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Electronic structure of high-temperature superconductors
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The electronic energy bands, local densities of states, and valences have been calculated for
La; 35Sr0.1sCuO4 and YBa;Cu3O,, with a tight-binding model fitted to previous calculations for
LayCuOs. Strong d-state peaks, predicted about 5 eV above the Fermi energy for La, Y, and Ba,
should be observable in inverse photoemission, electron energy-loss spectroscopy, and final-state

photoemission experiments.

Since the discovery of high-temperature superconduc-
tivity, "2 there has been rapid experimental progress. As
yet, however, there is no confirmed theory. Here we
present calculations of the electronic structures of
La; gsSrg,15CuO4 and YBa;Cu305 in the one-electron ap-
proximation, using a simple tight-binding Hamiltonian.

The band structures of LayCuQO4 and YBa;Cu307 have
been previously calculated l?l Mattheiss and Hamann, >*
Freeman and co-workers,® Oguchi,” and Takegahara,
Harima, and Yanase.® As will be seen below, we find that
a tight-binding model® very nearly reproduces the results
of these more complicated calculations, provided that one
includes the unoccupied d states on La, Y, and Ba. We
also find that the tight-binding parameters are transfer-
able from the La compound to the 1:2:3 material. The ad-
vantage of a simple tight-binding description is that it pro-
vides a convenient starting point for further theoretical
studies in various directions, such as models of supercon-
ductivity'®!! and calculations of material properties.'>!?

The model employed here includes the valence p and s
orbitals of O and the d and s orbitals of all the metal
atoms. There are thus 34 orbitals per chemical unit for
La;CuO4 and 64 for YBa;Cu3;O,. Since the d states of
La, Y, and Ba are unoccupied, one is tempted to neglect
them. However, they appear to be required for a good
description of charge transfer. (We find that La, Y, and
Ba lose substantially more electronic charge when their d
states are neglected.) On the other hand, the f states of
La, Ba, and Y appear to be relatively unimportant,® so
they are omitted. It appears to be a good general principle
that the accuracy of a tight-binding model is improved if
unoccupied d states near the Fermi energy are included. '

The “atomic energies” &, &, and & for O, La, Sr, Y,
and Ba were simply taken from the table of Harrison, °
with g; taken to have the same value for Y and Sr and for
La, Ba, and Lu. The interatomic matrix elements Vi,
etc., together with & and &7 for Cu, were determined by
fitting the band structures of Refs. 3, 5, 7, and 8 for
LayCuO4, and were then carried over to YBa,Cu3Os
without modification. The interatomic matrix elements
are defined in Ref. 15 as

2
Virm -n""”_n;%z— (,l'=sorp) 1)
e

and

h 2’.3/2

d (I=sorp) . )

Vidm ™ Nidm

The matrix element varies with the indicated inverse
power of the interatomic distance 4, and is characterized
by a strength 7. The size of the d orbital interaction is
characterized by 7;. We obtain ny,= —1.1, 75c=0.9,
Nlsde ™ = 1.6, Tlpgo ™ —2.5, and 7pr=1.4; also r;=0.95 A
for Cu and 1.6 A for the other metal atoms. (Since r4 for
the other metal atoms has a relatively minor effect, we
simply retained the value of Ref. 15, and adjusted 74 only
for Cu.) The remaining parameters are listed in Table I.
The replacement La,— La; —,Sr, was made in the virtual
crystal approximation, ie., by simply letting
& (La)— (1 —x/2)&,(La) +(x/2)e,(Sr). Since &(Sr)
== g,(La), this is a good approximation in the present con-
text. It also follows that the electronic states are virtually
identical to those of La;CuO, for the same crystal struc-
ture, and the only effect of the Sr is to remove x electrons
per chemical unit.

We originally included second-neighbor interactions,
such as O—0, but found that the optimum value of each
such interaction was zero. This is fortunate, since a
nearest-neighbor model is much more convenient in most
applications.

The crystal structure of La;gsSrosCuO4 was taken
from experiment,'® but the doubling of the unit cell and
small orthorhombic distortion were ignored for simplicity,
as in Refs. 3, 5, 7, and 8. (It is not hard to perform the
calculations for a larger or orthorhombic unit cell, but the
band structure of Fig. 1 would have a complicated appear-
ance. The small displacements associated with the distor-
tions below about 200 K,'¢ although fundamentally
significant, would have an imperceptible effect in the

TABLE 1. “Atomic energies” in eV.

Cu (0] La Sr Y Ba
&a(gp) -14 (-14) —6.6 —6.8 —6.8 —6.6
& -12 -29 —4.9 -5.0 -5.5 —4.5
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present calculations.) The orthorhombic crystal structure
of YBa,Cu30; was taken from Ref. 16.

Our calculated energy bands for La; gsSrg;sCuQOy4 are
shown in Fig. 1, with the conventional labeling of the sym-
metry points>!” and the zero of energy shifted to Ef.
Comparison with the previous calculations>>"® shows the
same general behavior. The valence bandwidths at the AU
midpoint and at X are 7.0 and 9.7 eV, compared with 6.5
and 9.4 eV in Ref. 3. The single prominent Cu(d)-O(p)
antibonding state protruding above Er at X overlaps the
lowest-lying conduction band by 0.9 eV, compared with
1.0 eV in Refs. 3 and 5, and 0.6 eV in Ref. 8. There are,
of course, minor differences; for example, the highest oc-
cupied states along the line AU are about 0.5 eV nearer Ep
in the more complicated calculations, but the most impor-
tant features are in remarkably good agreement. The
bands are found to have almost two-dimensional charac-
ter,>> with little variation in the k, direction, perpendicu-
lar to the CuO; planes.

Figure 2 shows the local densities of states for this ma-
terial, with O(1) and O(2) respectively labeling the in-
plane and out-of-plane oxygen sites. (The calculation em-
ployed 24 special points'® in the irreducible part of the
Brillouin zone, with a 0.2 eV broadening.) The total den-
sity of states at Ef is 1.2 states/eV cell, compared with
previous calculations ranging from 1.3 states/eV cell® to
2.1 states/eV cell.” Since O(2) is more weakly bonded to
Cu, it is more ionic, with a sharper p state peak below Er.
The Cu(d) and O(p) states, which have nearly the same
energy, are almost fully occupied. The electron occupan-
cy n; for each atomic site i is determined by a weighted
average over the Brillouin zone sample points of
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FIG. 1. Electronic energy bands for La;.gsSro.1sCuQs.
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FIG. 2. Local densities of states for La; gsSro.1sCuOs.

where yf(E) is the component of the eigenfunction corre-
sponding to valence orbital e on atom i, and two electrons
occupy each state up to Er. We find that Cu has very
nearly 10 electrons, O(1) about 7.1, and O(2) about 7.5.
One might interpret the first number as corresponding to
approximately zero Cu(d) holes.

If we define the valence An to be the number of elec-
trons lost by the atom when it is bonded in the solid, then
An=+1.0, —1.1, and —1.5 for Cu, O(1), and O(2), re-
spectively, as indicated in Table II. Since all bonds have
some covalent character, An is expected to be substantially
less than the customary formal valence of chemistry. For
example, a valence calculation which we performed for
cubic Cu,O (cuprite) gives a An of +0.24 for Cu and
—0.48 for O, compared with the formal valences Cu'!*
and O2~. Similarly, a calculation for monoclinic CuO
(tenorite) yields Cu®”* and O%”~, compared with the
formal valences Cu?* and O%~. If we were to interpret
the formal valence as roughly twice the calculated valence
An (up to the maximum reasonable value), then Table II

TABLE II. Valence An.

La; gsSro.15CuQO4 YBa;Cu;04
Cu +1.02 Cu(2) +0.98
Cu(l) +1.34
o) -1.12 o) -1.12
0() -1.09
0@3) -l1.11
0(2) -1.51 0@4) -1.21
La +2.12 Y +1.77
Sr +1.12 Ba +1.44
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FIG. 3. Energy bands for YBa;Cu301.

gives Cu?*, 027, La3*, and Sr?*. The exact balancing
of these formal valences in La;CuQy, as in SrTiO3 and re-
lated materials, suggests a structural stability resulting
largely from the charge transfer.'!¢ The divalent nature
of Sr, of course, indicates the presence of holes in
La;—,Sry,CuQOj.

Figure 3 shows our calculated energy bands for
YBa;Cu307, with the labeling of the symmetry points
defined in Fig. 4. The valence bandwidths at M and M’
are 9.7 and 9.6 eV, compared with 8.9 eV in Ref. 6. The
bands protruding above Er at M and Y peak at 1.5 and
1.6 eV above Efr, compared with 1.7 and 1.8 eV in Ref. 6.
The near equivalence of the left- and right-hand sides, and
the small variation along I'Z, demonstrate the two dimen-
sionality of the electronic structure.*® For this triple
perovskite structure, there are now three antibonding
Cu(d) —O(p) bands protruding above Er at M and M'.
Two of them are nearly the same as the corresponding
band for the La compound in Fig. 1, being associated with
the CuO; planes adjacent to the Y; but one has essentially
no dispersion along MY, being associated with CuO
chains in the y direction.

The local densities of states for this 1:2:3 material are
shown in Figs. 5 and 6. (We used 64 special points in the
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FIG. 4. Symmetry points of Fig. 3. I'Y is parallel to the CuO
chains.
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FIG. 5. Local densities of states for YBa,Cu3;Os, metal
atoms.

irreducible part of the Brillouin zone, and 0.2 eV broaden-
ing.) The total density of states at Er is 3.2 states/eV cell,
compared with 3.0 states/eV cell in Ref. 4 and 3.4
states/eV cell in Ref. 6. Cu(1) and O(1) refer to the CuO
chains; Cu(2), 0(2), and O(3) to CuO; planes, as in Ref.
16; and O(4) to the out-of-plane oxygens. The features
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FIG. 6. Local densities of states for YBa;Cu3O7, oxygen
atoms.
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are very similar to those for the La compound. For both
materials, there is a rather low density of states at the
Fermi energy.*% Strong d-state peaks are predicted a few
eV above the Fermi energy for Y and Ba in YBa;Cu;0,,
for La/Sr in La;-,Sr,CuQy, and for the corresponding
metal atoms in related high-temperature superconductors.
These peaks should be observable in electron energy-loss
spe%roscopy” and final-state photoemission spectrosco-

The calculated valences An are again given in Table II.
Notice that An is approximately +1 for Cu in the CuO;
planes, just as in the La compound, but An=+1.34 for
the CuO chains. One might interpret this result as corre-
sponding to § Cu(d) hole per chemical unit with no dop-
ing. This difference in valences should be observable in
photoemission on high-quality, single-crystal surfaces. If
we again were to interpret the formal valence as very
roughly twice An, Table II would give Cu?* (planes),
Cu’* (chains), 027, Y3*, and Ba?", so that the formal
valences again neatly cancel in YBa;Cu301.

In summary, we have calculated the electronic struc-
tures of the most typical members of the two known
classes of high-temperature superconductors. The present
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results, obtained with a simple tight-binding model, are in
good agreement with those obtained in more complicated
calculations.’>"® A remarkably simple picture emerges,
with conclusions that can be tested experimentally.

After the original submission of the present paper, three
papers appeared with inverse photoemission measure-
ments indicating unoccupied d bands for both
La, 8sSr0,15CuO4 and YBa;Cu3O7-, which are in approx-
imate agreement with those predicted here.?! 23 Since
the f-electron states have little influence on the other
states and on the charge transfer,® we have omitted them
from the present model; the strong features associated
with unoccupied f states in the experimental spectra are
consequently also omitted. Finally, we mention that Onel-
lion, Margaritondo, and co-workers have observed the
dispersion of the antibonding Cu—O band along 'M for
YBa,;Cu;0,.2
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