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WHAT CAN BE LEARNED ABOUT HIGH 7. FROM LOCAL DENSITY THEORY ?
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The significance of local density band structure results for high T. compounds is critically discussed. It is pointed
out that siraightforward application of this method can be misleading because of the correlated nature of these
materials. However, with LDA numbers can be derived for the parameters appearing in the models in which
correlation is treated ezplicitely. In this way we arrive at the conclusion that despite a large U the high T.
materials should be viewed as itinerant materials. Turning to ground staie properties, we show that the LD Jails
to describe the antiferromagnetism of LaaCuO4 and it is pointed out that this may be cured by the inclusion of
self interaction corrections. Finally, using a proposed ozygen defect siructure for Y BaaCusOr_, and a simple
tight binding model based on band structure calculations, we show that jumps and plateasuz in the hole counts in
the planes and chains occur as a function of z. These features are perfectly correlated with the occurrence of the
antiferromagnetic, as well as of the 60K and 90K superconducting phases.

1. INTRODUCTION

A fairly common attitude among theorists is to re-
ject results obtained for the high T. superconductin,
oxides (HTSO) from bandstructure calculations, base
on the local approximation to density functional theory
(LDA). This is not groundless : it is expected that the
electronic structure of these Cu-oxides should bear a
resemblance to that of other 3d-oxides like NiO, CoO,
etc. The LDA is notoriously in error for these mate-
rials. According to the LDA calculations of Terakura
et al [1], the band gap would be small (0.5¢V') or non-
existent, while these systems are in reality insulators
with gap magnitudes ranging up to 4eV in NiO [2]. It
is well established that t%.is discrepancy is due to the
large Coulomb interactions between the 3d-electrons.
As explained by Mott and Hubbard [3), if the energy
cost (U) of the charge-fluctuation 34" +3d™ — 3d"+1+
3d™~" exceeds the bandwidth (W), the single particle
band picture breaks down completely. Nevertheless,
in this paper we shall indicate that density functional
calculations can be usefull in several respects.

Based on photoemission data, it has been shown re-
cently ([4,5] and refs therein) that the Mott-Hubbard
concept indeed applies to the global electronic struc-
ture of these materials. In the simple Mott- Hubbard
picture only the d-states are considered. In the real
materials, however, also other charge degrees of free-
dom are present like the O2p- and transition metal
4s- states. In practice these can be quite important,
also if one considers low energy properties. Experience
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shows, that LDA calculations are valuable tools in un-
ravelling these complexities, because they can be used
to derive numbers for the different parameters enter-
ing in the models used to interpret the photoemission
data. In section 2 we will outline the picture as it has
emerged for the 3d-oxides and illustrate the accuracy of
the LDA-parameters. Applying this to the HTSO we

‘show that, despite the largeness of U, the d-electrons

are probably not localized.

It is often thought that despite the problems with
the excitation spectra, LDA calculations give mean-
ingfull results for ground state properties. In section 3
we address this issue by considering the antiferromag-
netism of La;Cu0, and we will show that according
to the LDA this system would be far from being mag-
netic. One way of improving the density functional is
by including self-interaction corrections (SIC). Accord-
ing to a realistic model calculation we find the promis-
ing result that upon including SIC an antiferromag-
netic ground state is found with a spin polarization of
the right order of magnitude.

Finally, in section 4 we show, using a proposed oxy-
gen defect structure for Y Ba;Cu3O7—. and a simple
tight binding model based on the LDA-band structure,
that sudden jumps in the hole-counts in the Cu — O
planes and chains occur as a function of non- stoichiom-
etry, z. These jumps are perfectly correlated with the
occurrence of the antiferromagnetic, as well as 60K and
90K superconducting phases in this system. These
findings support the view that the hole count is the
controlling parameter for the superconductivity.
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2. HOW LOCALIZED ARE THE d ELECTRONS
IN THE HTSO ?

With the combination photoemission - inverse pho-
toemission one measures the probability of removing
or adding a single electron at a given energy. In Fig.1
the result for 1‘/51'0 is shown [2] and compared with the
LDA result [1] ( Fig.1c ). It is seen that these experi-
mental data are not reproduced by the LDA, but also
the relationship with the simple Mott-Hubbard picture
is not clear. Instead, the spectral density can be de-
scribed in fair detail (see Fig.15 [6]) using the Anderson
impurity Hamiltonian [7)

H = Hy + Hi,
Hy = Zsknc};nackna + stmdznadma +
kno meo

Y U(ijim)d]d;d]dm,

ijlm

Hy = Y Vinm(dhokno + hec). (1)
knmo

In Hj the electronic structure of the isolated d-shell,
including crystal field splittings and the quasi-atomic
Coulomb interactions, as well as the bands arising from
the non-d states (first term) are gathered. H; contains
the hybridization between the d-states and the non-d
bands. Upon switching off the hybridization, Fig.1a is
obtained [6]. The relevant non-d bands are the O2p
valence- and Ni4s conduction bands, separated by a
large gap. The location of the 3d-Hubbard bands with
respect to these 'normal’ bands is apparently different
from what has been hypothesized in the past RS)L If
doped, the electrons will go into the d° upper Hubbard
(UH) band. However, the multiplet-split d’ lower Hub-
bard (LH) band is below the bottom of the O2p band,
and it is far from obvious [9], that the holes can be de-
scribed with an effective single band Hubbard Hamil-
tonian. The gap-magnitude is given by the energy cost
(A) of the charge-transfer fluctuation 3d™ — 3d"*1+L,
where L denotes a hole in the ligand band. Concern-
ing the HTSO, if U < A the holes are in the LH band
and (for instance) Anderson’s resonating valence bond
picture [10] would directly apply. If U > A, the holes
would have O2p character, as proposed by Emery [11]
and others [12]. Finally, if A becomes small com-
pared to the hybridization, the d - electrons delocal-
ize, independent of the magnitude of U [13] (mixed-
valency) , and weak coupling ideas gain credibility.

From the preceding discussion it is obvious that
knowledge of these parameters is an important ingre-
dient in the search for the high T. mechanism and the
LDA has proved to be useful in this respect for other
materials. In order to determine A or U one sets to
zero the hopping between the relevant d-orbitals on
a particular atom and the remainder of the crystal.
By varying the number of d- electrons one obtains the
desired quantities {14]. Applying essentially this pro-
cedure to NiO, Norman and Freeman [15] obtained
U = 79eV and A = 4.1¢V. From the interpreta-
tion of the photoemission data ( Fig.1a,b ) one finds
U =~ 7.0eV and A ~ 4.0eV [6]. Further, we notice that

the A determined by ’excited state’ LDA is very close
to the A deduced from the ground state calculation
( Fig.1c ). Very recently it was shown by Gunnars-
son et al [16], that also relevant information about the
hybridization matrix elements can be extracted from
LDA calculations in the framework of the linear muffin
tin orbital (LMTO) method [17]. Using this together
with LDA values for A and U plus atomic F; and F,
integrals, first principle results for the photoemission
spectrum of Mn in CdTe were obtained [16], being in
surprisingly good agreement with experiment.

In Fig.2 we show the orbital composition of the LDA
bands of paramagnetic LaaCuO, in the vicinity of the
Fermi energy (EFr), obtained from a ground state cal-
culation using the LMTO method [17]. The most pro-

minent feature is the band crossing Ep, which
is almost of pure ds_,2 and in-plane oxygen (O} ) char-
acter. Mattheiss pointed out that this band is well de-
scribed by a simple tight binding model where only the
in plane z- or y O2p orbitals and the d,s_,2 Cu orbitals
are taken into account [18]. This'band is unusually dis-
persive ( see for instance Fig.1c ) and tight-binding fits
to the LAPW bands [19], as well as first principle tight
binding LMTO calculations [20] show that this is due
to A =~ 0, while the transfer integrals are of essentially
the same order of magnitude (V =~ 1.5 — 2.eV) as in
(for instance) NiO.
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FIGURE 1
Spectral densities for NiO. a: Theory for fully local-
ized d - electrons. b: The ezperimental (inverse) pho-
toemission specira (2] compared with a result obtained
from the Anderson impurity model [6]. ¢: LDA densi-
ties of states [1].
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FIGURE 2
LDA bands of LaaCuQ4 in the vicinity of Ep in the
Jolded (AF) Brillouin zone. The thickness of the lines
indicates the orbital character of the bands.

Using a 4[La; CuO,] supercell and the LMTO-ASA
method [17] we calculated A and U in the LDA. For
A we use the transition state technique {21). Thus we
have E(d'L) — E(d®) ~ eq4 ~ ¢,, where €4 and ¢, re-
fer to the energies of the Cu 3d and O 2p orthogonal
LMTOQ's, calculated for the 3d-occupancy 9.5. From
these calculations we deduced A = 0 — 1eV, depend-
ing on computational details. We again find, that the
ground- and excited state LDA A’s are very similar.

The value of U was obtained from U = §2E[n4]/6n2,
where the energy F is the energy of a neutral system
with ng 3d-electrons. Note that since the hopping from
the 3d state is included explicitely in the Hamiltonian,
the rather important renormalization effects on U from
this hopping should not be included in the calculation
of U. From the total energy we deduced U = 8eV.

In the valence band photoemission spectra of the
HTSO one always observes a feature located at 9 - 11
eV below Ef [22,23,24]. According to the band calcu-
lations there is no density of states in this region and
this structure can be identified with the multiplets of
the d® LH band {6]. Additional evidence is supported
by resonance photoemission where one finds the typ-
ical and well understood resonance behaviour of a d®
satellite {25]. This confirms that U is as large as su%-

ested by our calculation and it shows that the L

and is well removed from Ep. Also our small A is
confirmed by experiment. Several groups have ana-
lyzed the core-XPS spectra, where the d - hole count
in the ground state is measured, and they arrive at
< ng >2¢ 0.5 [26], indicative of A < V [27]. It has also
been argued that the anomalous high energy scale for
the (two dimensional) antiferromagnetism can be in-
terpreted as an indication for small A/ ‘;}22]. Finally,
the most direct evidence in favour of small A/V comes
from inverse photoemission. In localized materials like
NiO (Fig.1b) one finds always a distinct feature above
Ep corresponding to the narrow ¢"*! UH band. In
the data of the HTSO such a feature seems to be ab-
sent and instead one finds instead a rather broad band
around Ep [23,28].

If our claim, i.e. large U/V and small A/V, turns
out to be true this can have important consequences
with respect to the nature of the superconductivity. At
least on the level of the ‘bare’ d-electrons one has to ac-

count for the charge degrees of freedom. However, one
can also question the validity of the localized picture
on the quasi-particle level. According to the T-matrix
(29] or Gutzwiller [30] pictures one expects an elec-
tronic mass renormalization of only ~ 1.5, if < ng >~
0.5. Of course, complications arise because of the an-
tiferromagnetism found when the d.a_,2-band is half
filled, and the insulating nature of the antiferromag-
nets La;Cu04 and Y Bay;Cu30y is often put forward
as evidence for having alocal gap. However, one should
keep in mind that the gap magnitude (1.5—2.eV) is in
fact quite small compared to the overall dispersional
width (~ 10.eV, see Eq.(4)) of the plane band. One
way to obtain more clarity about the locality of the
gap_could be by considering the electronic structure
of the doped systems. Both for large and small A/V
it is expected that states, induced by the excess of
holes, are found in the charge excitation gap. In the
localized regime the energy scale of the gap itself (A

is much larger than the interactions giving rise to self-
localization (V2/A,V?/(U — A) [9]). These hole states
will therefore be in the neighborhood of the valence
band edge (Fig.3b). However, if A < V these energy
scales cannot be separated and therefore the new hole
states can be located everywhere in the gap (Fig.3a).
In this latter situation, Schrieffer’s spin-bag concept
[31] seems to be a more natural ‘generic’ picture. We
notice that the EELS data of Niicker et ol {23] seem to
favour this uniform gap filling.

3. LDA AND ANTIFERROMAGNETISM IN
La20u04.

At half filling, the plane band has a near nesting in-
stability for §= [110]p(Fig.2 and Eq. BS4)). The associ-
ated breathing mode was instrumental in conventional
transport theory based on the electron-phonon interac-
tion and the LDA for La;_, ST, Cu04432]. This theory
could account for T, ~ 40K¥ , but in order to explain the
temperature dependence of the resistivity above T, an
unreasonable short mean free path had to be assumed
{33]. For the superconductivity of Y Ba;CusO7 the
theory failed completely [34].
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The proper ground state of La;CuOy is antiferro-
magnetic with the above mentioned ¢-vector and a mo-
ment of ~ 0.4ug. In the past, the spin-unrestricted
LDA (LSDA) has been successful in yielding realistic
magnetic moments for numerous transition-metal sys-
tems. However, the LSDA solution for La;CuO, is
not spin polarized (20,35]. The size of the discrep-
ancy is best seen from Fig.4 where we show the un-
enhanced xg! = 2upH/mrpa and enhanced x~! =
2upH/mysp 4 inverse susceptibilties calculated by ap-
plying an external staggered magnetic field H on the
Cu sites. The sublattice magnetizations mypa and
mrspa were obtained, respectively, without and with
including the internal exchange-correlation field. From
the susceptibility curves we find the effective Stoner pa-
rameter I = xg' — x~!. This is seen to be at least a
factor 5 to small to account for the moment, although
its magnitude (=~ 0.7—1.0) is of the same order as com-
monly accepted for Cu and Ni metals. In these LMTO
calculations the s—,p—, and d-orbitals were included
on all atoms, as well as the La f-orbitals, and ex-
treme care was taken in performing the Brillioun zone
integration (tetrahedron method with 300 irreducible
k points). One possible source of error could be the
spherically averaging of the spin density, but this can
account for a factor of 2 at most.

In the LSDA an electron has an unphysical inter-
action with itself which may be explicitly subtracted.
This gives rise to the so-called SIC LDA [36]. For many
properties these two density functionals have a com-
parable accuracy [37]. In an application to the one-
dimensional Hubbard model it was, however, found
that the SIC gives a substantially better moment than
the LSDA [38]. It is therefore interesting to see if a
similar improvement is obtained also for La;CuQj.

A full ab initio SIC calculation is difficult to perform,
since the one-particle solutions are not automatically
orthogonal. To predict the outcome of such a calcu-
lation, we have studied a simyle model of the CuO»
planes, including the Cu z2 —y* orbital as well as the O
2p orbital pointing towards the nearest Cu neighbors.
Mattheiss’ value for the hopping integral V = 1.6 eV
between these orbitals was used. Each orbital was fur-
thermore assumed to have an on-site Coulomb interac-
tion. We used ‘spectroscopic’ values for these interac-
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FIGURE 4
Inverse staggered susceptibilities vs. sublatlice magne-
tization according to LDA calculations for LazCuOQs.

tions, i.e. 8¢V (Cu) and 6eV (O) [39]. The exchangé-
correlation energy was described in an analogous way
to our earlier work [38], taking into account the Cu
and O charges and moments. The parameters in the
exchange-correlation energy expression were deduced
from atomic and band structure calculations to simu-
late an ab initio SIC calculation as closely as possible.
The orthogonality of the one-particle solutions was en-
forced explicitly.

For this model SIC calculation We find an antiferro-
magnetic solution, with the moment 0.3 xp and with
Cu hole count 0.5. In the LSDA one finds, as in the
full LMTO calculation, that the moment is very close
to zero, while the small deviation from zero is due to
the two-dimensional nature of ,the model. We con-
clude that the description of the antiferromagnetism
in LayCuOy is greatly improved in the SIC approxi-
mation compared with the LSDA approximation.

4. OXYGEN VACANCY STRUCTURE AND THE
PHASE DIAGRAM OF Y BayCusOr_-.

An important theme in the theories about high T is
the hole concentration in the perovskite planes. This
is based on the phase diagram of La;-,Sr,Cu04. For
y = 0 the d,3_,2 band is half filled, giving rise to
antiferromagnetism. For y > 0 holes are introduced,
which destroy the antiferromagnetic state and stabilize
the superconducting state. It has even been claimed
that T, is directly proportional to the hole count in
these materials [40]. In this light, the phase diagram
of Y Ba; CusO7—. as a function of the oxygen non- sto-
ichiometry, z, is at first sight mysterious f41,42,43] (see
top of Fig.5). For 0 <z < 0.2 the 90K superconduc-
tors are found. At a critical concentration z =~ 0.25,
T, decreases suddenly to 60K, where it remains up
to z ~ 0.5. Beyond z =~ 0.5, T, gradually detoriates
[41] and it has been established that the z = 0.85 and
r = 1 materials are antiferromagnets with high Neél
temperatures [43]. Considering the oxygen vacancies
merely as donors of electrons, neither the AF state
for z = 1, nor the sudden jumps between the different
phases can be explained. However, it has recently been
shown that the vacancies are not distributed randomly
through the crystal, but instead form well defined de-
fect structures [44]. The oxygen vacancies break the
chains up in fragments. We will argue, using a sim-
ple tight binding model based on the LDA bands, that
these chain fragments act as the doping agents and that
in this system the same correlation exists between hole
count and superconductivity as in the La-cuprates.

For z = 0, the structure is well known [45], consist-
ing of two planes and one chain per Y Ba, CugO7 unit
cell. As z increases, the planes remain intact, while
oxygen vacancies appear in the chains. The chaing
run along the b-direction and consist of oxygen linked
CuO, -units directed along the c-axis. At z = 1, all
the oxygen links are removed and the structure com-
prises intact planes and isolated CuO;-units (empty
chains) [45]. Based on the observations of Chaillot et
al [44], we use the following defect-structural model
for 0 < z < 1. In a unit cell, which is doubled along
the a-axis, we regard the two chains as inequivalent.
One of the chains will be either intact (0 < z < 0.5)
or empty (0.5 < z < 1). The other chain will then
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FIGURE 5 )
Phase diagram of Y Ba;CusO1—. as a function of z
[41,43] compared to the hole counts in planes and chains
derived from the model discussed in the tezt.

have oxygen vacancies arranged with a regular spacing
30 as to satisfy the non-stochiometry. In the simplest
case, this broken chain will then comprise lengths of v
CuO;-units connected by (v — 1) oxygen links, where
for 0 <z <05z =1/(2v), and for 0.5 < z <1
z = 0.5+ 1/(2v). For values of x for which 1/(2z)
is not an integer, the broken chains will be made up
of two different lengths such that the oxygen-vacancies
are kept as far apart as possible and form the simplest
possible defect structure. This model agrees with the
findings of Chaillot et al for z = 1/8,1/2 and 7/8.

It is expected that the LDA gives a re'asonable pic-
ture of the ground state charge distribution. We have
performed LMTO calculations [17] for Y3 BasCugOrs
= 2(Y Ba;CusOs.5). Per primitive_cell there are 2
planes with 2 CuOz units each, one intact chain, and
one broken chain with v = 1. We find 2 doubli‘ degen-
erate plane-bands which are very similar to the band
in La;CuO4 (Fig.2) . The intact chain band is also
highly dispersive and can be very well described in the
tight binding approximation as the antibonding band
obtained from the Cu d,a_j2 orbital, the z-orbitals on
the two oxygens in the c-direction, and the y-orbital
on the oxygen along the chain. One finds for the dis-
persion ofy the antibonding band [46]

E(k) = -‘-25 + ,/(%)2 +2V%(a? +1— cosk). (2)

Here —r < k < = is the b-projection of bk. The hop-
ping integral from Cu to an oxygen along the chain is

V, and to one of the oxygens in the c-direction, which
are 5 per cent closer,is @V . A is as before the p—dlevel
splitting. The parameter values A ~ 0eV, V = 2.4eV
and a ~ 1.3 describe the antibonding LDA band. With
n holes in this band, kr = #(1—n/2) and Er = E(kp).

According to the band structure calculation the dis-
persionless antibonding band corresponding with the
empty chain is below Er, indicating that this Cu is
formally monovalent. The most convenient way to
describe the electronic structure of a broken chain is
to remove the linking oxygens, without changing the
values of the parameters. In this approximation the
states for a fragment of length v, with oxygens at
positions y = 1,...,(v — 1? and with CuQO;-units at
y = 1/2,...,(v — 1/2) simply equal those states in the
intact chain which have the Bloch factor cos(ky) and
the wave vectors k = gm/v with integer values of q
from 0 to » — 1 The reason is that these infinite-chain
states have equal amplitudes at the z2 — y® orbitals
at y = £1/2,v £ 1/2, so that they cannot couple via
the missing O orbitals. The antibonding states of a
fragment with length v thus have the discrete energy
spectrum E(0), E(x/v), .., E(x(v — 1)/v), as indicated
in figure 6. Starting with the empty chain, each time
we add an oxygen, we create one additional antibond-
ing level and two holes. Aslong as thelevel is above Ep
it will absorp the two holes and no doping occurs. The
length v. of the longest non-donor fragment is there-
fore given by E(x/(v: + l)ﬁ < Er < E(w/v.). This
fact, that fragments less than or equal to a critical
one do not act as dopants, leads to the characteris-
tic plateaux in the hole counts vs. oxygen vacancy
concentration curves. Starting at z = 1, the plane
band is half-filled(ny, = 1), exactly as in LaaCuOy,
and addition of oxygen does not change the hole count
before the first fragment of length v.(1) + 1 occurs at
z.(1) = 1/24+1/(2v,(1)). This is repeated beginning at
r = 1/2 , giving rise to the 60K plateau, altfou the
jump position (z.(1/2)) can in principle be different
from z.(1), because EFr has shitted down. However,
because it can be expected that the change in Ep is
relatively small compared to the discrete level split-
tings, z.(1) and z.(1/2) will be similar (see Fig.5), in
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agreement with experiment. We notice that the 60K
plateau in the data indicated in Fig.5 extends merely
from z ~ 0.40 to 0.25 which is undoubtly due to crys-
tal imperfections. The data of Tokumoto et ol [42],
on the other hand, show this plateau to extend from
z ~ 0.65 to 0.40.

Provided we can use Eq.(2) both for the hole donor
levels and the intact chain we can derive bounds for the
hole counts in the intact chain and planes in the 60K
material given the length of the 60K plateau. We find
for the hole count in the intact chain 4L < n(1/2) <
(1-L)!, where L = 1/2—z.(1/2) is the length of the
plateau. Using z.(1/2) ~ 0.25 we find 1 < n(1/2) <
4/3 and for the hole count in the plane (n,;/(1/2) =
3/2 — n(1/2)/4) we find 7/6 < np(1/2) < 5/4. In
order to be more specific we have to make assumptions
about the quasiparticle densities of states in the chain
and plane bands [46], which cannot be claimed to be
known. As a model, we can take the dispersion Eq.(2)
for the chain band and for the planes the tight binding
band proposed by Mattheiss [18]

Ey(k) = Api— %+\/(—[2§)2 + 2V2(2 — cosk, — cosks).
3)
where —m < (ka, k) < m and where Ap; gives the po(si-
tion of the plane band with respect to the chain band.
The hopping integral V as well as A have been taken
the same as in the chain. In Fig.5 we compare results
for the hole- counts obtained from LDA parameter val-
ues (Ap = A = 0,a = 1.3) with a ‘most likely’ result
Apt = A = 0,a = 1). In particular, for the latter
values there is a striking correlation between the hole
counts in the planes and the chains and the occurrence
of the SC and AF phases. It is obvious that the effect
on the hole counts of the increased c-hopping suggested
by the LDA calculations is essentially the same as us-
ing the off-set Ay ~ V(v/2a? +2 — 2). This points
to some serious error in the LDA ground state charge
distribution. It can be well imagined that Coulomb
effects beyond the LDA could bring the hole counts
back towards those obtained with our second parame-
ter choice. Finally, we assumed small A in our calcula-
tion. Strictly speaking our findings in this chapter are
rather insensitive to the choice of A and they cannot
be used to discriminate between the localized and itin-
erant pictures. At least as long as A takes the same
value in the chains and planes, increasing A will result
in a rescaling of the bandwidth’s with little effect on
the positions where the jumps occur.
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