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Some 76 simple and perovskite transition-metal oxides are classified as ‘‘metals,”” “‘insulators,” and
those exhibiting metal-insulator transitions. Using the framework of Zaanen, Sawatzky, and Allen and
a simple ionic model to estimate the two relevant energies (Ay and Uy), we can find boundaries which
separate the insulating oxides from two types of metals: low A, metals and low Uj metals. In addition,
compounds with metal-insulator transitions are found to be on (or near) these boundaries. It is
concluded that the large differences in conductivity behavior of oxides are largely due to differences

in the ionization potentials of the transition metal cations.

The discovery (/-3) of superconductivity
at high temperatures has generated consid-
erable effort at understanding the physical
properties of bismuth and copper oxides. It
is important to recognize that these oxides
are members of the broad class of perovskite
and simple transition metal oxides that usu-
ally do not exhibit metallic conductivity and
even less often exhibit superconductivity.
As part of an overall understanding of high
temperature superconductivity, it is im-
portant to understand the fundamental elec-
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tronic energies that determine why some ox-
ides are metallic, whereas the majority have
low conductivity. It is these fundamentai
energies for the undoped oxide systems that
provide the basis for understanding the hole-
doped systems and lie behind the assump-
tions of the various theories for high-tem-
perature superconductivity.

The conductivity of a large number of sim-
ple and perovskite oxide compounds has
been compiled in several review articles
(4-9). In Table I we list (10) 76 such systems
involving transition metals (including rare
earths) in formally divalent (II), trivalent
(III), and tetravalent (IV) oxidation states.
Here the conductivity behavior of these ox-
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TABLE 1

BiNary OxipeEs M,O. AND PEROVSKITE (OR
PEROVSKITE-LIKE) OxIDES A M, O. (ORDERED BY
AToMIC NUMBER, THEN BY FORMAL VALENCE):
ConDucTIVITY (M = METALLIC, | = INSULATING),
OXYGEN-METAL ATOM MADELUNG SITE POTENTIAL
DIFFERENCES AV, (VOLTS), AND PARAMETERS Uy (eV)
AND A (eV)

TABLE [-Continued
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Compound Conductivity AV, (V)  UieV) AgeV)
TiO M 48.2 9.0 20.0
Ti,0, M/1 58.3 10.8 15.9
LaTiO; M/1 58.2¢ 12.2 15.8
TiO, 1 70.6" 511 12.3
SrTiO, 1 69.4 52.3 11.1
Sr,TiO, 1 70.4 52.2 12.0
vO M 49.6 9.7 19.8
V,0, M/1 57.7 12.5 13.6
LaVO, 1 58.6¢ 13.7 14.4
LaSrVOy 1 59.4¢ 13.7 14.9
VO, M/I 71.8° 13.5 9.9
Srvo, M 70.7 14.8 8.7
SrVO, 1 70.7 14.8 8.7
Cr,0; 1 60.3 13.0 14.3
LaCrO, 1 59.3¢ 14.4 13.3
LaSrCrO, 1 60.5¢ 14.4 14.3
CrO, M 72.6 15.3 82
SrCrO, M 71.0¢ 16.4 6.7
MnO | 45.4 13.4 15.6
B-Mn,0, 1 60.2 12.9 11.6
LaMnO; 1 59.9 13.8 11.2
(La,Sr)MnO, I 59.34 13.8 10.5
B-MnO, M 73.3 16.2 6.8
SrMnO; I 68.1¢ 17.6 2.0
Srs>MnO, 1 71.6° 17.4 S.1
FeO 1 46.7 9.7 16.1
a-Fe,0; I 59.6 19.3 13.9
LaFeO, 1 58.4¢ 20.5 12.94
LaSrFeO, I 59.2¢ 20.4 13.4
SrFe(O, M 70.1 16.5 0.1
CoO I 47.2 117 15.7
La,CoO, 1 50.4¢ 12.7 18.2
LaCoO; 1 60.9 14.1 12.2
LaSrCoO, 1 60.5°¢ 14.0 11.7
SrCo0; M 70.2 24.5 3.7
NiO 1 48.3 12.1 15.3
La,NiO, 1 49.6° 133 16.2
LaNiO, M/1 61.0 16.0 10.7
LaSrNiQ, M 60.0¢ 16.0 9.6
CuO 1 48.0 11.6 12.6
La,CuO, I 49.2¢ 12.8 13.7
LaCuQ; M 60.5 14.6 8.6
LaSrCuO, M 60.4¢ 14.6 8.2
NbO M 41.1 5.9 12.3
NbO, 1 67.8¢ 7.1 14.7
B-MoO, M 69.2° 10.1 7.8
SrMo0O; M 68.2 11.2 6.9
Sr,MoO, M 69.2¢ 1.1 7.8

Compound Conductivity AVy,(V)  UieV) AyeV)
LaRuO, M 58.1¢ 12.7 14.8
RuO, M 70.4 12.4 5.4
SrRuO; M 69.14 13.3 4.2
Sr.RuQ, M 70.14 13.3 S.1
Rh,04 1 58.7% 12.5 12.8
LaRhO, 1 58.4¢ 13.8 12.5
RhO, M 70.6 12.6 2.0
SnO I 39.0 12.0 10.1
SnO, 1 67.9 27.0 12.4
S5rSn0, I 67.2¢ 28.0 11.6
Sr.Sn0, [ 68.4¢ 28.0 12.8
LaO M 39.1 4.2 14.8
La,0; I 49.0 27.0 16.0
CeO M 39.6 5.4 15.3
Ce,0, 1 49.5° 12.8 15.5
CeO, i 61.9 243 1.3
SrCeO, I 63.2¢ 24.8 12.0
PrO M 40.0 7.0 16.1
Pr,0, 1 50.0° 13.6 14.5
PrO, I 62.5 14.7 9.6
SrPrO, I 63.4¢ 15.1 10.0
NdO M 40.3 7.3 16.1
Nd,0, 1 50.6° 14.5 14.6
EuO 1 39.1 9.7 14.6
Eu.0; I 51.0 13.3 12.1
YbO I 41.3 8.7 15.5
Yb.0, 1 52.8 14.6 13.7
LaYbO, 1 54.3 15.4 14.9

“ Averaged between crystallographically inequivalent sites.

b Ref. (12).

¢ In-plane M and O only.

“ Estimated (from known calculations) or for approximate
crystal structure.

ides has been crudely and arbitrarily divided
into ‘‘metals’’ and ‘‘insulators’’ on the basis
of the magnitude of their conductivity,
(300 K), at room temperature: ‘‘metals’’
are defined as having (300 K) > 1 S/cm,
while “‘insulators’’ have ¢(300 K) < 1 §/
cm. A few oxides have metal-insulator tran-
sitions and are so labeled in Table I.

A simple, and yet powerful, framework
which includes correlation effects has been
introduced and developed by Zaanen, Sa-
watzky, and Allen (ZSA) ({1). According
to this picture, oxides (as well as halides,
sulfides, etc.) can be described in terms of
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the relative energies of three electronic en-
ergy levels near the Fermi level, shown in
Fig. 1. The fully occupied oxygen 2p states
are shown as the shaded band on the left
side of the vertical energy axis. On the right
side of the vertical energy axis and shown
unshaded is the lowest unoccupied metal
orbital (corresponding to the metal conduc-
tion band) which lies at an energy A above
the former. A is seen to increase in going
toward the right in Fig. 1. This unoccupied
metal orbital lies at an energy U’ above the
highest occupied (shaded) 3d- or 4d-metal
states, as shown in Fig. 1. (The prime on U’
signifies that this energy (defined in Fig. 1)
is not always the Hubbard U.) For simplic-
ity, we assume that the width, W, of these
three bands is the same.

Forthe case of W < A, U’, the compounds
are insulating, and ZSA (/1) distinguish two
different types of insulators:

(1) Charge transfer insulators when W <
A < U’ (left of Fig. 1). In this case, the gap
~(A — W) is dominated by the value of A;
and

(2) Mott—Hubbard insulators, when W <
U’ < A (right of Fig. 1). Here the gap ~(U’
— W) is dominated by U’.
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A metal results when either of these two
gaps approaches zero. Hence, there exist
two types of correlated electron metals:

(1) “Low-A metals’’, when A < W (far left
of Fig. 1), in which the lowest-lying metal
conduction band overlaps the occupied oxy-
gen 2p-valence states; and

(2) ““Low-U' metals’’, when U’ < W (far
right of Fig. 1), in which case the two metal
orbitals merge to form a partially filled band.

The goal of this paper is to obtain values
of U’ and A for each of the 76 compounds
in Table I and examine these within the ZSA
framework. While experimental values for
a few of these compounds are available, a
comparison among all oxide systems is more
appropriately carried out with a self-consis-
tent set of approximate values, obtained in
the same manner for each. Such a set may
be obtained, if we approximate these oxides
as ionic solids containing transition metal
cations M"* and oxygen anions 0%, with a
negligible wave function overlap. The val-
ues of U’ and A obtained in this approxima-
tion are called U; and A,, where the zero
subscript serves as a reminder that they are
theoretically calculated values for the sim-
ple ionic model. The energy Uy corresponds
to the excitation of an electron from one
transition metal cation to its neighbor (at a
distance d,, ), and is specified in terms of
the ionization potential 7., of M"* and its
electron affinity A = —1:

Uy = 1,.,(M) — I,(M) — e*dpy . (1)

Correspondingly, the energy A to excite an
electron from O? to a neighboring transi-
tion metal (at a distance d, ) involves the
ionization potential I(0?") of O?" (the nega-
tive of the electron affinity (A(O7)) and the
electron affinity A = —1I, of M"". In addi-
tion, there exists a term AV,,, the difference
in electrostatic Madelung site potentials,
that the electron experiences when it
changes sites:
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F1G. 2. A plot of the calculated values of Uj and A,
for the 76 oxides in Table I. The lines attempt to sepa-
rate the ‘“‘insulators’’ (open symbols) from the ‘‘met-
als”’ (solid symbols) according to the ZSA framework.

Ay = AV, — I(M) — A(O")
- ez/dM_o. (2)

In this very simple ionic model, the values
for U, and A, depend only on the electro-
static interactions between ions and the gas-
phase 1onization potentials. In Table I, we
show values of AV,,, calculated earlier (12)
or here (13), together with the values of U
and A, calculated from Eqgs. (1) and (2), us-
ing the experimental (/4) gas-phase values
for I,,, while a value (/15) of 7.70 eV was used
for A(O7). In Fig. 2, we plot U] versus A,
for each of the simple and perovskite oxides.
In this letter, we present the major features
of these data and discuss the details else-
where (10). Itis clearly seen in Fig. 2 that the
“metallic’” oxides tend to have low values of
either A; or Uj. In fact, one can separate
most of the ‘‘insulators’ from the ‘‘metals”’
by drawing a vertical boundary line and a

171

horizontal one, such that the metals have
either Ay < Ag = 10eVor Uy = Uy = 11
eV. Thus, there are eight metals in Fig, 2
which we can classify as low-U’ metals and
16 metals which are classified as low-A met-
als. Within this framework, oxides with
metal—insulator transitions should fall on (or
near) the boundaries in Fig. 2. Such is the
case for each of the five examples in Table
I (shown in Fig. 2 as symbols with a dot in
the center).

We should recall the approximations
made in the ionic model calculations of A,
and U;. We have neglected the effects of the
electronic overlap between ions (covalency,
crystal field splittings, screening, electronic
polarizability) and the motion of the ions
(lattice relaxation, ionic polarizability). Our
basic assumption is not that these effects
are small, rather, that they are similar for all
the oxides in Table I, so that the differences
in A and U’ are caused by the large differ-
ences in I, and AV,, via Eqgs. (1) and (2).
The main consequence of these neglected
effects is to reduce (or screen) the actual
values of A and U’ well below the ionic
values of Ay and U, in Table 1. For example,
for an electron or a hole in La,CuO,, the
decrease in energy due to screening is calcu-
lated (/6) to be ~5—-6 eV. For an excitation
of a neighboring electron and hole (as for
U,y and Ay), the decrease should be consider-
ably less than twice this value. This screen-
ing will decrease the metal-insulator bound-
aries at Ay ~ 10 eV and Uy ~ 11 eV to
values comparable with estimates (/7) of the
electronic bandwidth W ~ 6 eV. Thus, the
magnitudes of Ag and Uy in Fig. 2 are not
unreasonable.

There are a few insulating oxides that lie
deep in the metallic regions of Fig. 2, such
as SrMnQO;, Sr,MnQO,, and NbO, (which has
a strong pairing of metal cations). There are
several more minor exceptions nearer the
boundary, many of which can (/0) be related
to the assumption that the bandwidths W
and hence the boundaries Uy and Ay are the
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same for all three types of orbitals in Fig. 1
and for all oxides. Among the oxides in Ta-
ble I there are significant differences in W
between the rare earth and the first series
transition metal oxides, for example, as well
as differences due to distortions and to dif-
ferent dimensionalities. Taking these fac-
tors into consideration (/0), there still re-
mains an uncertainty of ~1-2 eV in the
location of the boundaries in Fig. 2, which
is an estimate of the relative errors in the
agreement between the data and our ionic
model of the ZSA framework. Considering
the simplicity of the ionic model and the
number of factors neglected, the combina-
tion of an ionic model and the ZSA frame-
work forms a remarkably good starting point
for an understanding of the electronic struc-
ture of both simple and perovskite oxides
of transition metals. In this way, a simple
picture is able to account for the differences
in conductivity for a wide range of oxides
and to attribute these differences primarily
to differences in the ionization potentials of
the transition-metal cations. It is hoped that
such a broad perspective of oxides will com-
plement the common approach of examining
each particular compound in detail.
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