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We give a method for obtaining renormalized electronic structures arising from quasiparticle band
structures of actual Hubbard systems, using some of the self-energies deduced in paper I of this series.
The quasiparticle band structures are determined from an appropriate modification of the augmented
plane-wave method, and the renormalized density of states is found from the spectral functions. We
calculate the quasiparticle structure of a Ce system, which presents the three characteristic types
of resonances of the pseudogap regime mentioned in paper I of this series and also the electronic
structure of Y-Ba-Cu-O, which seems to display the characteristics of a standard Fermi liquid or a

marginal Fermi liquid.

I. INTRODUCTION

Two of the most characteristic Hubbard systems are
the cubic Laves phase of Ce alloys, which belongs to the
f-system group,t? and YBa;Cu3O7_z,2 which is the best
known and studied high-T, superconductor. The objec-
tive of this paper is to give an answer to the question
of what they have in common and what their differences
are from the quasiparticle structure point of view. We
pose these questions because both apparently different
systems are treated and analyzed from the same Hamil-
tonian model. The analysis of the conditions within the
Hubbard model which lead to the quasiparticle structure
of these systems has contributed towards clarifying some
points of their respective phenomenologies. In this paper,
we consider that the different Hubbard systems consist of
interacting particles which occupy single-particle states
with an experimentally detected Fermi surface. The self-
energies used in this calculation are deduced in paper I of
this series (henceforth referred to as I) and we determine
here the density of states from the spectral functions,
considering the renormalization factor and the half-life
of the quasistates of both the a phase of CeAl; and the
YBa;Cu3Or system in the normal-state phase.

The strongly correlated electrons, in both CeAl; and
YBa;CuzO7, can be studied by means of a sea of
quasiparticles whose properties are determined from an
energy-dependent self-energy acting in single bands.?*
The measurements of the de Haas-van Alphen effect,
performed in heavy-fermion systems® five years ago, and
the precise x-ray-photoemission data with angle resolu-
tion realized recently in high-T, superconductors® sug-
gest that there are, in both cases, well-defined Fermi sur-
faces. The option in which the Hubbard systems are con-
sidered as a quasiparticle sea whose states arise from the
hybridization of strongly correlated orbitals with other
extended states is thus justified.

The determination of the electronic structures of these
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materials needs as a first step the calculation of the
spectrum and wave functions of their quasiparticle sea.
This is performed by using the self-energies deduced in
I [Egs. (21) and (26) of I] and solving the respective
Schrédinger-like equations [Eq. (29) of I]. The second step
is the determination of the density of states (DOS) calcu-
lated from the spectral functions. This DOS is deduced
by considering the half-life and the renormalization fac-
tor of the quasistates obtained in the first step. One
point which is extensively analyzed in I is that for values
close to the total occupation or the total unoccupation
of ny, (i.e., nym — 0 or ny, — 1) and/or for sufficiently
large bandwidths, the above-mentioned self-energy can
yield interacting systems in the Fermi liquid or marginal
Fermi liquid regime.” In terms of the self-energy analy-
sis performed in I, this regime implies that the number of
peaks in the spectral function of the quasiparticle system
is equal to the number of stationary states of the non-
interacting system. In contrast, for n,, values close to the
half-occupation and for sufficiently narrow bandwidths,
the self-energy yields the three characteristic resonances:
the lower, middle, and upper resonances (these cases are
called the pseudogap regime’). a-CeAl; and YBa;CuzOr
have been chosen for two reasons. First, the quasiparticle
electronic structures of these two systems are interesting
by themselves. Second, each of these materials belongs
to a different group with respect to the form of the spec-
tral functions of the interacting systems, since a-CeAl; is
a clear case of the “pseudogap regime” and YBa;Cu3zOr
can be classified in the group which contains one reso-
nance for stationary state.

II. BAND METHOD AND RENORMALIZED DOS

The analytical expression of the self-energy deduced in
I [Egs. (21) and (26) of that paper] is used in this paper
for obtaining the band structure and the DOS of both
a-CeAl; and YBayCuzO7. The Schrodinger-like equa-

1139 ©1993 The American Physical Society



1140

tion that is necessary to solve to obtain the quasiparticle
structure of the interacting system is

[~ 4 Vi )] o) + [ 07, Ba)prals’) &7

= Eka‘pka(r)- (1)

The real part of Eyx, is the ek, spectrum. This spec-
trum corresponds to states which contain several | or-
bitals, and only the strongly correlated m component of
each state experiences the effects of ¥(r,r’,w). Each m
symmetry is shifted by an energy ReX,,(w), and each
€k,o state is shifted by an energy approximately equal to
[ReZm(ek,a)] Nm €k o), Where nm(ex.a) = |(ka|m)|?.
We solve (1) using the augmented plane-wave (APW)
method, and the resulting matrix elements of the secular
equation, considering the self-energy operator, are

[M5(B)]y, = [M5(E)] \pw
XN AnE, @)

R v
where [M3(E)], are the standard APW matrix

elements correspongy ing to the irreducible representation
a and

X2R = (47r)2 I'T1(R) exp(iK; - tr), (3)
2
YE® = 2 exp [i((RK; ~ Ki) -x.] ()

Zz'/]{%m(E) = m(K'S )Im(K'Su)
Xm(etvr)
:|r =8,

2m+1
x Z [dr xm(E )

x¢Y (Ki)ot (RT'K;), (5)
with
= E — ReX,(E), (6)

where g is the number of symmetry operations of the
group corresponding to the vector k; n, is the dimension
of the irreducible representation o with matrix elements
I'*; K; = k+ G; (G, is a reciprocal lattice vector);
tr is the nonprimitive lattice vector associated with the
symmetry operation R (in the case of a symmorphic sym-
metry group tg = 0 for all R); the index v runs over the
m-~electron atoms pertaining to the primitive cell; S, is
the muffin-tin radius of the v atom whose position vector
is r,; ¢Y(K;) are linear combinations of [ = m orbitals
compatible with the crystal symmetry and centered on
the v-electron atom; © stands for the primitive cell vol-
ume; I, is the m spherical Bessel function; xn,(e,r) is
the radial part of the | = m orbital calculated for the
€ energy from the Schrédinger radial equation obtained
within the APW. The second term of the right-hand side
of (2) can be interpreted as the equivalent pseudopoten-
tial arising from the self-energy operator between two ij
APW bases. The band-structure calculation described

J. COSTA-QUINTANA, F. LOPEZ-AGUILAR, AND L. PUIG-PUIG 48

by Egs. (2)-(6) is general for any self-energy functional
whenever this comes from a Hubbard Hamiltonian.
The E energies that satisfy the condition

det [MZ(E)],, = (7)

are eigenvalues which correspond to the eigenstates with
a fixed k vector and a symmetry. On the other hand, the
variable E in (7) is related to € by (6). Thus, the dif-
ference FE — ¢; derives from the self-energy effects. When
one finds an eigenvalue E of the interacting Hubbard
system, the corresponding €; is an energy of the non-
interacting system. This means that € is located around
the divergence of the logarithmic derivative of the func-
tion Xxm(€,r) evaluated at r = S, and deduced with the
Hamiltonian [—V? + V{}p(r)].

This band-calculation method presents some similar-
ities with other previous methods recently published®
which consider orbital polarization effects. However,
our method includes the orbital polarization effects in
the strongly correlated states by means of a (energy-
dependent) dynamic potential, and it is at this key point
that it differs from the above-mentioned methods of Ref.
8, which introduce these effects by static potentials.

The DOS of the interacting system is determined by

1
Nw) =~ > Alexa) (8)
ka
and
_ Tka
A(Eka) - (w _ €ka _ 6ka)2 + ’le(a7 (9)
where 6xq > ReZm(exa) [ (ka|m)|® and yie =

>m ImE,, (exa )| (kalm)|®. The imaginary part of the
self-energy causes the |ka) states to become quasiparticle
states, and their half-life can be approximately calculated
by Tl:al = Yo

For values of w for which ReX,,(w) is small and/or
does not vary much, Eq. (9) is given by

Z (ko) Vka
— €ka)? + [Z(eka)Vka)?

A(exa) = Z(€ka) @ ,  (10)
where Z(ekq) is the renormalization factor of the quasi-
state @ko corresponding to the Green’s-function pole.
We have found that this factor Z(exo), corresponding
to a self-energy functional like that used in this paper,
can be written as

-1

dReX,, (w)
Z(eka) = ||1— an(w)—T . (11)
m w=€kq
On the other hand, it is well known that the effective
mass is
Meff -1
2 . 12
Tl 27 (o) (12)

Therefore, meg/mo depends on the ¥, (w) variations ver-
sus w, and on N, (w). If one only considers a first-order
self-energy,? then mesg/mo is 1. In the f-electron case
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described in this paper, meg/mg has sharp peaks in the
energy interval where the three structures arising from
the partially occupied m symmetry appear. Therefore,
the specific heat, which depends on meg, will be large.
This property is an experimental feature which charac-
terizes the heavy-fermion compounds.

The summation (8) is obtained by dividing the irre-
ducible Brillouin zone (IBZ) into tetrahedra. In each
tetrahedron, we consider that the energies of the quasi-
states exo vary linearly. Then, M(w) is given by

N@) = 77 3 [ dta Ak S(ea) (13)

where E(ki”) is the average value of the A(eko) function
in a constant-energy plane within the ith tetrahedron,
and S(k;)) is the surface of the intersection of this plane
with the given tetrahedron. The index ¢ runs over all
tetrahedra of the IBZ, V' is the volume of the IBZ, and
k; is the component of the quasimomentum k parallel
to the gradient Veg, within the i¢th tetrahedron.

III. RESULTS ON a-CeAl,

This Ce compound has been analyzed from several
points of view, and there is a general consensus on the
following features of its electronic structure.

(i) At low temperature, it presents a light heavy-
fermion state with a « coefficient for the electronic spe-
cific heat ~150 mJ/(mol f atom K2) (see Meisner et al.
in Ref. 10), this v being ~15 times larger than, for in-
stance, that of the a-Ce element. This implies that the
quasistates at energies close to E suffer large self-energy
effects in such a way that their respective renormalization
factors are reduced considerably.

(ii) One of the most striking features of its electronic
structure is that all studies of x-ray photoemission spec-
troscopy (XPS) detect an f structure at Er and another
one at about 2.5 eV below Ef (see, for instance, Allen
et al. and Croft et al.!). Furthermore, the inverse photo-
emission spectroscopy (IPS) performed by
bremsstrahlung isocromat radiation!! detects in the Ce
systems two f structures, one of them just above Fr and
another giant f structure at ~4 eV above Er. Therefore,
this compound presents an f structure with four peaks,
which is clearly very different from what is obtained with
the local-density formalism calculations.

(iii) The ns occupation (see Gunnarsson et al.l), de-
duced by either XPS or IPS, is close to 0.8, and the sym-
metry of the occupied orbital is most probably the XY Z.

As a consequence of this experimental properties, we
see that a-CeAl; is a heavy-fermion compound which
presents an f splitting, and that has one partially oc-
cupied f orbital which is clearly hybridized with other
extended states arising from the Al. It therefore cor-
responds to the group of strongly correlated compounds
whose interacting system of quasiparticles presents renor-
malized DOS with f structures corresponding to the
pseudogap regime (i.e., there are three resonances for
each state of the noninteracting system”). The model
described in paper I and in the preceding sections of this

paper can be easily understood by its application to this
case, because here the noncorrelated states close to Er do
not hide the f resonances, and its heavy-fermion charac-
ter is clearly manifested. On the other hand, we have cho-
sen the o phase of CeAl; because it presents Pauli para-
magnetism (see, for instance, Allen et al.!) and therefore
the splittings of the f bands below and/or above Er are
caused by the U correlation effects. These splittings can-
not be attributed to either spin-polarization effects or
to any other cause, except the dynamics of the Hubbard
Hamiltonian. The spin-polarization effects might be con-
sidered as an explanation for some features of the f struc-
tures in the v phase of CeAl,, which is antiferromagnetic.
However, also in this phase the f splitting below Er was
detected by Allen et al. and Croft et al. (see Ref. 1) by
direct x-ray photoemission and they concluded that the
value of this f splitting in a-CeAl; is equal to that of
~-CeAl,. In addition, the analysis of the y-a transition
of the Ce compounds reveals that, due to the hybridiza-
tion, the f occupation of the a phase presents a slight
decrease with respect to that of the v phase, but their f
electronic structures remain the same under hydrostatic
pressure. Therefore, these two experimental facts inval-
idate the explanation of the spin-polarization effects in
both the a and the v phase of this compound.

The structure of multiple f peaks in the electronic
structure of the Ce compounds has also been studied ex-
tensively from a theoretical point of view.%1%!3 Three of
these f peaks, shown in Figs. 1 and 2, correspond to the
partially occupied f orbital, and the giant fourth f peak
corresponds to the six totally unoccupied f symmetries.
The mechanism for which the self-energy (1) produces
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FIG. 1. (a) DOS of a-CeAl; considering the RPA to the
dielectric function and Uy = 0.5 Ry. The f peaks are marked
with an f. The dashed line represents the inverse of the
renormalization factor for f states without hybridization, i.e.,
1 — 8% m(w)/Ow, and the scale of the right-hand side corre-
sponds to this renormalization function. (b) Density of levels
(i.e., considering a renormalization factor equal to the unity
and an infinite half-life) within the RPA approximation to
the dielectric function, and the same Us. The dashed line
represents the absolute value of the imaginary part of the self-
energy [Mz(w) = ImEn] and the energy scale on the right-
hand side concerns this M2 function.
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FIG. 2. Same as Fig. 1, but considering the calculation
performed with the ERPA dielectric function.

this multiple f structure can be understood in the light
of the argument given in Secs. V and VI of paper 1. There
we explain that in the pseudogap regime there are three
f resonances in the interacting system for each f band
of stationary states in the noninteracting system. In ad-
dition, each of these resonances can hybridize with other
extended states, producing the formation of hybridiza-
tion pseudogaps as in Fig. 1.

A first calculation is performed considering a random-
phase approximation (RPA) to the dielectric function,
and the results for the DOS are shown in Fig. 1(a). In
Fig. 1(b), we give the density of levels (DOL), these be-
ing considered as stationary states (i.e., having an infi-
nite half-life) whose renormalization factor is 1. There-
fore, in the DOL calculation, the corresponding spectral
functions A(ekq) are §(w — €xq). This calculation is per-
formed in order to show the effects, in the DOS, of the
renormalization factor and the quasiparticle character of
the spectrum deduced by Egs. (2)—(7). The renormaliza-
tion factor, the dashed line in Fig. 1(a), and the imagi-
nary part of the self-energy, the dashed line in Fig. 1(b),
cause a decrease of the heights of the f peaks of the DOS
with respect to those of the DOL curve. The imaginary
part of the self-energy allows us to fix Er of the interact-
ing system. In Fig. 2 we perform a similar calculation
to that of Fig. 1, but using the extended random-phase
approximation (ERPA) for the dielectric function. The
most significant difference between these two calculations
is the double structure of the second f peak of Fig. 1 close
to Ep.

In Figs. 3 and 4, we show the results of the partial
density of f electrons (fDOS) corresponding to the or-
bital whose symmetry is XY Z in the RPA and ERPA,
respectively; the three peaks visible in these figures cor-
respond to the three first f peaks of the analogous plot of
Figs. 1 and 2 for the total DOS. The results of Figs. 3(a)
and 4(a) are obtained from the actual spectral function
[i.e., considering Eq. (9)] while Figs. 3(b) and 4(b) are
obtained considering a § Dirac spectral function for each
eigenvector deduced by Eq. (1). From the comparison of
these groups of figures, the effect produced by the imag-
inary part of the self-energy is evident. We also see that
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FIG. 3. fDOS of the partially occupied orbital of the cal-

culation of Fig. 1. The three peaks correspond to the first
three peaks of this figure. The dashed lines have the same
meaning as in Fig. 1.

Figs. 3(a) and 4(a) present a similar pattern to that out-
lined in paper I for the general cases in the pseudogap
regime. The pseudogap in the resonance just at Er of
Fig. 4(a) is so narrow that it does not appear in the fig-
ure. We want to recall that these results are obtained
using the non-self-consistent self-energy [Eq. (26) of pa-
per I]. We could carry out the self-consistent process for
the self-energy using the calculated DOS of Fig. 1(a) or
2(a) in Eq. (23) of paper I. However, this self-consistent
process, in a realistic case, needs much computational
work whose realization does not seem justified since we
are not sure that it would yield to sufficient improvements
in the results to compensate the necessary consumption
of CPU time.

The DOS of Figs. 1 and 2 show a similar electronic
structure with the following main features: (i) EF is
located at the second f peak. This characteristic ap-
pears in all available CeAl, experimental data—see, for
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FIG. 4. fDOS of the partially occupied orbital of the cal-

culation of Fig. 2. The three peaks correspond to the first
three peaks of this figure. The dashed lines have the same
meaning as in Fig. 1.
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instance, Allen et al. and Croft et al. in Ref. 1. (ii)
The first f peak lies approximately 3 eV below Er (see
also Allen et al. and Croft et al). (iii) The third res-
onance corresponding to the partially occupied orbital
is located just below the giant f peak arising from the
other totally empty f symmetries. (iv) The fourth f
peak is approximately 4 eV above Er. These two lat-
ter features can be observed by IPS (see, for instance,
Wauilloud et al. in Ref. 11). Therefore, the self-energies
used in these calculations yield results which are quali-
tatively and quantitatively in reasonable agreement with
XPS and IPS measurements.:1!

The self-energy effects have a great influence, via the
renormalization factor, in the heavy-fermion state, whose
features (specific heat, Kondo temperature, electrical and
thermical behavior, possible superconducting transition,
etc.) depend on the f resonances close to Er. The value
of the renormalized linear coefficient of the specific heat
~v* is clearly enhanced, given that the average of the
renormalization factor for energies close to Er is such
that Z—! ~ 35 for the ERPA self-energy, and this is in
reasonable agreement with the results of the experimen-
tal specific heat. This agreement concerning the results
of the renormalization factor is more modest in the case
of the RPA self-energy, since this approximation yields
Z~1 ~ 2.5, which is far from the experimental result.

The existence of the double f structure at Ep (see
Fig. 1) could be related to the conduction properties of
the material. Joyce et al.! have detected this double f
structure just below Er in several Ce compounds (CeSis,
CeSbg, etc.), and they have concluded that this is caused
by a screening channel. This is coherent with the expla-
nation that we give for the existence of this feature in
a-CeAl, since it appears because of a dynamic screening
of the U interaction and the corresponding self-energy
effects. However, the exact location of the double struc-
ture in the vicinity of Er is dependent on the material
since this location is strongly dependent on the f count
as well as on the magnetic behavior, which can be differ-
ent for each Ce compound. In our calculation this middle
double structure is just above Er. On the other hand,
in Figs. 1-4, the sign change of ImY coincides with the
Fermi level, which in these figures is determined by the
integral of the DOS, thus satisfying the necessary condi-
tion for the Luttinger theorem to be fulfilled.

The Stoner enhancement factor Fs is a characteris-
tic variable of the Ce systems which has great relevance
in the heavy-fermion state.!* This factor!® (Fs = [1 —
U nfc./\f +(Er)]~') and the static pairing potential for some
types of heavy-fermion superconductors [V = —%U n?Fs
(Refs. 14 and 15)] are dependent on the middle structure
at Ep. This structure is double (split by a narrow pseu-
dogap) both in CeRuy and in CeOs;,'5 and the differ-
ent location of Er and the different values of Ny (Er) in
these compounds can be the reason why the pairing po-
tential Vy produces a superconducting transition in the
first case and not in the second. In the case of CeAls,,
the band parameters [Nf(Er), ny and U] do not allow
superconducting behavior by means of this pairing po-
tential, since the partial fDOS at Er implies a repulsive
Vb. A superconducting transition in CeAl, would require
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high hydrostatic pressures for varying Ny (EF).

In summary, we have given a calculation of the DOS
of an actual case, obtained from a quasiparticle band
structure determined by an energy-dependent potential
appropriated for strongly correlated systems, whose char-
acteristics are those of a heavy-fermion system.

IV. RESULTS ON YBa,;CuzO-

The special features of the normal-state electronic
structure of the YBa;Cu3zO7 compound are the key to
the high-T, superconductivity of the YBa;CugOr_, sys-
tems. It is well accepted that the normal state of this
compound can be described as an interacting quasipar-
ticle sea with a perfectly well-defined Fermi surface.!®
Strongly correlated states and band states with large
E(k) dispersion coexist in an energy interval of approx-
imately 6 eV around the Fermi level.® Moreover, the
dg2_,2 orbitals of Cu2 and p;/p, of 02/03 largely over-
lap, this overlap being slightly larger than that found in
the Cul and 04/01 atoms!'” (Cu2, 02, and O3 atoms
belong to the CuO4 sheets and Cul, O4, and O1 are in
the linear CuOg3 chain). This latter condition produces
a sufficiently large bandwidth to almost reduce to the
static terms [U(X — np,)] the self-energies deduced in I
[Egs. (23) and (26) of paper I]. We would like to empha-
size that there is a term U(X — n,,) for each m-strongly
correlated symmetry of each atom, so the different n,, oc-
cupations bring about the possibility of splitting between
the different bands arising from the different m orbitals.
In addition, it is worth remembering that the existence of
only static terms in the self-energy leads to an interacting
quasiparticle gas whose spectral functions present only
the middle strongly correlated resonance (see Secs. V and
VI of paper I). In this case, the enhancement of the effec-
tive masses is less than that of the pseudogap regime and
therefore the heavy-fermion state is not possible. The
relatively small values of the specific heat of YBa;CuzOr
are in agreement with the practically null effective-mass
enhancement obtained with the self-energy in this case.

We present in this calculation the electronic struc-
ture of YBayCu3zO7; obtained by the method described
in Egs. (2)—(7), which includes different Coulomb corre-
lation effects for the p and d orbitals according to their
occupations in the different atoms. The Coulomb corre-
lation effects produce a selective orbital polarization in
the different Cu and O atoms according to the occupa-
tion of their orbitals. The calculated electronic structure
of YBayCuzO~ is compatible with the photoemission ex-
perimental results.!®

We include the spectrum of the ground state of the
noninteracting system in the YBa;CuzO~ system for ob-
taining the self-energy used in (1). With this self-energy,
we calculate the spectrum of the interacting system. This
point constitutes the most important difference between
this calculation and our former calculations of the elec-
tronic structure of this compound,!® since in previous
papers we took into account the state occupation of each
p(d) orbital in the most extreme features of this ground
state. These conditions were to consider unoccupied a d
orbital of Cul, a p orbital of O4, and another p orbital
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of O1.

Results on the electronic structure, without consid-
ering Coulomb correlation effects, have been previously
published in recent papers,!® and the main features of
these results are the following [see Fig. 5(b)]: (i) The
Fermi level lies ~0.7 eV above the gravity center of the
giant 3d structure of Cu2; (ii) the 2p bands are located
in the whole energy interval of the conduction band; and
(iii) there is no pseudogap in the density of states of the
2p oxygen and 3d copper bands. We present these re-
sults in this paper to compare them to the DOS of the
interacting system. In Fig. 5(a), we plot the total DOS
considering U, and Uy different from zero, and its main
features are the following.

(i) The Fermi level is approximately 3 eV above the
giant peak of the valence band corresponding to 3d states
of Cu2. This result is a clear improvement with respect
to that obtained by the local-density formalism (LDF)
since the LDF calculations locate the gravity center of
these Cu2 3d states around 2 eV above those obtained by
ph?stoemission spectroscopies (see for instance Johnson et
al.'®).

(ii) EF is located close to a zone of the DOS with a rel-
atively small N (Er) value [see in Fig. 5(a) the pseudogap
at energies close to 0.1 Ry below Eg]. This pseudogap
(quasigap) is produced by the hybridization along with
the strong-correlation effects. The existence of this pseu-
dogap has been schematically proposed in other recent
works (see Mahan, Martin, and Satpathy; Kim, Levin,
and Auerbach;® and Varma?®) and implies that a semi-
conducting phase can be obtained for increasing values of
z in YBasCuzOr_, close to the superconducting transi-
tion. The existence of this pseudogap leads to a decrease
in the distribution of the density of quasiparticles, which
is an essential condition for the appearance of high-T,
superconductivity.320 This pseudogap tends to approach
Er for increasing x values in YBayCu3zOr7_, since when
increasing z there are more O4/01 vacancies, and there-
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FIG. 5. DOS of YBa;Cu3O7. (a) Considering Uz=0.26

Ry and Up=0.22 Ry in the expression of the self-energy. (b)
Considering Ug = U, = 0.
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fore the strong-correlation gap increases due to the en-
hancement of the electron localization in the O4/01 and
Cul atoms.!” One of the main causes for the appear-
ance of this quasigap is clearly the Coulomb correlation
effect contained in the self-energy (1) deduced from the
U energy. The LDF calculations, without considering
this self-energy, are not able to obtain this pseudogap in
the total DOS just by hybridization effects. Besides, this
pseudogap is a true gap in some partial DOS (see Figs. 6
and 7). The tendency of the gap to increase, and the
gradual approximation of Er to this gap, when one in-
creases x, is compatible with the experimental fact that
YBayCuzO7_, tends towards a Mott antiferromagnetic
insulator for integral values of the hole number per atom
of the CuO; planes (i.e., for £ — 1).17 Evidently, these
former reasons are valid in the supposed case where the
rigid-band type of approach for the bands and the self-
energy can also be valid. For the bands, the small number
of the unoccupied states due to the doping (between 0.4
and 0.8 electron states per primitive cell) with respect to
number of electrons (68 per primitive cell) of these sys-
tems leads one to consider that the DOS is almost un-
changed by these amounts of doping. For the self-energy,
the point is not so clear. However, for the bandwidths
arising from the p and d orbitals involved in the strong
correlation self-energy, the influence of the occupation of
these orbitals in the self-energy is less important than
that corresponding to the bandwidths. Therefore, small
variations of the occupations of these orbitals due to the
doping yield, in these conditions, small differences in the
self-energy effects.

(iii) The structures in the DOS above the gap (in
Fig. 5) are an admixture of 3d Cul/Cu2 and 2p
01/02/03/04 states in the symmetries, which can be
seen in Figs. 6 and 7. At Ep, there is an admixture of
all orbitals which can also be seen in Figs. 6 and 7.

From inspection of the partial DOS given in Figs. 6
and 7, we deduce that (i) the gravity center of the 3d,,
3dzy, 3dyz, and 3dzgz2_, bands of Cul of the CuOj3 chain
are around 5 eV below Er and are clearly formed by
localized and strongly correlated states. This fact is in
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agreement with the spectroscopy results of Takahashi et
al.® In contrast, the 3d,2_,2 band is less correlated than
the above-mentioned bands and is approximately half-
occupied. In addition, the occupied zone is split from
the unoccupied one by an hybridization gap of about 3
eV. (ii) The holes of oxygen atoms of the CuO3 chain are
located in the 2p, and 2p, bands of the O1 and O4 atoms,
respectively. The hybridization of these bands with the
3dy2_,2 of Cul produces the splitting of this latter band.
(iii) The 3dy, 3dgy, 3dy,, and 3ds,2_, bands of Cu2 are
also correlated, but less than the same symmetries cor-
responding to the chain. The 3d;2_,2 bands of these
same atoms are clearly hybridized with the 2p, (2p,)
bands of the O2 (0O3) atoms. This hybridization yields
larger bandwidths than those of the other bands of the
CuO; sheets and is responsible, along with the correla-
tion effects, for the existence of holes in these planes. (iv)
The different occupation of each band implies different
strongly correlated effects produced by the self-energy,
and the locations of their gravity centers are shifted ac-
cording to their respective n,,. All these features of our

results on the electronic structure of YBasCuzO7 are in
reasonable agreement with the experimental results given

in Refs. 17 and 18, and satisfy the requirement of other
theoretical models.3:20

In our results, the holes in symmetries dz2_y2 of Cu2
and p;/py, of O2/03 cause ionization states approxi-
mately equal to +1.3 for Cu2 and approximately equal
to —1.8 for O2/03. Therefore, the number of holes is
0.7 and 0.2 per Cu2 and O2/03, respectively. These
results correspond to YBayCuzO~, which is not a super-
conductor. For oxygen compositions between 6.6 and 6.8,
the superconductivity appears, and it seems that these
vacancies are almost exclusively produced from oxygen
atoms of the type O4. These vacancies imply a larger lo-
calization of the p and d states of the chain with respect to
those of the sheets with the same orbital symmetries.?19
Therefore, for minimization of the total energy of the sys-

tem, the two electrons per vacancy which remain in the
crystall® have the tendency to go toward the sheets. As a
consequence, the vacancies can produce slight, but non-
vanishing, decreases in the hole density of the atoms Cu2
and O02/03 of the CuO; sheets. It is complex to per-
form a quantitative estimation of this mechanism if one
does not dispose of quantitative experimental results of
the symmetries of the holes and their evolution with the
variations of the x parameter. However, this speculation
seems possible and even probable.

The hole states have a large interatomic overlapping
and the corresponding interatomic hole-hole interaction
undergoes a strong dynamic screening.?%?! A dynami-
cally screened interaction for these holes can be given
by?! V(w) = [I — UII(w)] ' U, where V and U are ma-
trices defined in the p® d space, and II is a diagonal ma-
trix whose elements are the polarizations,?! which can be
calculated by similar procedures to those of paper I. The
dependence on k of the V interaction could provide the
evaluation of the anisotropy of the superconducting gap.
However, there is a certain experimental tendency to con-
sider that the superconductivity in the CuO; planes is
isotropic.??23 In the case of two bands (one p and the
other d), the matrices of the equation which define the V
pair potential have dimension 2, and its matrix elements
are Vpp(w), Vaa(w), and Vpq(w). The analysis of the vari-
ous interatomic interactions can be performed in a similar
way,'®21 and their variations versus the band parame-
ters present similar behaviors.!%2! There is a sufficiently
wide energy interval where these matrix elements can be
attractive interactions for the case of the electronic struc-
ture of YBaCuO systems. Therefore, both V,, and Vg4,
along with V4, can produce coupling and superconduc-
tivity for determined band parameters, and the high-T,
superconductivity could be due to a combination of the
three V interactions.

In paper I, we have introduced in the strong-coupling
equations a coupling potential arising from the dielec-
tric function (14) of that paper, considering one only m
orbital. For the DOS of the superconducting phase of
YBayCusO7_,, the above-mentioned screening produces
attractive interaction at frequencies below a critical fre-
quency, which is estimated to be around 0.3 eV.22:24 The
factor that can be decisive in the T, is the type of screen-
ing used for obtaining the pair potential, but given a de-
termined screening function, the main parameters that
determine the hole-hole coupling are the location and
width of frequency interval for which the pair potential
is attractive. In all cases of screening, the location and
width of this interval are strongly dependent on the band
parameters (bandwidths, orbital occupation, DOS at EF,
and Coulomb correlation). It seems to be a result of many
screening functions that the 7. deduced from the corre-
sponding strong-coupling equations vary linearly on the
product UNp. This implies that to maintain the same
T., the p bands should have a larger value of Np than
the d bands, since these latter bands can present a U
value larger than the p bands. Therefore, following the
strong-coupling analysis of paper I, and the results of the
partial DOS of Figs. 6 and 7, the most probable candi-
dates to form the pairs are the 2p, (2p;) and 3dy2_,2
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symmetries of the O3 (02) and Cul atoms, respectively,
since the band parameters of their partial DOS seem to
be compatible with the required values for obtaining su-
perconductivity. However, in order to have quantitative
criteria for deciding what symmetries are more favorable
for contributing to the superconductivity and to evaluate
the physical variables of this superconductivity, it is pre-
cise to introduce several screening functions within the
strong-coupling equations, this being one of our investi-
gations in progress.

To sum up, our results on YBayCu3zO7_, seem to be
compatible with some experimental data and are charac-
terized by the different types of the valence-band states,
since there are strongly correlated states coexisting with
band states. This implies an occupation in the external
shells of the two-dimensional layers similar to that of the
chain. However, the greater electronic localization in the
chain compared to that of the planes causes the Coulomb
correlation effects to be larger in the chain than in the
planes. On the other hand, the strong-coupling theory
applied to YBay;Cu3zO; with the coupling potential V,
calculated with the band parameters deduced in this pa-
per, may generate superconductivity, with 7, depend-
ing on the screening function used in the strong-coupling
equations.

V. CONCLUDING REMARKS

In this paper, we have presented a method for ana-
lyzing the electronic structure in two different systems
with different behaviors with respect to specific heat,
spectroscopy, and superconductivity, but whose com-
mon point is that they clearly present strong-correlation
effects in the electron quasistates of their conduction
bands. In the case of a-CeAly, we obtain a renormal-

ized DOS where the three different resonances of the
so-called pseudogap regime appear clearly. Its singular
electron spectroscopy pattern can be seen in our DOS
curves and seems to be in reasonable qualitative and
quantitative agreement with the direct and inverse XPS
measurements. In addition, the large value for the spe-
cific heat is compatible with the self-energy and renor-
malized DOS deduced in this paper. Using the gen-
eral model for the Hubbard systems, we have also de-
termined the self-energy and renormalized DOS corre-
sponding to YBay;Cu3O7. The differences between the
electronic structures of these two compounds are ob-
tained with the same self-energy functional, but consid-
ering in each case the different bandwidths and occupa-
tions of their strongly correlated orbitals. Our results
in YBazCu3O7 seem to be in reasonable agreement with
the experimental results of XPS spectroscopies and with
the requirements of other theoretical models referring
to these compounds. This agreement is in two essen-
tial points. First, the quasiparticle DOS near Er shows
a quasigap which is absent in the standard LDF band-
structure calculation. This quasigap seems to be a nec-
essary condition for the possible couplings to produce
superconductivity. Second, the giant peaks of the total
DOS are approximately 3 eV below Er, which is in rea-
sonable agreement with the XPS data, while the LDF
band-structure calculation locates these peaks approxi-
mately 0.7 eV below Ep.
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