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During the two years since the discovery of high-tem-
perature superconductors' it has become clear that we do
not understand the mechanism responsible for superconduc-
tivity in these systems, and that the nature of the normal
state is not clear either." The key question is: how should we
describe the electronic structure of these compounds, i.e.,
should this be done in the spirit of traditional band theory
and the theory of Fermi liquids or in the spirit of the Hub-
bard model based on the concept of localized electrons.

The latter assumption was first put forward by Ander-
son2 and has frequently been repeated in a more or less cate-
gorical form by both theoreticians and experimenters (see
Refs. 3-6 elsewhere). At the same time, much recent re-
search takes us back to the theory of the Fermi liquid either
completely or partially. In this paper, we provide a brief out-
line of published descriptions of the electronic structure of
the superconducting metallic oxides of copper.

There are now four known groups of high temperature
superconductors that contain copper. These are the LCO
compounds of the form La2 _XA.X CuO4 _ y, where A is an
alkaline earth metal, the YBCO compounds of the form
RBa2Cu3O7_>, (these include compounds with different
rare earth elements R and also some compounds with similar
crystal structure), the BSCCO compounds of the form
Bi2Sr2Can_1CunO2n + 4, and, finally, compounds of the
form Tl2Ba2Can_ ,CunO2n + 4. For most of these com-
pounds, we have band structure calculations, performed by
traditional methods, and for some of them there are different
spectroscopic data. We shall mostly confine our attention to
the LCO compounds in view of the fact that all or almost all
the conclusions will be valid for the other classes as well.

Classical band theory assumes that the outer-shell elec-
trons of atoms are completely collectivized and that their
spectrum can be described by an effective one-electron Ham-
iltonian for electrons moving in the mean potential, which,
in turn, itself depends on the spectrum of electron states and
the degree to which they are filled. The effect of the interac-
tion between electrons (exchange and correlation effects) is
then assumed to be almost completely included in the effec-
tive potential. Non-one-electron manifestations of exchange
and correlation effects are assumed to be so small that they
can be regarded as corrections to the band picture.

Naturally, in this approach, most of the effort is invest-
ed in finding the dependence of the effective potential on the
electron spectrum. The generally adopted approach is now
based on the so-called density functional (see Ref. 7). In this
approach, the effective potential is different for electrons
with different spins and depends only on the electron and
spin densities at the given point (plus the electrostatic poten-
tial). This approximation is very successful when used to
describe the electron structure of simple and transition met-

als, superconductors, and insulators. There are, however,
several cases in which this simple approximation is inade-
quate. For example, the valence and conduction bands of
semiconductors and insulators are described reasonably
well, but the band gap is several times too small. Moreover,
in one case (Ni) the spin splitting of cf-electron bands is too
small by a factor of two. Again, whereas the description of
the Fermi surface of compounds with intermediate valence
is correct, the description of the emission properties is com-
pletely wrong. In compounds with a narrow fully filled d-
band (Cd, Zn, Cu, Ag, and so on), the position of the d-band
is too high in comparison with the experimental photoemis-
sion data. For example, in copper, it is too high by 0.5 eV.
Finally, the narrow-band oxides of d-metals (MnO, Ni, O,
etc.) are not satisfactorily described by traditional band the-
ory. This is probably a complete list of the failures of this
approach. It is clear that narrow bands present a particular
"danger." Calculations of the band structure of the new su-
perconductors, performed immediately after their discov-
ery, have not revealed the presence of such bands. At first
sight, this suggested that the band approach might be valid.

Figure 1 shows the calculated structure of LCO for
x = 0. Its typical properties have been found in all HTSC
and include the broad complex of hybridized bands of d-
orbitals of copper and/?-orbitals of oxygen in which the up-
per band (conduction band) is formed by the dx= _^ orbitals
lying in the CuO2 plane and the/>-orbitals of oxygen lying in
the same plane (we are assuming that the reader is familiar
with the crystal structure of the HTSC). This band has a
particularly strong dispersion in the x,y plane (CuO2),
which is largely due to the fact that the calculated positions
of the dx2 _ y2 level of copper and the p level of oxygen are
exceedingly close to one another. The result is that the calcu-
lated width of this band is found to be of the order of 4 eV. On
the other hand, in the z direction, i.e., at right angles to the
plane, the bands are almost dispersion free.

These facts were discovered in the course of the very
first band calculations and provided the basis for the asser-
tion (as of now no one challenges these assertions) that high
temperature superconductors are quasi-two-dimensional
compounds and that the properties of both normal and su-
perconducting states are largely determined by electrons in
the CuO2 plane.

The alternative approach to the band structure of high
temperature superconductors relies, as already noted, on the
Hubbard model. The physical significance of this model is as
follows. Outer-shell atomic electrons are assumed to be
highly localized and confined to their particular atoms
(ions). When the solid is formed, they become completely
collectivized and travel through the lattice by "hopping"
from one atom to another. This process is controlled by two
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FIG. 1. Band structure of the tetragonal La2CuO4 taken from
Ref. 16: A—hybridized band formed by the dx, __f states of
copper and thep-states of oxygen.

parameters, namely, the hopping probability, which is deter-
mined by the overlap integral t of wave functions and poten-
tials of neighboring atoms (ions), and the energy {/neces-
sary to transport one electron between neighboring atoms.
This energy is determined by the Coulomb repulsion
between the "extra electron" and the electrons resident on a
given ion, and is therefore usually referred to as the interato-
mic Coulomb repulsion energy.

The additional complexity in the case of high tempera-
ture superconductors is that it is essential to take into ac-
count the presence of the two types of ion that correspond to
the d9 and/?6 electron configurations, i.e., Cu2+O2~. The
electron structure is then determined by the ratio of param-
eters such as the energy levels ed and ep of of-electrons in
copper and/>-electrons in oxygen, the interatomic repulsion
energies Ud and Up of the c?-electron of copper and p-elec-
tron of oxygen, the overlap integral t of the d- and/>-electron
wave functions for electrons on neighboring lattice sites,
and, finally, the charge transfer energy A, i.e., the energy
necessary to transfer one electron from copper to oxygen.
Unfortunately, direct estimates of these parameters are rela-
tively difficult. A high degree of utilization has been
achieved by values deduced from the satellite structure of
photoemission spectra21 (Ud~6-leV, Up~2-leV,
;~A~l-2 eV). Unfortunately, recent experiments8 have
not confirmed the presence of the satellites. However, indi-
rect theoretical estimates (see for example Ref. 9) have
yielded values of more or less the same order. At any rate,
although an error by a factor of 2 cannot be completely dis-
counted, we may suppose that t, A, and Up are small in com-
parison with Ud. Although the exact solution for the Hub-
bard model is not known, we do know quite a lot about the

behavior of the system in this limiting case.vo Thus, the pres-
ence or absence of a gap in the spectrum is determined by the
ratio oft and A.3) The copper sub-bands corresponding to the
d9 and d 10 configurations are then highly split, and doping
produces holes on oxygen atoms, which are responsible for
conductivity. The magnetic properties are determined by the
presence of antiferromagnetic superexchange whose magni-
tude is determined by 12/A.

The fact that the Hubbard model, especially its multi-
band version, has remained in a virtually primitive theoreti-
cal state, has meant that the band approach has for many
years remained the basic method in solid state theory. It
seemed at first that the situation in high temperature super-
conductivity will be the same. However, a series of experi-
mental results obtained in the course of the last two years has
suggested that the validity of the band approach to high-
temperature superconductivity must be in serious doubt.
These facts are: the magnetic phase diagram, the metal-di-
electric transition, and spectroscopic data. Let us examine
them in greater detail.

1. MAGNETISM

The LCO phase diagram is shown in Fig. 2 (taken from
Ref. 11 etc.). It is clear from this diagram that pure La2CuO
(x = 0) exhibits strong antiferromagnetism and an ortho-
rhombic distortion of the characteristic tetragonal structure
of layered perovskite. On the other hand, we must not over-
estimate the precision of this phase diagram, especially in
relation to the O-T transition line for x ̂  0 and the transition
between the paramagnetic state and the spin glass. All the
same, the diagram is essentially correct, especially in rela-
tion to magnetism, which vanishes very rapidly when the
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FIG. 2. Phase diagram of La2 _ , Ba2CuO4: O—orthorhombic phase, T—
tetragonal phase, AF—antiferromagnet, SC—superconductor, SG—
magnetic phase, possibly a spin glass (the boundary of the SG phase is
determined by the singularity in the temperature dependence of the NMR
relaxation time). When x5 0.02 and T& 400 K, the system is a semicon-
ductor, but the metal-semiconductor boundary is not sharply denned.

dopant in the form of the alkaline earth metal is introduced,
and to the existence of the orthorhombic distortion at mod-
erate temperatures and moderate dopant concentrations.
Strong antiferromagnetic correlations are also found above
the Neel point. On the other hand, band structure calcula-
tions performed in the effective potential approximation
mentioned above, predict a zero magnetic moment for cop-
per even when x = 0. It is important to note that this fact is
not in itself unique: for the great majority of materials for
which these calculations have been carried out, the magnetic
structure is reproduced correctly. Even in strongly magnetic
materials such as Fe, Co, and Ni (magnetic moment in the
range 0.7-2 Bohr magnetons), the magnetic moment is pre-
dicted correctly to within a few percent. Moreover, the mag-
netic moment is not small (0.5^B per copper atom, i.e., one-
half of the maximum possible value for a spin-half particle),
but direct calculations do not reveal the presence of magnet-
ic instability!4' Moreover, the calculated paramagnetic
ground state is found to be metallic whereas experiment indi-
cates that the orthorhombic phase is a semiconductor for

2.SPECTROSCOPIC EXPERIMENTS

The majority of photoemission experiments were per-
formed with YBCO. The first experiments revealed the prac-
tically complete absence of the (/-electrons of copper at the
Fermi level. The density of states of oxygen electrons was
also low. The overall structure of the valence band was satis-
factorily reproduced by band calculations, but was shifted
downward relative to the experimental value by about 1 eV.
Several satellites were observed and gave rise to a variety of
interpretations (seeRef. 12 and elsewhere). The photoemis-
sion experiments have been regarded as a powerful argument
against the validity of the band theory. On the other hand,
recent and more accurate experiments,8 performed with
freshly cleaved single crystals, have not confirmed the ab-
sence of dCu and (particularly) p0 electrons at the Fermi

level. As far as the satellite structure is concerned, powerful
arguments were put forward in Ref. 8 in support of the con-
clusion that this structure was connected with the poor qual-
ity surface of the high-temperature superconductor and did
not represent bulk properties. On the other hand, the 1 eV
discrepancy was confirmed.

A considerable stir was produced by experiments on the
characteristic losses of fast electrons whose energy corre-
sponded to transitions from the atomic core to the conduc-
tion band.6 These experiments also showed that electrons at
the Fermi level belonged mostly to oxygen.

Finally, measurements of the frequency dependence of
the reflection coefficient must also be assigned to this group
of experiments. Once again, the interpretation of the early
experiments in this area turned out to be erroneous (see Ref.
13 and elsewhere). For example, an exciton peak was
thought to be present in absorption at a frequency of the
order of 0.3-0.6 eV in LCO and YBCO. If this were true, it
would undoubtedly be in conflict with the calculated band
structure of these compounds, but it eventually became clear
that the appearance of the peak was due to the incorrect
processing of experimental data on polycrystalline samples.
Other features of HTSC optics, including the anomalously
low plasma frequency, which depends on the dopant concen-
tration in LCO, can be satisfactorily explained in terms of
the band approach.u At the same time the calculated plasma
frequency (at any rate for LCO) is probably too high by
about 20%.
3. The fact that the calculated ground state of La2CuO4

and YBa2Cu3O6 turns out to be metallic is a strong argument
against the validity of the band theory as a means of describ-
ing the electron structure of the new superconductors (ex-
periment shows that both compounds are semiconductors).
At the same time, this fact is closely related to the absence of
antiferromagnetism in these compounds. For example, the
application of an external magnetic field of constant
strength, but alternating sign, in accordance with the ob-
served antiferromagnetic ordering, produces a significant
change in the electron structure. If the field strength is cho-
sen so that the induced magnetic moment of copper is equal
to the observed magnetic moment (~0.5 /ng ), a gap at the
Fermi levels appears in the electron spectrum.15 It is there-
fore very probable that the failure of the band approach in
this case is a consequence of the absence of magnetism51 in
these calculations (see Section 1 above).

It is therefore clear that there are now two reasonably
reliable facts that are in conflict with the calculated band
structure of high-temperature superconductors. They are:
(1) the absence of antiferromagnetism in the calculated
ground state of La2CuO4 and YBa2Cu3O6 and (2) the shift
of the photoemission curves by about 1 eV as compared with
the experimental result.

The first of these two facts finds a simple and natural
explanation in the Hubbard model. Actually, if the c/-band of
copper is split into two Hubbard bands that correspond to
the d9 and d10 configurations, the number of electrons re-
maining in the calculation is even, so that the semiconduct-
ing character of the compound is easy to understand. [We
note that, in the case of YBa2Cu3O6, we must then assume
that the "chain copper" is radically different from the planar
copper because it has a fully filled c?-band (d 10) ]. Since the
d 9 configuration corresponds to a magnetic ion, the presence
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of magnetism presents no difficulties either. However, there
is some difficulty with the non-integer magnetic moment of
copper. We may assume, on the other hand, that quantum
fluctuations and shielding by other electrons can reduce the
observed magnetic moment by the required amount, i.e.,
about 50%.

The weak point of the Hubbard model is that it cannot
readily explain why optical and, especially, photoemission
spectra are satisfactorily described by the band theory. One
would expect to see splitting of the Hubbard bands in spec-
troscopic experiments. (Strictly speaking, in early experi-
ments, the satellites at 9-12 eV and ceratin other features
were identified with precisely such manifestations. As we
have already noted, the presence of these features subse-
quently became doubtful.)

This refers in the first instance to samples having
the superconducting composition, i.e., YBa2Cu3O7,
La, 5A0,5CuO4, etc. It may well be that in their semicon-
ducting analogs La2CuO4 and YBA2Cu3O6, and so on, inter-
atomic correlations are strong enough to produce Hubbard
splitting on copper. At the same time, it is possible that, for
the latter, the band theory is qualitatively correct, but the
approximations employed for the effective potential in tradi-
tional band calculations are not accurate enough. If this is
so, it means that the use of a more accurate approximation
would lead to the appearance of antiferromagnetism in the
ground state and, as a consequence, to the discovery of a gap
in the spectrum. As far as metallic compounds such as LCO,
YBCO, and, probably, bismuth-thallium HTSC are con-
cerned, interatomic repulsion on the copper atom is prob-
ably reduced by shielding, and there is no Hubbard splitting.
However, strong interelectron correlations that remain give
rise to a distortion of the band structure as compared with
calculations based on the traditional theory of the density
functional. At this point, we note that, even in pure copper,
band-structure calculations tend to overestimate the posi-
tion of the d~band by approximately 0.5 eV. It is very likely
that this effect is even greater in superconducting cuprates.
If this is so, we can readily explain the shift of the photoemis-
sion curves as compared with calculations, and also the ab-
sence of antiferromagnetism in these calculations. The latter
is related to the fact that the position of the copper d-band
predicted by the calculations is the same as the position of
the oxygen p-band, which sharply enhances p-d hybridiza-
tion and suppresses the tendency to magnetism. A shift of
the t/-band by about 1 eV would substantially reduce this
hybridization.

The foregoing considerations enable us to formulate the
following working hypothesis on the electron structure of
high-temperature metallic oxides of copper: the copper elec-
trons on the CuO2 planes experience appreciably interato-
mic repulsion which, however, is significantly suppressed

due to shielding by conduction electrons in the metallic com-
pounds La, 85Sr015CuO4,YBa2Cu3O7, etc.

As far as the semiconducting analogs of high-tempera-
ture superconductors are concerned, the presence of Hub-
bard splitting on copper (but not on oxygen) is more prob-
able although even this fact cannot be regarded as firmly
established experimentally.

The final resolution of the problem of the character of
the electron structure of high-temperature superconductors
in the normal state will have to wait until reliable experimen-
tal data become available, especially spectroscopic data
(with particular attention being paid to the quality of sample
surfaces).

The author is indebted to D. A. Kirzhnits and members
of the Theoretical Superconductivity Group at the Physics
Institute of the Academy of Sciences of the USSR for numer-
ous useful discussions.
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'Y. G. Bednorz and K. A. Miiller, Z. Phys. B 645, 189 (1986).
2P. W. Anderson, Science 235, 1196 (1987).
3G. Baskara, Z. Zon, and P. W. Anderson, Solid State Commun. 63, 973
(1987).

4F. C. Zhang and T. M. Rice, Phys. Rev. B 337, 3759 (1988).
5V. J. Emery, Phys. Rev. Lett. 58, 2794 (1987).
6N. Niicker etal., Z. Phys. B 67, 9 (1987).
7S. Lundquist and N. H. March (Eds.), Theory of the Inhomogeneous
Electron Gas, Plenum, 1983 [Russ. transl., Mir, M., 1987].

8A. J. Arkoetat., }. Magn. Magn. Mater. 75, LI (1988).
9J. Zaanen, O. Jepsen, O. Gunnarsson, A. T. Paxfon, and O. T. Anderson,
PhysicaC 153-155, 1636 (1988).

IOJ. Zaanen, G. A. Sawatzky, and J. W. Allen, Phys. Rev. Lett. 55, 418
(1985).

"S. Ushida, Int. J. Mod. Phys. B 2, 181 (1988).
'2Zhi-xun Chn et at., Phys. Rev. B 36, 8414 (1987).
I3J. Orenstein et al., ibid., B 36, 8892 (1987).
I4E. G. Maksimov et al., in Proc. Conf. "Toward Theoretical Understand-

ing of High Tc Superconductivity, " Trieste, 1988.
15G. Y. Guo, W. M. Temmerman, and G. M. Stocks, J. Phys. C. 21, L103

(1988).
I6L. F. Mattheis, Phys. Rev. Lett. 58, 1028 (1987).

Translated by S. Chomet

472 Sov. Phys. Usp. 32 (5), May 1989 1.1. Mazin 472


