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The electronic and magnetic structure at the Cu02 planes of high-T, oxides as a. function of

hole doping is analyzed. The Emery model is solved in a mean-field approximation that includes

spin correlations between copper atoms. It is found that the long-range antiferromagnetic order
is destroyed with 0.025 extra holes per unit cell, while the magnetic moments of Cu are slightly
reduced in the disordered phase. The antiferromagnetic long-range order is lost by the presence
of ferromagnetic Cu—Cu bonds with the bridging oxygen atoms antiferromagnetically aligned
with respect to them. For doping doses corresponding to the superconducting phase, the short-

range antiferromagnetic correlations between Cu atoms are not completely lost, as is the case

experiment ally.

It is well known that high-T, oxides are antifer-
romagnetic (AF) insulators for their undoped reference
compounds like La2Cu04 and YBa2CusOs. The AF
long-range order is lost upon doping, the material be-
coming superconducting. It is also well established ex-
perimentally that the magnetic moment of Cu atoms is
not lost for doping doses corresponding to the supercon-
ducting phase, and even some antiferromagnetic (AF)
correlation is kept in this phase. From the theoretical
point of view there have been several approaches to study
the eA'ects of extra holes in the AF ground state. Among
them we mention (i) studies of finite clusters of atoms
in mean-field approximations, 5 7 (ii) mean-field calcula-
tions in infinite systems where the electronic correlations
are somehow included, s ii and (iii) study of Fiighly cor-
related systems in small clusters of atoms. ~ Although
these calculations have helped us to understand the efI'ect

of extra holes, there is not a unified picture to explain the
rapid decreasing of the AF correlation length with dop-
ing and the magnetic ordering of the ground state after
the AF long-range order is lost.

In this work we develop a model which accounts for
the rapid disappearance of the long-range AF order with
doping and gives rise to a new ground state. The em-
phasis is put in treating the electronic correlations and
the disorder induced by the extra holes on the same foot-
ing. To study the electronic and magnetic structure of
the Cu02 planes we consider the well-known two-bandIamiltonian

H=) @;; + ) t;, , c, +) U, n, ln;1, (1)
2)0' {i,j),o

where the index i (g) runs over the sites of the Cu02
planes. The parameters E; = E&, Ed, and U; = Uz, Ud are

the orbital energies and intra-atomic Coulomb repulsion
I

for the 0 p orbitals and Cu d~2 y2 orbitals, respectively.
The hopping matrix element of p-d orbitals is represented
by C;~. We simplify the above Hamiltonian by considering
the mean-field decoupling

n;1n;1 = (n;1) n;t + (n;t) n;1 —(n;1) (n;t), (2)
such that no possible spin canting is allowed. So, we
exclude the quantum spin fluctuations from the begin-
ning. To solve the problem, as is stated, we consider
an alloy analogy similar to the one developed to study
the disappearance of ferromagnetism with temperature
in transition metals.

We distinguish two kinds of Cu atoms with magnetic
moment either up ("+")or down ("—") and in each Cu
atom the electrons can indeed have spin up or down. The
magnetic moment is then defined as

V; = (n*&) —(n'1) (3)

The oxygen atoms can also have spin polarization and
can be classified according to moment orientation of their
nearest-neighbor Cu atoms. We have therefore 0++,0, and 0+ atoms.

In order to calculate the electronic structure of this sys-
tem we consider the method developed by Verges and co-
workers for alloys. We define the short-range mag-
netic order between nearest-neighbor Cu atoms by a sin-

gle parameter p in the following way: Consider one par-
ticular Cu atom with a magnetic moment, if p = 0 the
magnetic moment of its nearest-neighbor Cu atom is an-
tiparallel (AF correlation) and for p = 1 it is parallel
(ferromagnetic correlation). Any intermediate value of
p would describe a nonordered situation. In particular,

p =
2 is a completely disordered system. We can write

down the following equations for the self-energies of the
different Cu atoms (see Fig. 1):

+(1-p)
I

Z —E, —V, (n+. ) —t,,(+, ) —3z+—l + + I:t;s(+,—))'
F —Ed —Ud (n~+ ) —t,~(+, —) —3E )

(4)
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and a similar equation for "down" Cu atoms, where

t,ir(+, *)= &pd(E —Ei, —U'„(n„+-'+)), with (np-'+) the
occupation number of the 0+ + atom. These equations
can be solved to obtain the diA'erent local Green's func-
tions and from them the mean occupation numbers

gF
(n;)= ——

OQ

ImG;; (E) dE .

For a given set of Hamiltonian parameters, a given hole
concentration and a given value of p Eqs. (4) and (5)
can be solved self-consistently to obtain the equilibrium
electronic configuration. In our calculation we do not
impose any symmetry constraint to the diAerent occupa-
tion numbers. The ground state can be paramagnetic,
ferromagnetic, antiferromagnetic, ferrimagnetic, charge-
density wave, or any combination of them. The total elec-
tronic energy can also easily be obtained to identify the
value of p which gives the minimal energy and then the
corresponding short-range magnetic order at each hole
concentration.

In Fig. 2 we show the results for the total electronic
energy versus the parameter p for various hole concentra-
tions. Also in the figure the resulting short-range mag-
netic ordering is indicated. The Hamiltonian parame-
ters are those proposed by Tjeng, Eskes, and Sawatzky,
namely t&d,

——1.47 eV, Ud ——9.7 eV, Up ——5.7 eV, and
Ez —Eg ——2.5 eV. Calculations for other available sets
of parameters yield similar results. There are several
points worth noticing in the figure: (i) Antiferromag-
netism is lost for small hole concentrations (see below for
details). (ii) When antiferromagnetism is lost the new
phase contains a fraction of the Cu Cu bonds with par-
allel orientation (although the number of up and down
moments is the same and the system is paramagnetic).
In these bonds the shared 0 atom develops a small an-
tiparallel magnetic moment. This is in accordance with
the views of Aharony e$ aL, and also found in exact
small-cluster solutions. is (iii) As the number of holes in-
creases the fraction of antiferromagnetic Cu Cu bonds
decreases. (iv) When increasing the number of holes the
total energy curves become shallower, indicating a mix-
ing of a large number of magnetic configurations with a
large fluctuation of the oxygen magnetic moment ampli-
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tude. (v) The magnetic moment of Cu does not disappear
with the antiferromagnetic long-range order.

In order to show how the diA'erenow occupat ons and
magnetic moments vary with the hole concentration we
have plotted them in Figs. 3(a) and 3(b), respectively,
for the doping valves shown in Fig. 2 a.xd at the equi-
librium magnetic configurations. We observe that the
magnetic moment of Cu decreases monotonically with
the increase of the hole concentration, whereas the mag-
netic moment of the oxygen atoms between ferroinagnet-
ically correlated Cu atoms increases with the holes con-
tent. From the figure we also see that the added holes
occupy both Cu and 0 atoms, being more located at the
0 (0 ) at 0111S.

To see in more detail the breaking of the AF Iong-range
or der by the presen ce of holes, we show in Fig. 4 the
variation of the staggered magnetization and the order
parameter p at equilibriun~ with the hole concentration.
AVe observe that for a hole concentration of 0.025 per unit
cell the antiferromagnetic ordering (p = 0) is lost. (How-
ever, the possibility of other kinds of magnetic order, in
particular, spiral or domain walls, cannot be excluded
from our calculations). The transition from AF to the
magnetically disordered phase takes place at a very nar-
row doping range, but whether or not the transition is
abrupt cannot be assessed from the calculation due to
numerical uncertainties. In Fig. 4 we also show (with
a dashed iine) how the AF magnetic order disappears
when the constraint of no ferromagnetic Cu Cu bonds
is imposed to the system. In this case the AF order is
lost by the disappearance of the Cu magnetic moments.
The paramagnetic phase P of our model, however, is a
nonmagnetic phase with nonzero magnetic moments.

Finally, in Fig. 5 we have plotted the total densities
of states for the equilibrium atomic configurations ob-
tained in Fig. 2. We first observe the antiferromagnetic
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FIG. 1. Relation betvveen the self-energies appearing in
Eq. (4), for Cu+ and Cu atoms.

FIG. 2. (a) Total energy vs the short-range order parame-
ter p for various doping concentrations. (b) Magnetic moment
configuration at equilibrium.
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gap at the Fermi level in the absence of doping. The ex-
citation gap is approximately 2.4 eV, in agreement with
experiments. See also Ref. 5. (When the local-density-
approximation parameters are used the gap increases
by 40'%%uo). This result is consistent with the assumption
that these systems are charge-transfer insulators. Now,
when holes are included there are localized states near the
AF gap edges, which in our uniform calculation develop
a band that closes the gap for very high hole concentra-
tions. For small doping the Fermi level lies at this band,
whose states are mainly weighted at the 0++ (0 )
atoms, as analysis of the local densities of states reveals.
We observe too from the sequence of pictures in Fig. 5,
a possible mechanism for the pinning of the Fermi level
with doping. Also seen is the shifting and broadening of
the nonbonding oxygen band, which is due in this case to
the appearance of a small magnetic moment at oxygen
sites.

The results of our calculat'ion can be summarized as
follows: (i) AF long-range order disappears with a small
hole concentration in a process similar to the one pro-
posed by Aharony et al. 2 (ii) The magnetic moment of
Cu when there are no extra holes is 0.59@@,in agreement
v ith experiments which range from 0.4@@ in La2Cu04
(Ref. 27) to 0.64@~ in YBa2CusOs (Ref. 28). (iii) The
magnetic moment of Cu does not disappear in the super-
conducting phase in agreement with experiments. This
is plausible because the magnetic energies involved are
much higher than the pairing energies. (iv) In the su-

perconducting doping region there is still some antiferro-
magnetic correlation, since the pair correlation parame-
ter p ranges 0 ( p ( 0.5 in this doping range. (v) The
AF coupling between Cu and 0 when Cu-Cu ordering
is ferromagnetic makes the Cu atoms be surrounded by
antiparallel 0 atoms. The clustering of such bonds, form-
ing local singlets, is expected to reduce the total energy.
(vi) Only uniform systems are considered in the calcula-
tions. Domain lines, vortices, and other local configura-
tions cannot be accounted for in our calculation. In the
same way, no possible spin canting has been considered.
This means that the itinerant results presented here are
strictly valid for classical spins, nevertheless we stress the
concordance with the experimental situation.

So far, we have solved the two-band Emery model in an
unrestricted mean-field Hartree-Fock-like approximation,
including an extra degree of freedom to take into account
the static disorder induced by holes, and found that the
magnetic order is lost very rapidly. Whether this picture
will persist when the dynamical disorder produced by the
quantum spin fluctuations is considered is still an open
question. Improvement of the calculations along these
directions is in progress.

We are indebted to M. Cardona, P. Fulde, P. Horsch,
A. Muramatsu, and 3. Zaanen for useful discussions,
as well as to O. Gunnarsson for careful reading of the
manuscript. One of us (F.Y.) would like to acknowledge
the Alexander von Humboldt Foundation for financial
support.

'Permanent address: Depto. Fisica de la Materia Conden-
sada, Universidad Autonoma de Madrid, 28049 Madrid,
Spain.
Earlier and Recent Aspects of Superconductivity, Vol. 90
of Springer Series in Solid State Sciences, edited by J. G.
Bednorz and K. A. Miiller (Springer-Verlag, Berlin, 1990),
and references therein.
Mater. Res. Bull. , January 1989 and June 1990 issues, and
references therein.
R. 3. Birgeneau et al. , Phys. Rev. B 38, 6614 (1988).
J. M. Tranquada et al. , Phys. Rev. Lett. 64, 800 (1990).
J. Zaanen and O. Gunnarsson, Phys. Rev. B 40, 7391
(1989).
J. A. Verges, E. Louis, P. S. Lomdahl, F. Guinea, and A.
R. Bishop, Phys. Rev. B (to be published).
E. Louis, F. Guinea, aud J. A. Verges (unpublished).
C. A. Balseiro, M. Avignon, A. G. Rojo, and B. Alascio,
Phys. Rev. Lett. 62, 2624 (1989).
A. M. Oles and 3. Zaanen, Phys. Rev. B 39, 9175 (1989).
3. Dutka, aud A. M. Oles, Phys. Rev. B 42, 105 (1990);
(unpublished).

' J. Ferrer, F. Flores, E. Louis, A. Martin-Rodero, and J. A.
Verges (unpublished).
C. Mei and G. Stollhoff, Z. Phys. B 77, 353 (1989).
P. Horsch aud W. H. Stephan, in Proceedings of the NATO
Advanced Research Workshop on Interacting Electrons in
Reduced Dimensions, Vol. 213 of NATO Advanced Study
Institute, Series B: Physics, edited by D. Baeriswyl and D.
Campbell (Plenum, New York, 1990), p. 341.

E. R. Gagliano, C. A. Balseiro, and M. Avignon, Europhys.
Lett. 12, 259 (1990).
G. Martinez and P. Horsch, Int. 3. Mod. Phys. B (to be
published) .
V. 3. Emery, Phys. Rev. Lett. 58, 2794 (1987).

"J. L. Moran-Lopez, E4. H. Bennemann, and M. Avignon,
Phys. Rev. B 23, 5978 (1981).
F. Brouers, J. Phys. C 15, 3181 (1982).
L. Martin-Moreno and J. A. Verges, J. Phys. C 19, 6751
(1986).
E. Louis and J. A. Verges, Solid State Commun. 60, 157
(1986).
L. Martin-Moreno, E. Martinez, J. A. Verges, and F. Yn-
durain, Phys. Rev. B 35, 9683 (1987}.
G. Gomez-Santos and J. A. Verges, J. Phys. C 20, 5501
(1987).
L. H. Tjeng, H. Eskes, and G. A. Sawatzky, in Strong Cor-
relation and Superconductivity, Vol. 89 of Springer Series of
Solid State Sciences, edited by H. Fukuyama, S. Maekawa,
and A. P. Malozemoff (Springer-Verlag, Berlin, 1989), p.
33.
A. Aharony, R. J. Birgeneau, A. Coniglio, M. A. Kastner,
and H. E. Stanley, Phys. Rev. Lett. 60, 1330 (1988).
J. M. Ginder et al. , Phys. Rev. B 37, 7506 (1988).
M. S. Hybertsen, M. Schluter, and N. E. Christensen, Phys.
Rev. B 39, 9028 (1989).
D. Vaknin et al. , Phys. Rev. Lett. 58, 2802 (1987).
3. M. Trauquada et al. , Phys. Rev. Lett. 60, 156 (1988);
Phys. Rev. B 38, 2477 (1988).


