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A mean field caculation of the two dimensioind three band Hubbard models based on a
Mori-projection operator formadism, which is called the projection operator mean field (POMF)
approximation, is presented. The results are compared with those of the Quantum Monte Carlo
(QMC) simulations. We find that the POMF results agree very well with those of the QMC. Then
we use the parameters determined by the congtrained density functional method to study the CuO2
plane by POMF. We find an antiferromagnetic insulating ground state with band gap and
magnetic moment given by 1.97 eV and 0.65 B, and a satellite pesk around 13 eV below Fermi
level. All these results agree with experiment. The effect of doping on the solutions is discussed.

Since the discovery of high T, superconductivity in the copper oxides materials, theoretical
study of strongly correlated electron systems has been once again a foca point in condensed
matter physics. Many calculations in the past decade have demonstrated that the local spin den-
sity functional approximation (LSDA) gives a good description of ground state properties of
many moderately correlated systems.! LSDA has become the de facto tool of first principles
caculations in solid state physics, and has contributed significantly to the understanding of
material properties at the microscopic level. For strongly correlated systems, the LSDA often
fails. The failure of the LSDA is caused mainly by strong correlation effects. The vaence
electrons in the solid have a strong tendency to hop from atom to atom because this process will
lower the kinetic energy due to the decreased spatia locdlization of the wave function. These
kind of itnerant states are well described by the band picture. However, the Coulomb repulsion
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between electrons will oppose the hopping of the electrons between atoms. When the cost in
potential energy arising from hopping outweighs the saving in kinetic energy, the electron be-
comes localized. Once the states are localized by strong intrasite Coulomb correlations, the
magnetic interactions and tendency to integral occupation of such states strongly favors the an-
tiferromagnetic ground state. Therefore antiferromagnetic materials are frequently strongly
correlated systems. P. W. Anderson introduce amodel? in order to understand why the majority
of insulating magnetic materials were antiferromagnetic. Independently, John Hubbard studied
the magnetism and metal-insulator transitions by introducing a separate model,? a generalized
version of the Anderson model, which gives the approximate solutions to the many-body prob-
lem of a metal with strong instrasite Coulomb interactions. Since most of the parent structure
of high T, materials, such as CaCuO,, La;CuQy4, and YBa;Cu3Qg, are antiferromagnetic in-
sulators, the wavefunctions responsible for the magnetism are very likely to be localized. There
are certain features in common for these High T, materials, particularly the existence of the
square CuQ, layers, which contribute to most of the unusua features of the normal, the mag-
netic, and the superconducting state. We believe that a detailed knowledge of the norma state
electronic structure and excitationis will give important insight into the understanding of the na-
ture of the superconductivity in these materials. Since the treatment of strong intra-atomic cor-
relations in solids is difficult, it is appropriate at this stage to study model systems which hope-
fully revea the correct quditative physics. Quantum Monte Carlo methods have recently been
used to study finite two dimensiona Hubbard models, and have been extended to three band
models to better study the CuO; interactions*® The Quantum Monte Carlo methods are
presently restricted to finite lattices, finite temperatures, and very large computers. We have
developed a mean field calculation of the multi-band Hubbard model based on a projection
operator scheme® which is able to treat the correlations for such models in a much faster but
approximate fashion. The method also has the desirable feature that it can be generalized all
the way to many atoms per unit cell with s, p, d orbitals included. We will apply the method to
study the ground state in three band Hubbard modes, and compare the results to those of the
Quantum Monte Carlo method. Also, we will use parameters determined from LSDA, and from
interpreting experimental data for the CuO, plane, and compare the results to experimental
measurement. Findly, we will study the effect on the solution of hole concentration.

Figure 1 shows the projection operator mean field (POMF) and QMC results for the hole
occupation on the Cu site, <ng,>, and the 0 site, <ng>,for =8, U, =0, tgp =1, 15, =
0, Ug = 6, and A = 2. Both the AF solution and the paramagnetic (PM) solution calculated
by POMF are included in Fig. 1. We can see that the AF solution agrees better with the QMC
results for n = 0.8, 0.9, 1.0, and 1.1, where the total energy calculated using POMF for the AF
solution is lower than that of the PM solution. For n = 1.2 we find the total energy of the PM
solution is lower than that of the AF solution and the PM solution agrees better with the QMC
results. We can aso see that when holes are added to the system away from half-filling, n = 1,
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FIG. 1. The hole occupation numbers on the Cu site <ng,> and the 0 site <ng> versus band filling n for
Ug=6A =2, tgp=1t,=U,= 0,,3 = 8 calculated using the POMF approximation and the QMC
simulation (Ref. 4).

they go mainly to the oxygen site. On the other hand, if the electrons are added to the system,
decreasing n, holes are mainly removed from the Cu sites. That is in agreement with experimen-
tal observation.” The squared magnetic moment < S,2> and the hole occupation on Cu sites
<ngy >, respectively, as a function of charge transfer energy A for Ug=6,t3p =1, Up= Ugp
=tgp=0,and B = 10 at half-filling calculated by POMF and QMC are shown in Figs. 2a and
2b. Again they agree quit well with each other. When the charge transfer energy increase, more
holes go to the Cu sites and <S,?> increases as expected.

The agreement with the QMC results gives clear evidence for the utility of the present
POMF method to study the three band Hubbard model. Thus we go to study the solution of
the three band Hubbard model with parameters more suitable for the CuO, plane using the
POMF approximation. Recently, the parameters of the three band Hubbard model determined,
both theoretically, from LSDA calculations,®?1% and experimentally, by analyzing the
photoemission experiments.!! The values of the parameters determined by different groups are
quite similar. The ranges for the values of the parameters are given by A, (15eV-4.0eV); Uy,

(8.8 eV-105eV); Uy, (4.0 eV - 6.0 eV); Ugp, (0.0 £V - L5 eV);tgp, (1.07 eV - L6 eV) and t,,
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FIG. 2. (a) The squared magnetic moment <Szz> and (b) the hole occupation on Cu site <ng,> versus
charge transfer energy A for Ug=6, tgp=1 4= Up =Ugp =0, and ,3 = 10 at hdf-filling calculated
using the POMF approximation and the QMC simulation (Ref. 4).

(0.33 eV - 0.65 eV). McMahan, Annett, and Martin'? included two more orbitals, Cu dj,2. 2
and out of plane O p, in their caculation. In the caculations presented below, we will use the
parameters determined by Hybertsen, Schiuter, and Christensen (HSC)® as shown in Table I.
HSC perform standard LMTO calculations with the use of the constrained local density func-
tional approach to calculate the energy surface as a function of local orbital occupation in
La,CuOy4. Then they extract the parameters by matching the energy surface to the one obtained
by a HF solution of the three band Hubbard model. Note that al the parameters listed in Table
| are evaluated in the hole picture.

Since the intersite correlation is weak, we can include the Udp terms in our calculation by
the HF approximation, which replaces Ugp ngo npo’ by 0.5 Ugp (ngo <npo’ > + < ngo>
npo’). Therefore the effect of the Uy, is just a constant shift of the on-site energies given by
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TABLE |. Parameter vaues for the CuO2 plane used in the present calculation. All values are in
eV

10.5 4.0 12 3.6 13 0.65

€a—€q+ 2Uap <np >

€p — €p +Ugp < ncu >

In order to study the antiferromagnetic ordering, we consider two CuQ, formula units per unit
cell. Thus we now have six orbitals per unit cell. The half-filled upper band case, one hole per
CuO; unit, coresponds to 10 electrons (or 2 holes) per unit cell. The ground state of the system
at half-filling, n = 1 per CuO», is found to be an antiferromagnetic insulator in our calculation.
The band gap and the magnetic moment calculated by the POMF method is found to be 2.0 eV
and 0.65ug assuming g = 2.0, and the corresponding results in experiment are given by 1.5 eV
- 2.0 eV12 and 0.55u5.1> They agree quite well. The hole occupation on the Cu site and the
root mean square magnetic moment v < Sz2> are given by 0.708e and 0.83ug. Thus most of the
hole is located on the Cu site, and the spin fluctuation is quite strong.

When the system is doped away from half-filing, for example a = 1.1, the system is found
to be a paramagnetic metal by experiment. Therefore we present both the PM and AF solution
for the case with doping, n = 1.1. The hole occupation on the Cu site and V' <Sz2> are found
to be 0.698e and 0.78u g for the PM solution and 0.741e and 0.834ug for AF solution respectively.
Thus, consistent with experiment when holes are doped to the system away from haf-filling they
go mainly to oxygen sites,” 110% for the PM solution and 67% for the AF solution in our cal-
culation. Also when the antiferromagnetism is destroyed by hole doping the v'<Sz2> show lit-
tle dependence on doping.13 Both these observations are consistent with our POMF resuits.

The dectronic energy band structure in the éectron picture along the (11) direction cal-
culated using the POMF approximation for the AF solution at n = 1.0, the AF solution at n =
1.1, and the PM solution at n = 1.1 are shown in Fig. 3, and the corresponding density of states
are shown in Fig. 4. One genera feature of our results is that we obtain twelve bands instead
of six bands for the system with six orbitals per unit cell. This is a consequence of the POMF
method which keeps track of single and double occupancy. The number of electrons for the
filled nth band with spin index a is determined by

o1
N = ~ Z < Ct (n)Cryo(n) >
kv
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FIG. 3. The dectronic structure along the (11) direction caculated using the POMF approximation for (a)
antiferromagnetic solution at n = 1.0, (b) antiferromagnetic solution & n = 1.1, and (c) paramag-
netic solution a n = 1.1. Parameters are the same as in Table I.

which is caled the weight of that band. The weight for each band is usualy less than one; how-
ever, the sum rule

12
>N =6
n=1

is satisfied. There are many features of the density in Fig. 3 which agree with experimental meas-
urement. There is a gap opening for the half-filling case. The structures around 5 eV below
Fermi level with mainly O p character and around 13 eV with mainly Cu d character below Fermi
level which are in reasonable agreement with experiment.'* The structure around 13 eV below
Fermi level, the satellite, is caused by the Coulomb repulsion U between two holes on the same
Cu site, which has draw much attention during the past decade.

We also caculated the magnetic moment as a function of doping. Antiferromagnetic, fer-
romagnetic (FM), and paramagnetic solutions were investigated. The magnetic moment on the
Cu site for AF solution and the magnetic moment on the Cu site for FM solution calculated using
POMF approximation are shown in Fig. Sa. Here the magnetic moment on the Cu. site for the
AF solution calculated using the HF approximation is also included in Fig. 5a for comparison.
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FIG. 4. The density of states cadculated using the POMF approximation for (&) antiferromagnetic solution
a n = 1.0, (b) antiferromagnetic solution at n = 1.1, and (C) paramagnetic solution a n = 1.1.
Parameters are the same as in Table I.

Fig. 5b shows the energy difference between the AM solution and the PM solution, E(AF)-
E(PM), and the energy difference between the FM solution and the PM solution, E(FM)-
E(PM), calculated using the POMF approximation. We can see that there is a small region
around n = 1.1 where the FM solution is the ground state. However, this does not agree with
experiment. The Ugp, term strongly favors the FM solution. No FM ground state was found if
we reduced the value of Uy, down to 0.8 eV. The magnetic moment and the energy defferences
as a function of hole concentration for Ug, = 0.8 ¢V are shown in Figs. 6a and 6b. Therefore
the value of Ug,, determined by Hybertsen 1's group, Uy = 1.2V, may be too large. By replacing
the value of Ugp by 0.8 eV, we found the AF magnetic moment and band gap are given by 1.8
eV and 0.635up for half-filling. The v <Sz2> is given by 0.823up which indicates that the spin
fluctuation is quite strong. When the system is doped away from half-filling, we found that the
holes introduced by doping go mainly to oxygen sites, 66% for AF solution and 106% for PM

solution; and the v'<Sz2> are almost not changed, 0.826up for AF solution and 0.778up for PM
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FIG. 5. (& The magnetic moment on the Cu site for AF solution and the magnetic moment on the Cu site
and the oxygen site for FM solution as a function of hole concentration calculated using the POMF
approximation. The magnetic moment on the Cu site for AF solution calculated using the HF ap-
proximation is also included for comparison. (b) The magnetic energy, E(AF)-E(PM) and E(FM)-
E(PM), as a function of hole concentration calculated using the POMF approximation. Parameters
arethesame asin Table .

solution. All these results are also in reasonable agreement with experiment.

The magnetic moment calculated using POMF approximation is depressed by doping and
disappears for doping of about 0.25 holes or 0.4 eectron per CuO, unit. The disappearance of
long range ordering is faster for hole doping than that for electron doping. The HF approxima-
tion gives a larger moment at half-filling, and the long range ordering is less rapidly destroyed
than that in the POMF approximation. Experimentally, the magnetic order of La,.
(Sr/Ba)Cu0, disappears at the concentration of x = 0.03,'> which is about a factor of 10 faster
than what we have in the POMF approximation. Although we obtain an AF ground state at n
= 1.1, we believe the PM solution will give a better description of the real system for that hole
concentration. Thus, we will focus on the AF solution for n =1 and the PM solution for n =
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FIG. 6. (a) The magnetic moment on the Cu site for AF solution and the magnetic moment on the Cu site
and the oxygen site for FM solution as a function of hole concentration calculated using the POMF
approximation. The magnetic moment on the Cu site for AF solution calculated using the HF ap-
proximation is also included for comparison. (b) The magnetic energy, E(AF)-E(PM) and E(FM)-
E(PM), as a function of hole concentration calculated using the POMF approximation for Udp =08
eV. The other parameters are as given in Table I.

1.1 in the rest of this paper.

Before we study the ferromagnetic response with an applied field, let us examine the PM
solution for the haf-filled case. We find there is a single band crossing the Fermi level, which
is the anti-bonding band of Cu d,2.42-- 0 pyy, and the amount of oxygen pxy admixed into Cu
d,2.y2 conduction bands near the Fermi level is less than 25%. This is considerably less than the
60% obtained in the LSDA® but consistent with experimental observation.!” To calculate the
moment on each site induced by the applied field, we need to reduce the charge transfer energy
A from 3.6 eV t0 2.0 eV in order to prevent a spontaneous ferromagnetic solution. For A =
2.0 eV, the induced moment on the Cu site and the oxygen site are given by 0.0167up and
0.0037ug when we shift the spin up (down) bands by -0.005 ( + 0.005) eV corresponding to a mag-




732 ELECTRONIC AND MAGNETIC PROPERTIES OF CuO2 PLANE VOL. 30

netic field of 8.64 x 16 G. If we reduce the value of A further, A = 1.5 ¢V, we find the induced
moment on the Cu site and the oxygen site are now given by 0.0069«g and 0.00212ug when the
same amount of energy shift is applied. The contribution of the total induced moment per unit
cell by oxygen sites is given by 38% for A = 1.5 eV and 30% for A = 2.0 eV. Therefore, we
conclude that there is only small amount of oxygen 2p admixture into the Cu 3d conduction
bands and the contribution of the oxygen sites to the induced ferromagntic form factor is small,
al these are consistent with the experimental observation.”

At last, we examine the effect on the satellite by the hole concentration which is shown in
Fig. 7. Only paramagnetic solutions are considered. We can see that the binding energy of the
satellite decreases and its intensity increases as the hole concentration increases. This is agree
with experimental observation. Fig. 8 shows the extended valence band spectra for
YBa,Cu304.9 and YBayCu3Og2s crystal measured by Arko et al.* The hinding energy of the
satellite of YBayCu3Og, Which has more holes in the CuO; plane, is lower than that of
YBa,Cuz0¢,5. We note that much of the experimental spectra which is evident between 6 eV
and Eg tomes from the Cu and oxygen bands which were not considered in our model.

We have used a projection operator method to study the three band Hubbard model, and
compared the results to those calculated using Quantum Monte Carlo similation. The excellent
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FI1G. 7. The comparison of the tota density of states of paramagnetic solution forn=0.8,0.9, 1.0, 1.1, and
1.2. Parameters are the same asin Table I.
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FIG. 8. The extended valence band spectra for YBayCu3Ogg and YBa,CuyOgzs crysta measured by Arko
et al. (Ref. 14).

agreement with QMC results encouraged us to further examine the parameters for the CuO,
plane. Therefore, we used the parameters determined by the constrained local density function-
al method to study the CuO, plane with the POMF method. We obtained an antiferromagnetic
insulator ground state with magnetic moment and band gap given by 0.65ug and 2.0 eV which
is in good agreement with experiment.1213 The value of v <Sz2> is given by 0.83upg. Thus spin
fluctuations are quite strong, vV <S,2>-<8S,>2= 0.51ug. We aso showed the suppression of
the antiferromagnetism by hole doping is faster than that by electron doping. The long range
magnetic ordering disappears a x equa to 0.3 for hole doping and 0.4 for electron doping. This
is too large compared with experiment measurements, which suggest x = 0.003 for La,., Ba,.
cuo4,.15 By study of the paramagnetic solution of the CuO, plane a n = 1.1, we obtain a
reasonable description of the normal state properties of the High T, superconducting materials.
There are two key features in the total density of states, around 5 eV and 13 eV below the Fermi
level, which is a consequence of strong electron correlations. The v < Sz2Z> with small doping,
n = 1.1, in the paramagnetic solution is given by 0.78.g, which indicates that the local moments
are preserved when the long range magnetic ordering is destroyed by a small amount of doping.
This is again in agreement with experimental observation.12 When holes are doped to the system
away from haf-filling they go mainly to oxygen sites, 110% for the PM solution and 67% for the
AF solution in our calculation. This aso agrees with experimental observation.” We aso show
that the Ug,, strongly favors the FM solution, and the value of Uy, should be small in order to
prevent the FM ground state. The amount of oxygen 2p admixture into the Cu 3d conduction
bands is reduced by strong correlation effect as caused by larger U. The contribution of the
oxygen sites to the induced ferromagnetic form factor is smaller than 30% which is consistent
with experiment.!” Finaly, we studied the effect on the satellite of hole concentration. We
found the binding energy of the satellite decreases and its intensity increascs as the hole con-
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centration increases, which is again in agreement with experimental observation.l*
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