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Materials engineering involves not only the choice of a material having optimal intrinsic properties,
but also economic fabrication in a form that optimizes its extrinsic properties. The intrinsic prop-
erties depend upon the relationship between structure and outer-electron behavior; and a general
perspective of our descriptions of outer electrons in oxides is presented. Oxide engineering is illu-
strated by a consideration of heat mirrors for flat-plate solar collectors.

1. Heat Mirrors

This introductory paper has two objectives:
(1) illustration of the process of materials
engineering via a specific example, and (2)
an overview of our descriptions of the outer
electrons responsible for the magnetic, electric,
optical, and elastic properties of oxides,

Materials engineering involves optimizing
device performance through the choice and
design of materials. As indicated in Fig. 1, the
process begins with identification of a device.
Its performance is characterized by engineer-
ing parameters, which may be defined as
“figures of merit.” The variables available to
the metallurgist or ceramist, on the other hand,
are chemistry, crystalline structure, and the
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FI1G. 1. Interactions involved in materials engin-
eering.
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physical state (sample shape, crystallinity,
single or multiple phase, ...). The chemical
composition and crystal structure determine
the intrinsic properties; the physical state
determines the extrinsic properties. The
intrinsic properties are specified in terms of
the phenomenological parameters of physical
measurement; and materials-engineering an-
alysis begins with a phenomenological model
of the physical processes responsible for the
intrinsic and extrinsic properties relevant
to device performance. However, selection
of the optimal material requires an under-
standing of the relationships between in-
trinsic properties and the composition and
structure of the material.

Design of a solar flat-plate collector pro-
vides an illustration of materials engineering.
An inexpensive solar-energy collector capable
of efficiently delivering high-temperature heat
would make conversion of solar energy to
electricity an economically viable option.
Mirror or lens concentrators are too expensive
to construct and maintain; so there is need to
design, if possible, an acceptable flat-plate
collector.

A flat-plate collector consists of an absorber
that converts the sun’s radiant energy to
heat. Because a hot absorber reradiates energy
at ir frequencies (see Fig. 2), traditional
strategy has been to tailor the absorber to
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F1G. 2. Normalized black-body energy distributions
(left ordinate) at temperatures of 5773 K (solar distri-
bution) and 1000 K. Reflectivity (right ordinate) of
an ideal heat mirror and a 150 A Ti0,/200 A Ag film.

have a high absorptivity a in the visible and low
emissivity ¢ in the ir. Even if the absorber is
covered by a glass plate that is isolated from
it by a vacuum, ratios o/¢ > 100 are needed for
efficient delivery of high-temperature heat.
An alternate strategy is, in addition, to coat
the inside of the glass cover plate with a film
that transmits radiant energy in the visible
spectrum, but reflects the ir energy from the
absorber. The ideal reflectivity of such a
“heat mirror”” would be as shown in Fig. 2.
Addition of such a film can greatly reduce the
required a/e ratio of the absorber (Z).

In order to compare various candidate
materials for the heat mirror, it is useful to
have a generalized figure of merit. The
idealized flat-plate collector of Fig. 3 permits
definition and evaluation of a figure of merit
for the heat-mirror material in terms of its
complex dielectric constant and its thickness
t, i.e., in terms of an intrinsic and an extrinsic
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Fic. 3. 1dealized flat-plate collector used to evaluate
figures of merit for heat mirrors.
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property. The model collector consists of a
heat-mirror film, without the glass plate,
that is isolated from a black-body absorber
(x=¢=1) by a vacuum. Both film and ab-
sorber are infinite in two dimensions, and the
sky temperature is taken to be 0 K. The figure
of merit for such a collector is defined as the
maximum collector efficiency at the optimum
film thickness ¢ for a given absorber tempera-
ture Tp:

FA(TB) = QO/ Qs’ (1)

where the incident solar energy
Q.= A [ WAE)dE @
1]

contains the normalization factor 4 =0.127 x
1074 for 0.08 W/cm? of solar energy on Earth.
The thermal energy at temperature Ty deliv-
ered by the collector at thermal equilibrium
is

Qo= A [ WE)Ts (B, 1) dE
- [a-rEDWiEE O

where the energy distribution function for
black-body radiation

Ws,p = (8x/c* P) E|(exp (E[kTs,5) — 1) (4

is shown in Fig. 2 as the bell-shaped curves
for Tg=5800 K and T,=1000 K. Exact
expressions (2) relate the reflectivity R(E,t)
and the transmission Tr(E,f) of the heat-
mirror film to its optical constants n(E) and
k(E), which are defined by the complex
dielectric constant

k(E) = (n* — k?) + i2nk. 5

The reflectivity of an ideal Drude conductor
approaches that shown in Fig. 2 for the ideal
heat mirror. The dielectric constant for the
Drude conductor is calculated to be

K(E) =1~ (E}*/(E* + iE. E)), ©
vyhere, in c.g.s. units, the plasma and relaxa-
tion energies are

E, = h(4nNe*/m*)'/2 and
E.= hjt. = he[p,,m*. ‘ M
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The plasma-cutoff energy can be varied as
desired through control of the charge-carrier
concentration &, and the sharpness of the
cutoff, or the ir reflectivity, depends critically
on having a high optical mobility u,, = et./m*.

Figure 4 shows F, vs Ty for various ideal
Drude mirrors. At each Ty a different film
thickness ¢, also indicated in Fig. 4, is required
to obtain F,. An E.=0.01 eV is chosen as
realistic. It corresponds to a u,, ~ 100 cm?/V
sec for m* = m,, the rest mass of the electron.
It is immediately apparent that, even with
ideal Drude mirrors (E,=0.0), interesting
efficiencies at T3 ~ 800 K are only to be found
if the black-body absorber is replaced by a
selective surface having a=x 1, ¢/e> 1. The
dashed line in Fig. 4 corresponds to E. = 0.01,
a=1, and a/e=S5. With this combination
and a Carnot efficiency (7’5 — 373)/T3 for the
heat engine, a maximum efficiency for con-
version of solar energy to electrical energy
would be 349, at Ty = 800 K. This compares
favorably with the maximum efficiency to be
anticipated from a photovoltaic cell.

Evaluation of real materials requires mea-
surement of x(E), and figures of merit for
several representative materials are presented
elsewhere (1).
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Fia. 4. Collector efficiency F, vs absorber tempera-
ture T for different Drude mirrors and black-body
absorbers. The optimum thickness #,; is also indicated
for various points on the curves. Dashed curve is for
an absorber having afe = 5.
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This exercise shows how an engineering
parameter, such as F,(Tp), can be expressed
in terms of intrinsic phenomenological para-
meters x(E), «, and «/e and an extrinsic
physical-state variable r. However, selection
of the mirror material with optimum x(F)
requires more fundamental knowledge. For
this purpose, it is useful to have a perspective
of the energy bands in solids.

II. Descriptions of Quter Electrons

In any description of outer electrons in
solids, four energies are important: (1) the
bandwidth w, of one-clectron states corres-
ponding to like atomic orbitals in a periodic
array, (2) the intraatomic-correlation split-
ting U or U’, (3) the splitting energy V, due
to atomic displacements described by the
wave vector q, and (4) the energies E, ; of
different atomic orbitals, which determine the
relative positions of the energy bands.

To the lowest order in tight-binding theory,

W, = 2zb, )

where z is the number oflike nearest neighbors
and b is the nearest-neighbor transfer energy

biy= W, #Y)) ~ &by, €

A is the perturbation of the electronic poten-
tial at R, as a result of the presence of a like
atom at R;. In oxides, the unperturbed cation
wavefunctions

'pm:Nm(fm— ;ln ¢n) (10)

include covalent admixture of symmetrized
anion functions ¢, to the same-symmetry
free-cation function f,,. The parameter b
varies with the overlap integral (., ¥)),
increasing with decreasing metal-metal separ-
ation for directinteractions and with increasing
covalent-mixing parameter A, for indirect
interactions.

At a free atom, the energy U is the electro-
static interaction energy between two electrons
in the same atomic orbital, and U’ is that be-
tween two electrons in different orbitals of the
same atomic manifold. These energies decrease
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sensitively with increasing radial extension
of the wave function and hence, in a solid, with
increasing 4, and b. In a solid, interatomic
electron—electron interactions are also present.
However, these are small relative to the intra-
atomicinteractions,sotheycanbeincorporated
into an effective intraatomic U.

Conventional band theory, in which U =0,
is applicable where w, > U. This condition is
generally fulfilled for outer s and p electrons,
which are relatively loosely bound to the
atomic nuclei and are active in chemical
bonding.

Crystal-field theory is applicable in the
opposite limit w, € U. This condition is ful-
filled for the tightly bound 4f electrons, which
have a free-atom U~ 20eVandaw, $0.1eV.
Atoms having partially filled 4f shells carry a
localized spin; and a spin-dependent transfer
energy, whichreplaces b; ; of Eq. (9), introduces
interatomic magnetic interactions. Charge
transfer that requires an energy gives magnetic
interactions described by superexchange per-
turbation theory (3). Because only virtual
charge transfer occurs, the compound is an
insulator. This condition is fulfilled if like
atoms on equivalent lattice sites have an
integral electron/atom ratio. Deviations from
an integral number of electrons per like atom
allow for real charge transfer; and the mobile
charge carriers provide a ferromagnetic
double-exchange contribution to the magnetic
interactions (4), provided the time between
electron transfers is short compared to the
relaxation time of an atomic spin direction.

Lattice instabilities are induced by atomic
displacements that split occupied states from
unoccupied states by an energy V,. In the
crystal-field limit, the U responsible for local-
ized atomic spins suppresses any instability
that would decrease these spins, provided
V, < U. Cooperative Jahn-Teller distortions,
with or without spin-orbit coupling, do not
change the net atomic spin. Similarly, local
lattice distortions that “dress” a mobile
charge carrier, making it a small polaron,
do not change the net atomic spin. For small
polarons, V,~¢&, appears as an activation
energy in the charge-carrier mobility.

At intermediate values of b, a V, 2 Uxw,
would induce a phase transition that tends
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F1c. 5. Peierls instabilities for one-dimensional
chains and half-filled bands: (a) metal-metal and (b)
metal-anion-metal interactions.

to suppress the appearance of localized
atomic moments. Consider, for example,
Peierls instabilities, which are illustrated in
Fig. 5 for one dimension and half-filled bands.
A Peierls distortion produces a change in the
translational periodicity that splits occupied
states from unoccupied states; it may thereby
induce a metal-to-semiconductor transition.
Since the number of states stabilized by such a
distortion increases with the magnitude of the
induced gap V,, the total stabilization varies as
V2 ~ 6% where é is the atomic displacement.
Since the elastic restoring energy also varies as
&%, spontaneous distortions only occur for a
wy S V,. We define b, as the critical value of
b below which distortions occur. However, if
U> V, at any b, lattice instabilities of this
type are suppressed. At very small b, where U
approaches the free-atom value, the electron-
lattice interactions are smaller, and V, < U.
Therefore, we define b,’ as the critical value of
b below which electron correlations suppress
Peierls lattice instabilities. If b,” > b,, as is
anticipated in simple oxides wherever the
free-atom U is relatively large (Z10 eV),
Peierls instabilities are suppressed for all b,
as illustrated in Fig. 6(a). However, if b," < b,,
then spontaneous crystallographic distortions
may be encountered in the interval b, < b <
b,, as illustrated in Fig. 6(b).

Where the metal-metal interactions are
direct, atomic displacements in a Peierls
distortion may produce molecular-cluster
metal-metal orbitals (which would include
strong covalent mixing with any bridging
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F1G. 6. Relative energy-level variations with bandwidth for a simple cubic array, n, =1, T=0K, and (a) b," >

b,, (b) b < b,.

anions). This is the origin of the (8-N) rule
of atomic bonding by s and p electrons. In
the case of the half-filled band pictured in
Fig. 5, pairing of the atoms along a linear
chain produces singlet molecular-cluster
states. This type of pairing is found in low-
temperature VO,. Spin pairing of the V**:d*
electrons within a cluster (5) occurs at the
expense of the U, for the molecular orbitals.
U, is small because of the largeextension of the
molecular orbital.

Where the metal-metal interactions are
indirect, via an intermediary anion, two types
of Peierls distortion may be encountered:
(1) the formation of metal-anion-metal
clusters that expel the antibonding-electron
density into the intercluster space, as in the
arsenopyrites (6), and (2) interatomic dis-
proportionation =~ M™ + M™ — M®D+ 4
M@-V+ asillustrated in Fig. 5. The compound
TI*TI**F, illustrates interatomic dispropor-
tionation of the type envisaged in Fig. 5,
the diamagnetic cations having the configura-
tions TI*:6s2 and TI3*:6s° Spin pairing at
the TI* ion costs an energy U that is small
relative to the energy gained by TI3*:6s—
032~ :2p covalent mixing.

Transitions from a high-spin to a low-spin
cation state represent intraatomic dispro-
portionation. They occur at the expense of a
Jintra  (U-U’) and are induced by a ¥V, that
raises cation d orbitals with stronger covalent-
mixing parameters 4, relative to those with
smaller 4,; see Eq. (10) (7). In cubic symmeiry,
V, = 4. is the crystal-field splitting that separ-
ates the orbitally fivefold-degenerate dmanifold

into a threefold-degenerate ¢, and a twofold-
degenerate e manifold. If 4, < J1"*2 the energy
U stabilizes the high-spin state; if A, > J®'2 jt
doesn’t. Thus FeScontainshigh-spin Fe?*:z,* ¢?
and FeS, low-spin Fe?*:1,%¢%. Comparison of
NiO and PdO shows that the octahedral-site
Ni?*:1,5¢? configuration has two unpaired
spins, whereas the Pd>* ion assumes square,
coplanar coordination in which one 4d
orbital is empty and all the 44 spins are paired.
The larger radial extension of the 4d vs 3d
electrons not only increases V, through
stronger covalent mixing; it also reduces
U.

From these arguments it follows that a
large V¥, and/or a small free-atom U may
cause crystallographic distortions that sup-
press spontaneous magnetism in the interval
b/ <b<b, Outer s and p electrons, which
have a small free-atom U and are active in
interatomic interactions (large V), never
exhibit spontaneous magnetism, whereas
partially filled 4f shells always do (except
where orbital and spin contributions cancel
one another). In oxides, the 3d electrons may
be itinerant as in superconducting TiO,
strongly correlated (localized) as in the anti-
ferromagnetic insulator MnQ, intermediate
without crystal distortion (b, > b,) as in the
antiferromagnetic conductor CaCrQ,;, or
intermediate with magnetism suppressed (b,” <
b < b,) as in low-temperature LaCoO; (low-
spin Co'":#,5¢° without crystal distortion)
and low-temperature VO, (singlet V4+-_V4+
pairs). Outer 4d and 5d electrons tend either
to be ‘itinerant or to induce crystallographic
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structures that suppress spontaneous magnet-
ism (8).

Where Fig. 6(a) applies (b," > b,), the T-b
phase diagram is as shown schematically
in Fig. 7. The maximum in the Néel tempera-
ture Ty occurs at, or near, the value of b=
b. beyond which the superexchange perturba-
tion expansion fails to converge. For b < b,,
intraatomic exchange dominates the inter-
atomic interactions (U > w,) and

KTy ~z)|S(S+1) ~wzU, (1)

where the Heisenberg exchange parameter J
for half-filled orbitals (n, =1) follows from
the second-order (electron transfer requires
the energy U) perturbation

Ag = —2(b?/U) sin?(6/2) = const
+ z(2b%/482 U)S;-S,. 12)

The Pauli exclusion principle restricts electron
transfer to antiparallel-spin electrons, so the
spin-dependent transfer energy is bsin(6/2).
(Rotation of spin vectors through an angle 6
goes as the half-angle rather than as the
angle.) Construction and discussion of this
and similar diagrams for other values of #,
may be found elsewhere (8). A discussion,
with applications, of the change with »; from
antiferromagnetic to ferromagnetic ordering
and of the magnitude of the spin contribution
to atomic moments as a function of b is also
available (9).

Application of these ¢oncepts to oxides is

Semiconductor  =l= " Metal

Tempergture T —&

Tronsfer Energy b -

"17:1

FIG. 7. Schematic T-b phase diagram for a simple
cubic array with n, =1 and b," > b,.
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illustrated by the cubic monoxides. Construc-
tion of the relevant s and p itinerant-electron
bands is shown schematically in Fig. 8.
E, i1s the electrostatic Madelung energy
and E; is the energy gained by transferring an
electron from an 0%~ ion to an M?* ion. The
larger the energy Ey—~FE,, the larger the energy
gap E,.

It is not possible to dope an oxide p-type
by introducing holes into the O?~:2p bands.
Optically excited holes and electrons generally
undergo fast electron-hole recombination.
However, they may be separated by a depletion
layer bordering a solid-aqueous interface.
In this case, the holes recombine with electrons
from the OH™ ions in the liquid to evolve O,
molecules:

20H- ~ 2¢ - (1/2)0, + H;0.  (13)

This latter reaction provides the possibility
of photoelectrolysis and is therefore of interest
for the direct conversion of solar energy to
chemical energy. In peroxides, holes in the
0O?~:2p bands combine in molecular-cluster
orbitals to form the complex anions (0,)*".

Introduction of electrons into the s con-
duction band is only possible for the heavier
cations, Oxides containing itinerant charge
carriers in a 5s or 6s conduction band include
T1,0;_,, SnO,:Sb and In,0;:Sn. Conductors
transparent in the visible are of interest for a
variety of applications, including heat mirrors
for solar-energy flat-plate collectors; and n-
type SnO, or In,0, fit this description.
Filled 5s? or 6s® cores may also be stable in
oxides. As in PbO, spontaneous polarization
of such a core may occur, atomic displace-
ments stabilizing O?~:2p states (via stronger
covalent mixing) at the expense of cation
s-p hybridization.

Rare-earth oxides possess 54 bands that
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0%~ / B !
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Free Point  Effective
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- FI1G. 8. Relevant s and p bands for cubic monoxides.
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overlap and hybridize with the 6s band.
They also possess strongly correlated (local-
ized) 4" manifolds separated by a large U or
U',where U > U’ > E,. If the energy of a 4/"*!
manifold lies above the edge E, of the 54-
6s conduction band, it remains empty. If,
in addition, the corresponding 4f™ manifold
lies below the edge Ey of the 2p valence band,
it remains full and only the 4f™ core state is
stable in the oxide. Two core states may be
stabilized if either the 4/™*! or the 4/"levelfalls
in the gap E,. If the 4™ level corresponds
1o a free-ion valence state Ln>*, then it follows
that the 4™ level falls in E, if Ln = Ce, Pr, or
Tb, and the 4/"+! level falls in E, if Ln = (Sm),
Eu, Tm, or Yb. For the other lanthanides,
neither manifold falls in E,. In the system
Eu,_.Gd,0, the Eu**:4f7 level lies 1.1 eV
below E.. The Gd ion also carries a 4f core,
the extra electron per Gd entering the 5d-6s
conduction band.

Similar reasoning holds for the 4" manifolds
in transition-metal oxides. Therefore, the
existence of multiple formal-valence states for
transition-metal ions in oxides indicates that
U or U’ may be smaller than E,. In the case of
octahedral-site vanadium,forexample, the exis-
tence of VO, V,03, VO,,and V,0; would seem
to require placing the 4, d?, and d* manifolds
within F, = 6-7 eV. Therefore, a U’ <3 eV
is anticipated, which introduces the condition
w, ~ U. It also appears that V,~ U in VO,
and V,0;, which gives rise to interesting
crystallographic distortions that suppress,
or diminish, the spin moment at the vanadium
cations. In the spinels M2+[V,3*]0,, on the
other hand, a U> ¥V, suppresses crystallo-
graphic distortions, although disproportiona-
tion of Ni[V,]O, makes this phase unstable to
reduction of Ni?* ions by oxidation of the
V3*+ ions (10).

Figure 9 shows a schematic energy diagram
for ideally dense VO. (As prepared, VO
contains vacancies and tetrahedral-site vana-
dium—probably V*+ jons—which complicates
the diagram.) The 3d orbitals of e symmetry,
which form the o* band, are raised in energy
above Er by covalent mixing with the O%~:2p
orbitals. Direct V-V interactions reduce U =
U, for the 1, orbitals and broaden the V2+:
1,%¢% and V*:1,* e levels into £,® and #,* bands

JOHN B. GOODENOUGH

FiG. 9. Schematic energy diagram for ideally dense
vVO.

that just overlap (U, = w,). No spontaneous
magnetism is observed despite considerable
exchange enhancement of the magnetic sus-
ceptibility (11).

In contrast, an octahedral-site Cr3*:1,3e°
cation always carries, in oxides, a fuil localized
spin S=3/2, the larger effective nuclear
charge contracting the radial extension of the
t, orbitals sufficiently to make U, >w, A
similar contraction of the r, orbitals at an
octahedral-site V3+:7,2¢%ion might be expected
to guarantee a localized spin S = 1, as found
in the spinels M?*[V,3*]0,. However, a
U,/ < U, is the critical energy, and V,0; is
complicated by a ¥V, = U, @ w, (I2).

In MnQO, a 4, < J!a*2 results in a high-spin
Mn?**:t,3¢? manifold with energy near the
center of E,. The half-filled 34 orbitals give a
localized Mn?*-ion spin § = 5/2, inaccordance
with Hund’s rule, and antiferromagnetic
interactions dominated by 180° Mn2+-O%—-
Mn?* superexchange. Asillustrated in Fig, 10,

Mn:4s
E.— E.—
SMALL-

35ev
Mnid®arLi  POLARON

VL
R

(a) (b)

F1G. 10. Schematic energy diagrams for Li-doped
MnO and NiO.
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Li-doped MnO contains mobile, small-polaron
holes having an ¢, % 0.3 eV (13).

In NiO, stronger covalent mixing between
0% :2p and Ni:e orbitals raises the magnetic-
ordering temperature T, and sufficiently
broadens the bandwidth of the Ni%*:z,%¢?
configuration to suppress small-polaron form-
ation, except if the holes are trapped at Li*-
ion centers.!® The fact that the critical value
b=>b. for small-polaron formation is less
than b, (see Fig. 6(a)) is consistent with a
b, > b, in simple Ni?* compounds like NiO
and NiS. In K,Ni(CN),, on the other hand, the
complex cyanide ion reduces U, via covalent
mixing with carbon, and simultaneously
reduces w,. Square-coplanar bonding (14)
suppresses the magnetic moment, indicating
b’ <b<b,and hencea V, > U, w,.

Note added in proof. Jeitschko and Donohue (Acta
Cryst., in press), point out inconsistencies in published
data to argue that the arsenopyrites illustrate metal—-
metal bonding.
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