regime are very close to
previous works9,10based on the 2D Jordan-Wigner approa
and detailed discussions will be given elsewhere.15 In this
paper, we hope to discuss the electronic structure
copper oxide materials, and therefore it is necessary
calculate the electron Green’s functionG( i2 j ,t2t8)
5^^Cis(t);Cjs

† (t8)&&. According the fermion-spin transfor
mation~2!, the electron Green’s function is a convolution
the spinon Green’s functionD( i2 j ,t2t8) and holon
Green’s functiong( i2 j ,t2t8), and can be obtained at th
mean-field level as
y

or-

t

nt

er
ur
,

of
to

G~k,v!5
1

N(
p

D@~2exz1x!gp2~ex12xz!#

2v~p!

3S F1~k,p!

v2v~p!1«p2k
1

F2~k,p!

v1v~p!1«p2k
D , ~14!

where F1(k,p)5nB(vp)1nF(«p2k2m), F2(k,p)51
1nB(vp)2nF(«p2k2m), with nB(vp) and nF(«p2k2m)
are the boson and fermion distribution functions for spino
and holons, respectively. From the electron Green’s func
~14!, we obtain the electron spectrum function,

A~k,v!522 ImG~k,v!

52p
1

N(
p

D@~2exz1x!gp2~ex12xz!#

2v~p!

3„F1~k,p!d@v2v~p!1«p2k#

1F2~k,p!d@v1v~p!1«p2k#…. ~15!

In the t-J model, the doubly occupied Hilbert space has be
pushed to infinity as HubbardU→` and therefore the spec
trum function only describes the lower Hubbard band. O
mean-field result of the spectral functions at the dop
d50.12 for the parametert/J52.5 is shown in Fig. 1~solid
line!. For comparison, the exact diagonalization and quan
Monte Carlo result atd50.12 for t/J52.5 obtained by
Moreo et al.16 is also shown in Fig. 1~dashed line!. Al-
though the particular details of the spectral function and d
persion may differ from compound to compound, som
qualitative features seem common to all copper oxide m

FIG. 1. Spectral functionA(k,v) of the 2Dt-J model within the
fermion-spin mean-field theory~solid line! and the exact diagonal
ization and quantum Monte Carlo methods~dashed line! for the
parametert/J52.5.
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55 645THEORY OF PHOTOEMISSION FROM COPPER OXIDE . . .
rials. Hence a quantitative comparison between theory
experiment is still early, but the qualitative tendency of t
spectral function and dispersion in an adequate theore
description should be consistent with experiments and
merical simulations. In the present mean-field theory,
most important feature is that the intensity peaks are qu
tatively consistent with the numerical simulation.16 The low-
energy peak is well defined at all momenta, and the positi
of the dominant peaks inA(k,v) as a function of momentum
are shown in Fig. 2, which is also in qualitative agreem
with the numerical simulation16 and the experimental result6

Now we consider the electron density of states, which
defined as

r~v!5
1

N(
k
A~k,v!. ~16!

The numerical analysis of the electron density of states in
t-J model as a function of doping has been done by m
authors.17 On the other hand, oxygen x-ray-absorption sp
tra measured18 on La22xSrxCuO4 may be interpreted in
terms of a picture in which hole doping introduces carri
into the lower hand. Our mean-field result at dopi
d50.12 andd50.06 for the parametert/J52.5 is shown in
Fig. 3. We find that the chemical potentialm moves from
nearly zero at small dopingd50.06 to the top edge of the
lower Hubbard band, which also is qualitatively consiste
with the numerical simulation17 and experimental result.18

In summary, we have developed a mean-field the
which satisfies the electron on-site local constraint in
relevant regime of density for the high-temperature sup
conductors, namely in the vicinity of optimal doping with
the fermion-spin theory. Within this mean-field theory, w
have studied the electron spectral function, the electron
persion, and the electron density of states of copper ox

FIG. 2. Position of the dominant peaks inA(k,v) as a function
of momentum.
d
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materials, the results are qualitatively consistent with the
merical simulations and experiments.

At zero doping, thet-J model reduces to the antiferro
magnetic Heisenberg model, which has a local SU~2! sym-
metry in the fermion representation.19 This symmetry does
imply that the spinon particle~hole! state with spin up is the
same state as a spinon hole~particle! with spin down. In the
conventional slave-boson theory,20 the SU~2! is broken to
U~1! upon doping, and this U~1! gauge degree of freedom i
introduced to incorporate with the single occupancy lo
constraint. However, in the fermion-spin theory, the SU~2!
symmetry is also broken upon doping. Moreover, since
local constraint is satisfied exactly even in the MFA, t
extra gauge degree of freedom occurring in the slave-par
approach does not appear here, which is consistent with
discussions in Ref. 21.

Finally we also note that recently Wen and Lee22 have
developed a slave-boson theory for thet-J model at under-
doped regime which preserves SU~2! symmetry, they argued
that spin-gap phase at the underdoped regime can be un
stood as the staggered flux phase. However, the area o
Fermi surface produced by this SU~2! mean-field theory is
larger than that predicted by the Luttinger theorem wh
reveals a drawback of the SU~2! mean-field theory at the
optimal doping, and therefore the U~1! mean-field theory is
better at the optimal doping.

The authors would like to thank Z. B. Huang and Profe
sor Z. X. Zhao for helpful discussions. This work is su
ported by the National Science Foundation Grant N
19474007 and the Trans-Century Training Programme Fo
dation for the Talents by the State Education Commission
China.

FIG. 3. Electron spectral density of the 2Dt-J model at the
parametert/J52.5 for ~a! dopingd50.12 and~b! d50.06.
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