Comparison of band structures of the compounds La,CuO, and Nd,CuO,
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The band structure of the quasiparticles of the undoped dielectric compounds La,CuQO, and
Nd,CuQ, is calculated with allowance for the strong electron correlations in the generalized
tight-binding method. The dielectric gap in both compounds is determined mainly by charge-
transport processes. The decrease of the gap on going from La to Nd is described by the decrease
of the parameter 6 = ¢, — £, (¢, and ¢, are the energies of the single-particle states of the p- and
d-holes), with the remaining parameters of the theory unchanged.

1.INTRODUCTION

The electron structure of the undoped compounds
La,CuO, and Nd,CuQ, is characterized by a dielectric gap
E, which is not accounted for by the standard band compu-
tations that yield a metallic state. The difficulties of the band
theory are caused by strong electron correlations.

In simplified models of the electron spectrum with
strong correlations, such as the Hubbard or Emery model,
the dielectric gap for the case of one hole per A,CuO, mole-
cule A = La,Nd, corresponding undoped potentials, differs
from zero. The gaps in the different models differ in nature.
The most prevalent opinion is that the large Mott—-Hubbard
gap contains an occupied band of p-type oxygen states (va-
lence band) separated from the empty upper Hubbard band
(conduction band) by a gap with charge transfer.

No first-principles calculations with adequate
allowance for strong correlations are available at present.
There are two known approximate schemes that include
strong correlations and lead to a dielectric gap (and to a
magnetic moment ~0.5 u per Cu ion). The first is close
enough to the traditional approximation and differs by the
correlation of the potential when twofold occupied states are
taken into account.' The gap is then of exchange origin and
is produced between different spin subbands.

A fundamentally different scheme, which can be
dubbed a generalized tight-binding method, was proposed
by us in Refs. 2 and 3. Allowance for the strong correlations
is made here directly following the construction of the mul-
tielectron orbitals. Hops between neighboring molecular or-
bitals are described in the spirit of a multilevel model of the
Hubbard type. Calculation of the quasiparticle spectra in the
“Hubbard-I" approximation leads to a dielectric band struc-
ture with a gap determined mainly by charge umklapp pro-
cesses.

The aim of the present paper is to use the method of
Refs. 2 and 3 to calculate and compare the band structures of
La,CuO, and Nd,CuQ,. A brief description of the multielec-
tron model and of the calculation method is given in Secs. 2
and 3. The calculation results are analyzed in Sec. 4.

2.MULTIELECTRON MODEL OF COPPER OXIDES

It follows from the aggregate of photoelectronic data
that the bottom of the conduction band and the valence band
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are formed at a depth 6-7 eV by p-orbitals of oxygen and
d-orbitals of copper. The remaining occupied states lie lower
and the empty ones higher. We confine ourselves therefore
to calculation of hybridized p~d states of the CuO, plane,
assuming that the strong-correlation effects are immaterial
for the remaining empty and filled bands, which can be ob-
tained from the standard band computations and simply
superimposed on the p—d bands of strongly correlated elec-
trons.

We express the Hamiltonian of the p and d electrons of
the CuQ, plane in the hole representation;

H=Hd+Hp+Hpa+pr,
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where £, and £, are the single-particle energies of the p and d
holes, U, (U,) and ¥V, (V) are the matrix elements of the
intra-atomic Coulomb repulsion by one and by different or-
bitals of oxygen (copper), J, and J, are the Hund exchange
integrals, T, and #,; are matrix elements of the p—d and p—p
hops between nearest neighbors, and V,, and J;, are matrix
elements of the Coulomb and exchange interactions of the
nearest copper—oxygen neighbors.

The first two terms in (1) describe the intra-atomic en-
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ergies with allowance for the Hubbard correlations U, and
U,, of the Coulomb interactions on various orbitals 4, and
Hund exchange. The last two terms in (1) describe interato-
mic p—d hops and interactions and p—p hops. The essential
orbitals are d,- _ . (A = 1) and d (4 = 2), for copper and
Px(a = 1) and p, (a = 2) for oxygen; we put

T:r"—v‘, Px=TPd7 Vz‘—vz‘ p,=Vpd>“ ]x’—f, p,=]pdy tx,y=tpp.

3. TIGHT-BINDING METHOD WITH ALLOWANCE FOR
ELECTRON CORRELATIONS

It is known that good account is taken of correlations in
the atomic limits of Hubbard-type models, and of interato-
mic hops in the band limit. To take adequate account of the
correlations and covalent effects, a cluster method of calcu-
lation was proposed in Refs. 2 and 3.

The gist of the method is the following: during the first
stage the lattice is broken up into nonoverlapping cells (clus-
ters), inside of which the Hamiltonian of the small cluster is
diagonalized and Hubbard operators are constructed on the
states of the cluster. During the second stage the interaction
between the nearest states from different clusters can be ex-
actly rewritten in terms of the interaction between the clus-
ters. As a result, the Hamiltonian (1) takes the form of a
generalized multilevel Hubbard model:

H=H,+H,,

H,= 2 (En—np) X1,

f1n

Hi= 2 3 A ox X7, (2)
rre

where A} are the intercluster matrix elements, the sites f
and g number the clusters, E,, are the energy levels of the
n-hole terms |y) of the cluster, and X #° = |a) (B |. Whereas
in the standard Hubbard model the cell (at the lattice point)
contains four states, the number of states here is large and
depends on the size of the cell and on the dimensionality of
the basis of the p- and d-functions. Even in the simplest case
considered in Ref. 3, with two d-states and two p-states and
with a cluster in the form of a CuO, molecule, the number of
the states in the cell is ~100. In a computer calculation,
nevertheless, consideration of such a multilevel model is pos-
sible.

The spectrum of the single-particle hole excitations of
the Hamiltonian H,, consists of a set of nondispersive energy
levels (“resonances”) Q,, =E,,,, —E,,, where the
subscript m numbers the Fermi excitations between the
terms |y,) — |7,). The ground states of undoped La,CuO,
and Nd,CuO, correspond each to one hole per cell (n = 1),
and we designate the corresponding terms by E .. The vacu-
um state p°d '° corresponds to the term E,. For n = 1 and
T =0, the only occupied resonance from among the entire
aggregate of resonances E,, — E, is the lower (), corre-
sponding to the ground term n = 1, while the remaining are
empty. The levels ), = E,, — E,,, corresponding to exci-
tation of two-hole states of a cluster are likewise not occu-
pied.

Intercluster hops described by the Hamiltonian H, are
taken into account by a perturbation theory, the simplest
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variant of which is known as the “Hubbard I"’ approxima-
tion. In this approximation the dispersion equation for the
Brillouin zone corresponding to a two-sublattice structure is
of the form

det{Omndan(0—Qn)—Fn[A.s™ (k) +Baz™ (k)]1}=0. (3)

The subscripts 4 and B label here the sublattices, and the
factor F,, depends on the occupation numbers, with
F,, = 1/2for T=0and n = 1; the matrices 4 (k) and B(k)
correspond to the intercluster p—p and p—d hops and their
explicit form is given in Ref. 3.

4.BAND STRUCTURES OF La,CuO,and Nd,CuO,

Just as in the usual tight-binding method, the calcula-
tion results depend on the parameters of the model. There
are at present no first-principles calculations of multielec-
tron matrix elements. We have therefore determined the pa-
rameters by comparison with experiment. Preliminary re-
sults for La,CuQ, are given in Ref. 3, where photoelectron
spectroscopy data were used together with the value of the
magnetic moment per copper ion. The resultant parameters
were not single-valued, and a rather wide range of param-
eters agreed with the results.* We use therefore additionally
in the present paper a dielectric gap E, =2.0 eV for
La,CuO,and E, = 1.6V for Nd,CuO, (Ref. 5), so that the
resultant parameters of the Hamiltonian are less multiple-
valued.

Figure 1a shows the band structure of La,CuQO,, calcu-
lated for the following values of the parameters (in eV):

Ui=U,=, Vi=45, V,=3, V=06,

J,,=J¢=0,5, de=072» Tpd=11
4)

tpp=0,2, 6=8p.x“"8dx: =27

—y?

Ai=€a,—8aa_yp =19, Dp=Ep—€p.=0,8.

The energy origin is chosen to be a localized resonance level
near the top of the valence band. It must be emphasized that
the upper conduction band on the figure contains precisely
one state per CuQ, layer, notwithstanding the double degen-
eracy in spin. This is the result of including strong correla-
tions in the zeroth-approximation Hamiltonian. Therefore
in the hole representation for La,CuQO, the conduction band
is fully occupied by one hole per CuO, layer, so that the
Fermi layer lands inside the gap and the ground state is a
dielectric. This constitutes the fundamental difference be-
tween our method and the usual band calculations.

The greater part of the bands are of the form of mixed
p—d states, but with different fractions of the p and d states in
the different bands. The top of the valence band is made up
mainly of p-orbitals of oxygen with a small admixture
(=10%) of d,. _ ,- states and an even smaller one (~1%)
of d,- states of copper. The largest dispersion in the valence
band is possessed by the p-band made up of oxygen—oxygen
hops, with energy — 1.2 eV at the point X and — 0.2 eV at
the point I". The figure shows not the entire valence p—d
band, which is 6 eV wide, but only its upper half, which is the
most important for the low-energy excitations.

The dielectric shell is more complicated than in the
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classification of Ref. 6. It is determined by the charge-trans- 5.CONCLUSION

fer energy and by the p—d hopping integral T, as well as by
the Coulomb matrix elements ¥,; and J,;. The main contri-
bution is nonetheless determined by the gap with the charge
transfer.

On going from La,CuO, to Nd,CuO, we assume that
the greatest change occurs in charge-transfer energy . Since
the Cu—O distance hardly changes, all the interatomic pa-
rameters are conserved. The crystal-field changes due to the
absence of apical oxygen in Nd,CuO, cause the levels £, and
€, toshift so that it is just the parameter § which is renormal-
ized.

Figure 1 shows the Nd,CuO, band structure obtained
for 8§ = 1.4 eV and the remaining parameters out of the set
(4). The narrowing of the dielectric gap was accompanied
also by other changes compared with La,CuO,. Thus, the p
band due to the oxygen—oxygen jumps became narrower. A
narrow gap appeared in the p—d valence band and led to a dip
in the density of state in an energy region 1 eV lower than the
top of the valence band. At the same time, the states near the
bottom of the conduction band and the top of the valence
band changed little. The former are determined as before
mainly by the d,. _ » states of the copper, and the latter by
the p,, states of the oxygen.

The 0.6 eV change in the parameter § on going from
La,CuO, to Nd,CuO, is of the same order as the contribu-
tion of the apical oxygen, if the latter is estimated in the
point-charge model.
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The band structures of the undoped dielectrics
La,CuO, and Nd,CuO, are thus qualitatively similar. The
quantitative difference results mainly from the presence of
apical oxygen in the former case and its absence in the latter.

With respect to the band structure of the doped
La,_, Sr,CuO, and Nd, _ , Ce, CuO,, the situation is here
more complicated. Preliminary results within the frame-
work of our computation method show that the rigid-band
model is not valid here. The Fermi level is not shifted into the
interior of the valence band by hole doping or into the interi-
or of the conduction band by electron doping. Instead, addi-
tional levels of the deep impurity-level type are produced at
low impurity density, and the fraction of the d,. states of
copper on these levels increases. The question, within the
scope of the above approach, of formation of an impurity
band, and of its intersection with the ground-state bands
remains open at present.
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