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The electrical and optical properties of materials which are characterized by narrow bands
in the vicinity of the Fermi energy are discussed. For such materials, electronic correla-
tions and the electron-phonon coupling must be considered explicitly. Correlations in f bands
and in extremely narrow d bands can be handled in the ionic limit of the Hubbard Hamiltonian.
It is shown that free carriers in such bands form small polarons which contribute to conduc-
tion only by means of thermally activated hopping. Wider bands may also exist near the Fermi
energy. Carriers in these bands may form large polarons and give a bandlike contribution to
conductivity. A model is proposed for determining the density of states of pure stoichiomet-
ric crystals, beginning with the free-ion energy levels, and taking into account the Madelung
potential, screening and covalency effects, crystalline-field stabilizations, and overlap effects.

Exciton states are considered explicitly.

The Franck-Condon principle necessitates the con-

struction of different densities of states for electrical conductivity and optical absorption. Be-
cause of the bulk of experimental data presently available, the model is applied primarily to
NiO. The many-particle density of states of pure stoichiometric NiO is calculated and is
shown to be in agreement with the available experimental data. When impurities are pres-

ent or nonstoichiometry exists, additional transitions must be discussed from first prin-

ciples.

The case of Li~doped NiO is discussed in detail. The calculations are consistent

with the large mass of experimental information on this material. It is concluded that the
predominant mechanism for conduction between 200 and 1000 °K is the transport of hole-

like large polarons in the oxygen 2p band. A method for representing the many-particle
density of states on an effective one-electron diagram is discussed. Itis shown that if
correlations are important, donor or acceptor levels cannot be drawn as localized levels

in the energy gap when multiple conduction or valence bands are present. This result comes
about because extrinsic ionization energies of two correlated bands differ by an energy which
bears no simple relation to the difference in energies of the intrinsic excitations, which are
conventionally used to determine the relative positions of the bands.

I. INTRODUCTION

Transition-metal and rare-earth compounds are
characterized by d and f bands in the vicinity of the
Fermi energy. Since the spatial extent of these
electrons away from their ion cores is relatively
small compared to outer s and p electrons, the d
and f states on nearest-neighboring ions overlap
only slightly and thus ordinarily form very narrow
bands. It might be asked whether there is any
meaning in referring to these somewhat spread out
levels as bands rather than localized states, since
they are certainly not one-electron bands in the or-

dinary sense. However, long-range magnetic order
is the rule rather than the exception in these mate-
rials, and so the effective overlap must be finite.
These materials can be either insulating or me-
tallic. ! However, for a large class, e.g., CoO,
band theory appears to fail. In these compounds,
it can be shown by symmetry arguments that a par-
tially filled band must exist, and yet they are ex-
cellent insulators. Although attempts at modifying
band theory to explain the insulating behavior have
been made, 2 and these have succeeded in reducing
the number of materials in the class, ° it does not
appear likely that a pure Hartree-Fock approach
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will consistently account for the electrical behavior
of all the transition-metal compounds.** An ex-
planation for this failure of band theory was first
suggested by Mott, % who brought attention to the
importance of electronic correlations, neglected

in a Hartree-Fock approach, in the case of an ex-
tremely narrow band. Mott pointed out the fact
that any material with an integral number of elec-
trons per primitive cell must be an insulator in the
“atomic limit, ” or the limit where the lattice param-
eter becomes sufficiently large that overlap between
nearest-neighbor electronic wave functions is neg-
ligible. In this limit of zero-width bands, the elec-
trons are localized around their ion cores, just as
a core electron. Mott further presented reasons
why the transition from this insulating region to the
region where band theory is appropriate must be
sharp.® The existence of a “correlation gap” in a
simple model, consisting of a single s band with a
§-function interaction between electrons, was veri-
fied by Hubbard. "

Once it is concluded that a material is a “Mott
insulator, ” it becomes important to explain the
semiconduction which exists. There are many pos-
sibilities. Intrinsic conduction from excitation
across the correlation gap can be observable at high
temperatures if this gap is not too large. Further-
more, there can be intrinsic conduction due to ex-
citation of a localized electron to an unoccupied
state in a wide band or to excitation of an electron
from a filled wide-band state to an unoccupied lo-
calized state above the correlation gap. However,
since the materials under investigation have not yet
been prepared as pure stoichiometric single crys-
tals, extrinsic conduction always dominates at or-
dinary temperatures.! Once impurities and vacan-
cies are present, the lowest-energy excitation is
often one which creates a carrier in the narrow
band, either a hole below the correlation gap or an
electron above the gap. However, such a carrier
should be quite localized, since the bandwidth is
very small. Under these conditions, it can be shown
that the carrier will induce a lattice distortion in
which it becomes trapped.® In such a case, it is
more appropriate to consider not electronic states
but states of the electron together with its asso-
ciated lattice deformation, a quasiparticle known
as a polaron. In the narrow-bandwidth limit, as
must be the case in these materials, the distortion
extends only to the immediate vicinity of the carri-
er, and the quasiparticle is called a small polaron.
It can be shown theoretically9 that small polarons
can conduct in a bandlike manner at low tempera-
tures, although there has not yet been any unambig-
uous experimental demonstration of this regime.

At high temperatures, small polarons contribute
to conduction by thermally activated hopping, a
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process which is characterized by a mobility which
exponentially increases with increasing tempera-
ture.® This hopping conductivity has been observed
in many materials. % For many years, this process
was taken to be the dominant one in all the insulat-
ing transition-metal compounds.!* However, the
situation is now in doubt, since the discovery that
the Hall mobility of NiO is not thermally acti-
vated. "% we have recently suggested that extrin-
sic conduction by excitation from a donor or accep-
tor to a wide band can be the most important con-
duction process in these materials at ordinary
temperatures. * On the other hand, Austin and
Mott!® have cited this material as an example of
conduction in a small-polaron band regime. It is
important also to consider the possibility of conduc-
tion by thermally activated hopping within the impu-
rity or vacancy levels themselves, a process which
is usually called impurity conduction, !¢ and is im-
portant in partially compensated semiconductors

at low temperatures.

In this paper, we formally analyze these possible
conduction processes and indicate how to distinguish
between them. In Sec. II, we review in detail the
experimental results, concentrating in particular
on NiO, the material for which the most information
is presently available. In Sec. III, we present a
model which we believe is more consistent with the
data on NiO than is the small-polaron model, and
which can be adapted to account for the properties
of other narrow-band materials as well. The many-
electron densities of states of pure and doped NiO
are estimated, starting with the free-ion energies.
Electronic correlations, screening, covalency, ex-
citon and polaron formation, overlap effects, and
crystalline-field stabilization are all taken into ac-
count explicitly. It is shown that ordinary one-elec-
tron techniques fail qualitatively to account for the
effects of doping in narrow-band materials. In Sec.
IV, we discuss a method for analyzing the electrical
and optical properties of these materials in terms
of an effective pseudoparticle density-of-states dia-
gram.!” Finally, in Sec. V, we discuss the impli-
cations of our model and compare it to the other
models currently cited.

II. SUMMARY OF EXPERIMENTAL RESULTS
ON NiO

We shall discuss the available data on NiO in de-
tail, since this is the material most exhaustively
investigated. At the end of this section we shall
note some of the results on other semiconducting
transition-metal oxides which may indicate that
small differences do exist among these similar ma-
terials.

Nominally pure stoichiometric NiO crystals are
excellent insulators, with a room-temperature re-
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sistivity in excess of 10'® @ cm.'® Since different

samples have vastly different conductivities, this
conduction is undoubtedly dominated by the effects
of random impurities or lattice defects, which are
always present in even the best crystals presently
being grown. Because of this, NiO is usually doped
with known amounts of Li, which goes in substitu-
tionally for Ni. Since the second ionization poten-
tial of Li is much larger than the third ionization
potential of Ni, the Li exists in the lattice as Li*.
For charge neutrality, one Ni%** should be formed
for every Li* introduced. This need not, however,
be the case. One 0% vacancy, for example, can
compensate for two Li* ions. Since a Ni** ionis a
Ni?* ion with an extra hole, Li* impurities act as
acceptors, and the conduction is p type. In undoped
samples, conduction is usually also p type, indicat-
ing that monovalent impurities or nickel vacancies
are responsible. Occasionally, n-type material has
been obtained'®; in these samples, it can be assumed
that trivalent metallic impurties or oxygen vacan-
cies dominate.

The conductivity almost always increases expo-
nentially with increasing temperature but the acti-
vation energy depends on the sample and the tem-
perature range. For undoped samples, between
200 and 500 °K, the activation energy is approx-
imately 0.9 eV'*2% above the Néel temperature,
523 °K, the activation energy drops to 0.6 eV.%

At very high temperatures, above 1000 °K, the ac-
tivation energy increases to approximately 1.0
eV, #1724 31though higher values (1.8-1.9 eV) have
also been measured. ?%® At very low tempera-
tures, 10-100 °K, activation energies in the vicin-
ity of 0. 004 eV are observed, }*2™28

Doping with Li does not affect the activation en-
ergy for electrical conductivity at either very high®*
or very low?” temperatures. However, in the inter-
mediate temperature range, moderate doping (~1%
Li) induces a drop in activation energy from 0.9 to
approximately 0. 3 eV below 500 °K and from 0. 6
to approximately 0.2 eV above 500 °K.%° Heavy
doping (5-10% Li) results in a further decrease of
activation energy to 0.18 eV below 500 °K and 0. 14
eV above 500 °K. 2%2°

The Hall mobility of both undoped and doped NiO
has now been measured many times, 1% 1% 2426 30~32
The mobility is approximately 0.5 cm?/V sec at
200 °K; the sign indicates that the predominant
carriers are holes. There is no striking temper-
ature variation of mobility between 200 and
400 °K, but the mobility gradually decreases with
increasing temperature. An empirical approxima-
tion describing the temperature behavior of the Hall
mobility in this range is% 33

uy = (0. 01 cm?/V sec) exp(0. 075 eV/RT), (1)
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although the temperature range is sufficiently nar-
row so that an algebraic variation, such as aT%/2,
cannot be eliminated. Above 400 °K, the Hall mo-
bility begins to decrease more sharply, and at
about 600 °K it reverses sign. 2*

Thermoelectric power also has been often mea-
sured, 1&1%1%2228-30,33736 1t the results are not in
as good agreement with each other as are those for
the Hall mobility. It has been shown that some of
these discrepancies are due to the effects of grain
boundaries in polycrystalline samples of poor qual-
ity. 33 When care is taken in preparing polycrys-
talline material, or when good single crystals are
used, thethermoelectric power above 300 °K is pro-
portional to the logarithm of the resistivity. 2% 303
The thermoelectric power has a maximum which
is in the vicinity of 300 °K in undoped material, but
which moves to 150 °K in Li-doped samples. 3% 3
Thermoelectric-power measurements on Li-doped
material indicate primarily p-type conduction pre-
dominates, even above 600 °K, where the Hall ef-
fect is n type. This observation is difficult to ac-
count for theoretically, but we shall discuss a plau-
sible explanation in Sec. III.

Thermoelectric-power measurements on single
crystals of Li-doped NiO have been interpreted to
give estimates of the effective mass of carriers
ranging from less than 0.328 to more than 30 free-
electron masses. We shall show in Sec. III that, if
interpreted consistently, all the thermoelectric-
power data are actually in agreement, and that the
effective mass of the carriers in Li-doped NiO is
approximately six free-electron masses. Our in-
terpretation gives a value for the conductivity mo-
bility of 5 cm?/V sec at 300 °K. This is a factor of
15 larger than both the room-temperature Hall mo-
bility and the drift mobility as measured by a time-
of-flight measurement.®’ However, the conductiv-
ity mobility is proportional to the Hall mobility form
200 to 500 °K.

The ac conductivity has been measured up to 24
GHz, 1%1%28 383 514 it has turned out to be an im-
portant method for distinguishing between several
conduction processes. It is found in several inves-
tigations on various material that below 300 °K the
conductivity obeys the relation

o(w) — 0(0)  wir/(1 + w?7?) , (2)

with a single value of the staying time 7~107° sec.
The frequency-dependent conductivity is independent
of temperature. Above 400 °K, the conductivity is
independent of freqency. Figure 1 shows a typical
result.

Optical-absorption experiments have been carried
out from far-infrared through x-ray frequencies,
and these measurements provide a strong basis for
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FIG. 1. The dc and ac conductivities as functions of re-
ciprocal temperature for a single crystal of NiO doped
with 0.001% Li* (Kabashima and Kawakubo, Ref. 38).

the conclusion that the d electrons in NiO and re-
lated materials are extremely localized. The most
significant energy range for optical absorption is
from 0.1 to 20 eV.%%%*~% There is a peak at 0. 24
eV, which begins to broaden and decrease in energy
above 400 °K and disappears above 600 °K. %% 1t
appears to be connected with antiferromagnetism,
since it vanishes just above the Néel temperature
and moves to lower energies with decrease in sub-
lattice magnetization by either increase of temper-
ature® or dilution with MnO or C00.*® In Li-doped
samples only, thereisapeakat0.43 eV.2%%5 Between
1.0 and 3.7 eV there are a series of at least ten
absorption peaks superimposed on a continuously
rising background. * %% These peaks are corre-
lated within a few percent with those found in the
absorption of dilute solutions of Ni®* in MgO. ** This
correlation is shown in a most striking manner in
Fig. 2, taken from the work of Reinen, *® who mea-
sured the spectrum of NiMg.,,O from x=0.05
through x=1.0. The background absorption below
4 eV is much lower in the purer crystals of NiO
grown by halide decomposition than in the samples
prepared by flame fusion. ¥

The main feature in the optical spectrum is an
absorption edge at about 3.8 eV, the absorption co-
efficient rising rather sharply to approximately 6
%108 cm™. 4% 45051 There are several peaks in the
4-20-eV range, and the absorption increases sig-
nificantly above 12 eV, as is shown in Fig. 3, taken
from the work of Powell. # The edge at 3.8 eV has
also been observed in electroreflectance measure-
ments. 52

X-ray absorption spectra®®®*

show differences

3115

between the d electrons in Ni metal and in NiO.
While the Ly; and Lyy; bands of NiO are centered
around the same positions as those of metallic Ni,
only the oxide bands showed structure in the form
of subpeaks in the vicinity of +1 and ~ 3 eV from
the main peak.

Infrared absorption spectra %% have given
information on the lattice potential in NiO, and are
also useful for estimating the strength of the elec-
tron-phonon interaction. There are strong rest-
strahlen peaks in the vicinity of 0. 05 eV, from
which it can be deduced that the static dielectric
constant of NiO has the large value k~12, the high-
frequency dielectric constant is k ,~5, the energy
of the transverse optical phonons is wpo~0.05 eV,
and the energy of the longitudinal optical phonons
is wpo~0.07 eV. These values for the dielectric
constant are in agreement with direct measure-
ments. °*%" Multiphonon bands have been observed
between 0.08 and 0.15 eV * and phonon difference
bands near 0.02 eV. %% Finally, the antiferromag-
netic resonance peak has been observed at 0.04 eV,
below the Néel temperature, 3% %5859

A photoconductivity edge has been observed in
epitaxially grown crystals of NiO at about 3.8 eV.?
This observation taken together with the strong ab-
sorption edge at this energy are the strongest evi-
dence for intrinsic bandlike conduction in NiO. We
shall show in Sec. II that this wide-band conductiv-
ity takes place in the band arising from the 4s
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FIG. 2. Absorption spectrum of crystals of Ni,Mg(;-,,O
as a function of energy (Reinen, Ref. 43).
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states of the Ni®* ions. Photoconductivity has also
been found below 3 eV on vacuum-evaporated films®
A peak in photocurrent appeared at 0. 24 eV, super-
imposed on a steadily increasing background. On
the other hand, a crystal grown by flame fusion
showed no evidence for any photoconductivity below
7ev.

Photoemission experiments have also been car-
ried out. *%8 These have been used by Powell, *
in conjunction with absorption and reflectivity data,
to obtain an optical density of states for NiO. As
will be discussed in Secs. III and IV, the presence
of significant many-body effects in the optical tran-
sitions makes such a one-electron density of states
difficult to interpret.

None of the other semiconducting transition-met-
al compounds have been studied to the extent that
NiO has. However, recent investigations of
Co0, %% MnO, % and Fe,0; %% have indicated
great similarities among all of these materials. A
very few differences have been observed. Dielec-
tric losses due to Li*-Co* dipoles have been found
in CoO, indicating that bound holes hop around the
vicinity of a Li* impurity, with a 0.20-eV activa-
tion energy necessary for motion. %" This is in con-
flict with the results of such experiments on NiO,
in which no such activation energy was found. 5% 6°
Also, in epitaxially grown single crystals of MnO,
photoconductivity has been observed, in addition to
that in the intrinsic region, in the region 2-4 eV.™
The peaks coincided almost exactly with the fairly
sharp optical-absorption peaks®” ™" in this range.
Although NiO also has sharp structure in this region,
no such photoconductivity has been observed in
NiO. % Ag we shall show in Sec. III, since
these peaks in both NiO and MnO are connected
with localized excitations of the d electrons, it is
difficult to reconcile these different results.
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III. MODEL FOR NARROW-BAND MATERIALS

In this section, we present a model which can be
adapted to explain the electrical and optical proper-
ties of either pure, doped, or nonstoichiometric
narrow-band crystals. We shall quantitatively ap-
ply the analysis to NiO, and show how it is consis-
tent with all the experimental data presently avail-
able.

A. Optical Properties of Pure Stoichiometric
Material

For simplicity, we begin with an analysis of the
properties of perfect undoped stoichiometric crys-
tals, despite the fact that really good material has
not yet been prepared when judged by usual semi-
conductor standards. Since the materials under
consideration are insulators, there are no free
carriers in ideal crystals at 7=0, and thus the
lattice can be taken as completely periodic. In or-
der to discuss the optical properties, we assume
the Franck-Condon priciple, which states that there
can be no ionic displacements at optical frequen-
cies. Consequently, for the considerations of this
subsection, we do not have to introduce the elec-
tron-phonon interaction into the Hamiltonian.

Let us, for example, consider an oxide of the
iron group of the transition metals. We shall re-
strict ourselves to elementary excitations of, say,
20 eV or less. Since the covalency parameters for
MnO and NiO have been shown to be less than 4%, ™
the effective charges on the ions are reduced by less
than 10% from their maximum value. Thus, itis
a reasonable assumption to begin with the electron-
ic states of the fully ionized metal atom (e.g., Ni®*
in NiO) and the filled-shell O% ion. Since we have
restricted ourselves to energies within 20 eV of the
Fermi energy, only the 2p electrons of the oxygen
ions and the 3d and 4s electrons of the metal ions
need be considered. Consistent with the assump-
tion of near total ionicity, the 2p band of the oxygen
ions must be filled at 7=0. Since the ionized met-
al atoms always lose their 4s electrons before any
3d electrons, it is reasonable to assume that the
4s band of the metal ions is empty at T=0. Outer
p and s bands are generally accurately handled by
means of ordinary one-electron theory, and this
appears to be the case for the saturated transition-
metal oxides such as SrTiO,. ™ Thus, we expect a
normal 2p band below the Fermi energy and a nor-
mal 4s band above the Fermi energy of the mate-
rial. Neither of these bands can overlap the Fermi
energy, since the materials are insulators.

It is clear from the considerations of Secs. I and
IT that the 3d electrons cannot be treated by stan-
dard one-electron methods, and that a normal 3d
band does not exist. The effects of correlation
must be explicitly introduced in any calculation of
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the 3d bands. A technique for doing this has been
suggested by Hubbard, ? who considered an approx-
imation in which two electrons interact only when
they are in Wannier states centered on the same
ion core. The Hamiltonian for a nondegenerate
band in this approximation becomes

H:iz,a Zo:Tij.c Cio? Cjo'+U§ (AT T (3)

where c;," is the creation operator for an electron
in the Wannier state of spin ¢ centered around R;,
U is the Coulomb repulsion between two electrons
of opposite spin simultaneously located in state ¢,
T;;,0 is the Fourier transform of the Bloch energies
€3, and n;,=c;,' ¢, is the operator which counts the
number of electrons in state 7, 0. This Hamiltonian
has the virtue of being exact in two opposing limits,
the Bloch limit, in which U=0, and the zero-band-
width limit, in which Ty;=T;;6;;. Hubbard, ™ in an
approximate solution, found that ordinary band
theory predicted the correct electrical behavior in
the range where the ratio of the bandwidth A to U
was large, but that near the opposite limit, when
A<« U, the material was indeed a Mott insulator.
Clearly, a Mott transition must then occur for a
critical value of A/U. In Hubbard’s approximation,
the Mott transition comes at A/U~1.16. Hubbard’s
result for the pseudoparticle density of states as a
function of A/U is shown in Fig. 4.

In order to extend this model to apply to transi-
tion-metal oxides, we must complicate the problem
considerably. We need to consider all bands aris-
ing from the 2p electrons of the O% ions and the
3d and 4s electrons of the metallic ions. Only the
4s band is nondegenerate. Hubbard’ made an at-
tempt at treating degenerate bands, but found that
the problem was quantitatively prohibitive because

|
|
|
|
L AU

@B/ =2/J3

FIG. 4. Pseudoparticle band structure as a function
of A/U for a single s band (Hubbard, Ref. 75).
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of the proliferation of pseudoparticle bands. How-
ever, we can use the experimental results to sim-
plify the problem considerably in any particular
case. We can consider the spread of pseudoparti-
cle bands from the atomic limit (A/U=0; 1/a=0,
where q is the lattice parameter) to the Bloch limit
(A/U>1; 1/a large) assuming that the qualitative
behavior shown in Fig. 4 is maintained. From the
previous discussion, it is evident that the 2p and
4s bands are in the Bloch limit by the time the equi-
librium lattice parameter of the transition-metal
oxides has been reached. On the other hand, the
optical results on NiO discussed in Sec. II (see
Fig. 2) strongly suggest that the 3d band is very
near the atomic limit. The Hamiltonian (3) is thus
expected to be a good approximation for all the rel-
evant bands of NiO.

1. Estimate of Optical-Absorption Spectrum of
NiO
In order to accurately treat the narrow-band-

width limit of a d band we must consider all config-
urations from 0 through 10 d electrons on a single
ion core. We can estimate the separation in energy
of the lowest multiplets of each configuration from
the difference between the nth and the (z+1)th ion-
ization potential of the isolated atom. For exam-
ple, the process d®+d®~d"+d° in NiO can be esti-
mated as needing an activation energy of 18,6 eV.™
This energy is, in reality, only an upper lirhit,
since there must be screening of the electronic in-
teraction due to the presence of other electrons in
the vicinity of the two ions which change their con-
figurations. Part of this screening effect is due to
the other d electrons and core electrons on the cat-
ions themselves, and part is due to polarization of
the charge densities on the surrounding oxygen an-
ions and covalency effects. The former is an ef-
fect which should occur in free ions, and can be
estimated by noting that the Slater-Condon param-
eters determined from experiment are about 15%
smaller than those calculated from Hartree-Fock
wave functions. ™™ The effects of polarization and
covalency can be estimated by noting that the mul-
tiplet splittings of Ni%* in MgO are approximately
20% less than in the free ion.*® We might also ex-
pect some screening from overlap between the d
electrons on nearest-neighbor cations, although
this should be small for reasons discussed previ-
ously. A reasonable estimate can be made from
the optical data of Reinen, ** who found that the
Racah parameter B, which measures intra-ionic
electronic repulsion, decreases about 7% from

Nigy ;Mg 4O to pure NiO. All of these effects to-
gether result in a reduction of the intraionic Cou-
lomb repulsion in NiO from 18. 6 to approximately
12 eV. This method seems to us to be at least as
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accurate a method for estimating the zeroth-order
many-body effects as those used previously, 2% 4
since it is not necessary to determine the polariz-
abilities of the nickel and oxygen ions. These po-
larizabilities are not known to within an order of
magnitude. #

We are primarily interested in the separations
of the ground states of different configurations of
the d electrons, and for these the crystalline-field
splittings must be taken into account. Therefore,
we must make accurate estimates of the crystal-
line-field parameter Dg not only for the ordinary
configuration (34® for NiO), but also for the config-
urations with one excess electron (3d° for NiO) and
with one deficient electron (34" for NiO). In cer-
tain cases it is necessary to determine whether the
high- or low-spin state of a particular ion is more
stable in the crystal under consideration. The
high- and low-spin states are identical for both the
Ni?* (3d®) and Ni* (3d°) configurations. The crystal-
line-field stabilizations of the ground states are 12
Dq for Ni®* and 6 Dq for Ni**. An examination of
the relevant experimental and theoretical crystal-
line-field parameters for several transition-metal
monoxides indicates that Co* and Fe* are stabi-
lized in the monoxides in low-spin states, while
Ni* and Mn®* are stabilized in high-spin states.
The details of this argument and estimates of the
parameters Dq for the various configurations are
given in Appendix A. Using these results, we can
conclude that the energy required in pure NiO to
remove an electron from a Ni?* ion and place it on
a distant Ni®* is approximately 13 eV. This gives
the effective value of the quantity U in the Hamilto-
nian (3).

We can use these considerations to analyze the
contributions of d-d transitions to the optical spec-
trum of pure NiO. The low-energy (1-4 eV) ab-
sorptions are due entirely to the crystalline-field
and multiplet splittings of the 3d® configurations,
in agreement with the experimental results, %%
These transitions are, of course, between localized
states, and involve no transport of charge. They
should not contribute to electrical conductivity or
photoconductivity.

There also should be a series of absorptions be-
ginning at approximately 13 eV, the smallest energy
necessary to create a spatially separated d”+d°
pair, and extending to higher energies, since nei-
ther the Ni* ion nor the Ni* ion need be in their
ground states. Thus the absorption band must be
as wide as the sum of the crystalline-field and mul-
tiplet splittings of the d” and the d° configurations.
If we assume the same values of Dq discussed in
Appendix A to estimate the energy spread of the
crystalline-field split states, we find that the spread
of the d” state is 6 eV, while the d° configuration
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is 1 eV wide. Thus the absorption band from these
transitions should be located roughly in the 13-20-
eV range. This absorption should, of course, be
quite weak experimentally since it is a d-d transi-
tion and the d electrons are also extremely local-
ized. In stoichiometric material we can assume
that the crystal is initially at equilibrium, so that

a negligible number of Ni®* ions are not in their
ground states before excitation. If a significant
number of Ni®* are in excited states, as will happen
in nonstoichiometric or intentionally doped sam-
ples, there will be a low-energy tail of up to 4 eV
to the absorption band. Excitations which create
spatially separated Ni*-Ni®* pairs can contribute to
the conductivity or photoconductivity, but exactly
how these holes and electrons conduct cannot be an-
swered before we deal with the problem of electron-
phonon interactions. We shall consider the question
of conductivity in Sec. IIIB.

Another possible contibution to the optical ab-
sorption spectrum arises from the formation of
bound Ni*-Ni®* pairs, which are called Mott exci-
tons. For optical transitions, we can consider that
such pairs attract each other with a Coulomb inter-
action,

V (R)=-¢é*/k.R , (4)

where R is the distance between the pair and k., is
the high-frequency dielectric constant. We must
use K, instead of the static dielectric constant since
no ionic motion can take place in optical times.
Strictly speaking, (4) is rigorous only for R large
compared to an interatomic spacing, since it is
based on a continuum approximation for the lattice.
The maximum excitonic binding energy, however,
occurs when the electron and hole are on nearest-
neighbor cation sites. It is possible that the high-
frequency dielectric constant has a strong % depen-
dence which will cause deviations from (4) when

R is of the order of an interatomic spacing, but
this should not be a large effect in NiO and is usu-
ally ignored.'® Taking the experimental value®® of
Ko=D5.7 for NiO, we find a value of 0.8 eV for the
maximum excitonic binding energy. Optically,
Mott excitons should contibute a sharp peak or
shoulder about 0.8 eV below the 13—-23-eV absorp-
tions, and the experimentally observed shoulder at
13.0 eV * can be associated with these transitions.
Of course, bound excitons will not give any contri-
bution to conductivity.

These considerations should encompass all pos-
sible intraionic and interionic transitions below 20
eV between d electron states. We have not yet con-
sidered transitions involving 2p or 4s electrons.
As mentioned previously, we expect that crystal-
line states which spread from the free ionic 2p and
4s states are in the band limit of the Hamiltonian
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(3), with an effective value of U small compared
to the bandwidth A. The 2p band is filled at T'=0,
the 4s band is empty. Excitations between the
bands should represent normal, optically allowed
interband transitions. It is a reasonable assump-
tion that the augmented-plane-wave (APW) band
calculations should give a good first approximation
for both of these bands. The band calculations of
Switendick™ and Wilson® show that the 2p band in
NiO is about 4 eV wide and the 4s band is about 6
eV wide. The bottom of the 4s band is 5.5-6 eV
above the top of the 2p band. Thus we should ex-
pect strong optical absorption between 5.5 and 16
eV. These excitations should give intrinsic band-
type conductivity and photoconductivity, as will be
discussed in detail later.

Two other types of excitations exist. It is pos-
sible to optically excite a transition from a local-
ized 3d® ion to a localized 3d” ion, placing an elec-
tron in the 4s band. The free-ion process 3d®
~ 3d"4s takes about 7 eV.®' Assuming the 4s band is
6 eV wide in NiO implies that the free-ion 4s level
spreads +3 eV on the average in the crystal. Thus
the process should enter with a minimum energy
of approximately 4 eV, which should experimentally
appear as an absorption edge. The absorption may
be suppressed somewhat because of the forbidden
nature of d- s electric dipole transition, but cova-
lency of the s electrons with the anion wave function
overcomes the selection rule to a large extent.
Since the 34" ion can be left in any of its excited
states as well as the ground state, these transitions
might be expected to contribute to absorption over
the range 4-16 eV. They should produce zn-type
band conductivity and photoconductivity. It is rea-
sonable to conclude that the onset of this process
produces the 3. 8-eV absorption and photoconductiv-
ity edges discussed previously.

Finally, an electron can be excited from the ox-
ygen 2p band onto a localized nickel ion, producing
a Ni*, i.e., 3d°state. The process Ni?*+0% ~ Ni*
+0~ for free ions is highly exothermic, since Ni%*
has an electron affinity of 17.5 eV" and free O
has a negative ionization potential of 9 eV. 29,11
Thus, were it not for the Madelung potential, this
reaction would lower the total energy of the materi-
al by 26.5 eV. But the Madelung potential, 24.0
eV for NiO, ™ 8% ® gtapbilizes both the Ni** and the
0% ions, resulting in a free-ion net stabilization
of about 22 eV. Assuming the same screening and
crystalline-field stabilizations discussed previous-
ly, we find a value of 16 eV for the average energy
of the process. This procedure is not completely
justified in this case, since the polarizabilities of
the oxygen and nickel ions could differ significantly,
but the final result is not very different from that
(14 eV) obtained by Powell* in two opposite limits.
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The spreading of the oxygen 2p orbitals into a band
4 eV wide implies optical absorption in the range
14-18 eV. If we take into account the possibility
of excitation into an excited 3d° state, this absorp-
tion will extend up to approximately 19 eV. These
excitations could produce p-type band conductivity,
via holes in the oxygen 2p band, but there is no ex-
perimental information on this point. The so-called
charge-transfer band® represents bound Mott-type
excitons made up from electron-hole pairs result-
ing from this type of excitation. Using the same
analysis previously carried out [see Eq. (4) and
the subsequent discussion], but noting that the
nearest-neighbor Ni?*-O%" separation is 2.1 &, we
can estimate that this will produce an absorption
peak within about 1.1 eV of the 14-eV edge. This
large an energy is surprising in view of the much
smaller charge-transfer energies in Ni?* hydrated
salts, ® but experimentally, the peak observed at
13. 8 eV could be associated with this excitonic ab-
sorption.

Together with the 0. 24-eV peak probably asso-
ciated with antiferromagnetism, the above excita-
tions represent the low-energy optical absorptions
of pure stoichiometric NiO. A sketch of these ab-
sorptions appears in Fig. 5.

2. Comparison with Expevimental Results
on NiO,

Although the calculations in Sec. IIIB 1 are ex-
tremely crude, we can use them to analysis the ex-
perimental optical absorption of NiO in the 0.1-20-
eV range. ‘4450 The interpretation suggested
here is that the absorption peaks below 4 eV 4043
are purely intraionic 34%-34® transitions, the edge
at 4 eV**5 marks the onset of 3d4%-3d"4s tran-
sitions, the shoulder near 5.5 eV °° represents the
beginning of the strong 2p-4s excitations, and the

P +d® ~ pd+d°
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FIG. 5. Sketch of the predicted optical absorption of

pure stoichiometric NiO up to 20 eV.
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strong absorption above 12 eV * is dueto the com-
bined 2p-4s, 2p-8d°, and 3d" + 3d° excitations. The
large absorption peak seen*! at 17.6 eV (see

Fig. 3 ) very likely represents the maximum con-
tribution of the allowed 2p-3d° excitations, esti-
mated here to occur in the 14-19-eV range. The

peak at 13.8 eV # should then be the absorption from

charge-transfer excitons. The excitonic absorp-
tion, which we expect below the 3d" +3d° band,
could explain the shoulder at 13.0 eV.* This in-
terpretation of the optical results is consistent also
with the observed photoconductivity, ® since the

d-s transition at 4 eV is the lowest-energy intrinsic
excitation to a conducting state.

B. Electrical Properties of Pure Stoichio-
metric Material

A major complication enters when we wish to ex-
tend the analysis of Sec. IITA to discuss the elec-
trical properties of narrow-band materials. The
movement of electrons through the lattice generally
takes place at times sufficiently long for the ions
to relax around the new charge distribution, and
thus we can no longer neglect ionic motion. The
lowest-energy optical transitions, as discussed in
Sec. IIIA, are the d®-d® excitations, which do not
contribute to conduction. The optical transitions
with the next lowest energy are those from a a8
ground state to a d” ground state plus an electron
in the 4s band. The minimum energy of this pro-
cess will require smaller energy because of the
lattice deformation which will form around the Ni%*
(d") ion.

We have assumed that the d electrons are near
the atomic limit, i.e., the overlap integral be-
tween nearest-neighboring d oribitals is negligibly
small.
phonon coupling must be taken into account by non-
adiabatic small-polaron theory. ¥ As calculated by
Holstein, ° the polaron binding energy is

E,=A%/2Mw} | (5)

where M is the ionic mass, w, is the longitudinal
optical-phonon frequency, and A is a constant giving
the strength of the electron-phonon interaction. In
order to obtain equivalence between this small-po-
laron theory and a continuum-polaron theory, ® we
must set A equal to

A=[(Mw}y /%) (1/ke-1/)]V/2 | (6)

where a is the lattice parameter. It is possible for
A to be very different from this value, due to in-
teractions between electrons and TO, TA, and LA
phonons, but this will occur only if distances of the
order of @ become important, and we shall show
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If so, it is clear that the effects of electron-
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that Eq. (6) gives excellent agreement with the ex-
perimentally observed small-polaron binding ener-
gy. For values of the constants appropriate to NiO
(k~12, k~5.7, a~2 A), (5) and (6) give

E,~0.01 eV.

These considerations indicate that small-polaron
theory is applicable in these materials only to ex-
tremely localized electrons, whose bandwidths are
of the order of hundredths of eV. As we have dis-
cussed previously, this is expected to be the case
for the d electrons of NiO, CoO, and MnO, among
others.

In the model of Holstein, ° small polarons conduct
primarily by means of a thermally activated hopping
process at high temperatures, but at low tempera-
tures, conduction in a small-polaron band pre-
dominates, and the mobility is not thermally acti-
vated. The transition from predominantly bandlike
conduction to predominantly hopping conduction can
be estimated to occur at about half the Debye tem-
perature if the overlap integral J and the coupling
constant A are sufficiently large. It is difficult to
make an a priori estimate of J for the d electrons
of NiO, but for our purposes, all that is important
is that it is small. The small-polaron calculations
of Holstein® assume much larger values of A than
given by (6), and consequently, his estimate that
the transition from a polaron-band regime to a
polaron-hopping regime occurs in the vicinity of
half the Debye temperature must be modified. As-
suming an Einstein model for the longitudinal opti-
cal phonon spectrum, the transition temperature
T, can be estimated from the solution of the tran-
scendental equation

Tiw Tiw
W 0
ZCSCh’ZkTO cochkTO
2J (7w ( E m) ]
= PWof Zp I ARVE]
E, ln[ J \2nJ csch 2rT ' (7

For values of J small compared to both E, and w,,
the solution of (7) is

To= (J/E,) Tiwy/k . (8)

‘ Thus, in the approximation of extremely narrow

bands (J < E,) the transition temperature is very
small compared to the Debye temperature; i.e.,
the only mechanism of conduction through the 34°
band at ordinary temperatures is by means of ther-
mally activated hopping of small polarons.

Since intrinsic conduction in pure NiO comes
from the excitation of the transition 3d°~ 3d" 4s,
the electron placed in the 4s band contributes to
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conduction as well. Since the 4s band is expected

to be in the Bloch limit of the Hamiltonian [Eq. (3)]
we might anticipate that any polaron effects are
adequately describable by large-polaron theory, 8788
as can be verified from the following considerations.
The radius of the large polaron is

Vo= (P[/Zm*wo)l/z, (9)

where m* is the band effective mass. As an es-
timate, we can use the calculated value m*/m,

~2 obtained by Switendick’ and Wilson®® for the

4s band of NiO. In this case, 7,~5 A. Since this

is about 2.5 nearest-neighbor distances, continuum-

polaron theory is a reasonable approximation. The
electron-phonon coupling constant « is
a=(e%/2n) (1/kg-1/k.) (@m*/Fwg)t/?,  (10)

which gives o~ 2 for the 4s band of NiO. The po-
laron effective mass m**=m* (1+% a) is approx-
imately 2.7 free-electron masses for this band,
and the polaron binding energy

E,~ aliw, (11)
is 0.2 eV.

This result means that the intrinsic transition
3d® ~ 3d" 4s requires a thermal activation energy
about 0. 2 eV less than the optical activation energy
estimated as 4 eV in Sec. IIIA. This process con-
tributes p-type conductivity from hopping of the
hole in the 34® band, which forms a small polaron.
However, this would be dominated by a large n-
type conductivity resulting from the large polarons
in the 4s band. The intrinsic activation energy for
this process should be in the vicinity of 2 eV.
Clearly, intrinsic conduction should be measurable
only at extremely high temperatures. Experimen-
tally, it may have been observed in epitaxially
grown crystals of NiO, in the range 700-1200 °K,
where an activation energy of 1.9 eV has been mea-
sured. ® It also has been found®® in the tempera-
ture range 1000-1400 °K, where effective activa-
tion energies near 1.8 eV in polycrystalline ma-
terial which has been compensated by Fe, Al, or
Cr impurities are observed. Presumably Fe, for
example, goes in NiO as Fe®, thus compensating
for p-type impurities, such as Li* ions or oxygen
vacancies.

C. Optical Properties of Doped or Nonstoichio-
metric Material

Real samples of narrow-band materials so far
prepared are not pure by ordinary semiconductor
standards, and they are rarely stoichiometric. In
fact, for some materials, e.g., FeO, the homo-
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geneity range does not even include the stoichio-
metric compound. "™ This is of vital importance in
any discussion of the electrical properties, but
should not lead to any striking modifications of the
intrinsic optical spectrum, which we described in
Sec. IITA. The main reason for this is that ab-
sorption due to impurity or vacancy concentrations
of even as large as a few percent are most likely
unobservable above 1 eV, since there is strong ab-
sorption already present in the range 1-20 eV in
pure stoichiometric material (see Fig. 5).

The most common dopants in a divalent material
such as NiO are monovalent ions, usually Li*, or
normally trivalent ions, e.g., Cr®. Nonstoichi-
ometry leads to the formation of vacancies rather
than interstitials, and both cation and anion vacan-
cies must be considered for each material, even
if the homogeneity range includes an excess of only
one type of ion. This is because defect structures
with both anion and cation vacancies are common,
and a partial compensation always appears to oc-
cur in any given crystal.®

1. Li-Doped NiO

In order to understand the dominant role of im-
purities in the conduction process, we shall begin
by analyzing the effects of introducing a monovalent
impurity, such as Li*, into a divalent crystal.

Once again, we shall use NiO as the prototype ma-
terial. Since the ionic radius of Li* is almost iden-
tical®® with that of Ni%®*, and since the NaCl structure
of NiO is densely packed, we expect that the ma-
jority of the Li impurities enter the NiO lattice
substitutionally for Ni?*. Since the second ioniza-
tion potential of Li is 40 eV larger than the third
ionization potential of Ni, 8 charge neutrality is
achieved by forming a Ni®* ion for every Li* ion
introduced into the lattice. It is clear that the low-
est energy is obtained when the Li* and Ni%** are
nearest neighbors, essentially forming an electron-
hole dipole. This dipole forms a bound state whose
energy may be approximated by
E,~é%/kR , (12)
where R is the nearest-neighbor cation separation.
For NiO, this energy is 0.4 eV. A series of new
optical transitions are possible in Li-doped NiO
because of the presence of these bound dipoles. It
is possible to free the Ni* from the Li* entirely by
exciting an electron from a Ni%* ion far from the
Li center to the Ni** ion which is bound to the cen-
ter. This should take about 0.4 eV. By the
Franck-Condon principle, there is no energy reduc-
tion due to small-polaron formation about the free
Ni** ion. A series of more weakly bound states in
which the Ni%* is located at farther than nearest-
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neighbor cation spacings from the Li center are
also possible. These could give contributions to
absorption in the 0.2-0. 4-eV range, although they
should be quite weak being between spatially separ-
ated localized states. Clear evidence for a Li-in-
duced absorption has been observed at 0. 43 eV, 28
and there is no reason to doubt that this is the bind-
ing energy of the Li*-Ni* dipole.

It is also possible to optically excite an electron
from the 2p band to the Ni* states created by the
impurities, thus producing a Ni®* ion and a hole in
the 2p band. This process, in the ionic limit, is
just Ni* +0?%" = Ni®*+0". Since the electron affin-
ity of Ni* is 36.1 eV, the negative ionization poten-
tial of 0% is 9 eV, and the Madelung potential is
24.0 eV, " this reaction requires about 2.9 eV for
free ions. Assuming the same screening and crys-
talline-field stabilizations as in Sec. III A, we find
a value of 2. 3 eV for the average energy of the pro-
cess. Taking the spreading of the 2p band and the
binding energy of the Li*-Ni%** dipoles into account,
we can estimate that this process should contribute
to optical absorption in the range of 0.7-4.7 eV.
Because of the intrinsic crystalline-field absorption
in this range, it is unlikely that this absorption can
be seen. Asutin et al. ** % measured the absorption
in Li-doped NiO, and when the absorption in pure
NiO crystals was subtracted an excess background
absorption remained. This background increased
from 0.2 to at least 2 eV, with evidence for a peak
near 1.0 eV. The subtraction procedure is quite
dubious, because of the vastly different absorptions
obtained in different crystals of nominally pure NiO.
The peak could be due to bound excitons made up
from 2p holes and Li* centers, it could be the low-
est crystalline-field peak of the Ni* jons. If itis a
real absorption peak it is more likely the former,
since the first crystalline-field transition of a Ni%*
ion can be estimated® to be in the vicinity of 1.8
eV, owing to the large Dq value of Ni¥*. The extra
absorptions due to Ni** should contribute a number
of peaks between 1.8 and 6 eV, which will be ob-
servable only if an accurate subtraction procedure
can be carried out. Austin and Mott!® attribute the
1. 0-eV peak to photon-assisted hopping of bound
small polarons in the 3d® band, but this interpreta-
tion fails to account for the rising background.

2. Nomnstoichiometric NiO

Deviations from stiochiometry play an important
role in many of the physical properities of the ma-
terials under consideration, and the effects of non-
stoichiometry must be determined. The homogene-
ity range of NiO includes excess oxygen only. "’
Thus, nonstoichiometric samples have nickel vacan-
cies, each of which leads to the formation of two
Ni¥* ions to obtain neutrality. The lowest-energy

D. ADLER AND J.

FEINLEIB 2

state is a bound quadrupole, consisting of two Ni%*
ions on opposite nearest-neighbor positions of the
vacancy. An estimate of the binding energy of a
hole to this complex is

E,~2e%/kR - ¢*/k(2R) , (13)
which give E;~0.6 eV for NiO. The second hole

is then bound to an effective doubly negative charge,
and has a binding energy of

E,~2e%/kR (14)
or E,~ 0.8 eV for NiO. At low temperatures, es-
sentially all of the holes are bound to the vacancies.
An optical absorption due to single ionization of the
quadrupole should occur in the vicinity of 0.6 eV.
Other low-energy excitations are due to different
geometrical configurations of the two holes around
the vacancy. Three excited configurations exist,
requiring excitation energies of approximately 0.1,
0.3, and 0.4 eV. The excitation of one of the bound
holes into the 2p band should require 0.2 eV more
than the analogous energies calculated for the holes
bound to Li* centers, the additional energy being
due to the greater binding of the effectively doubly
charged vacancy. For the reasons previously dis-
cussed, these transitions are extremely difficult

to observe optically. However, they are of the
utmost importance electrically, and we shall dis-
cuss them in detail in Sec. IIID.

Oxygen vacancies cannot exist in NiO except to
compensate for monovalent impurities or nickel
vacancies.” As in the case of Ni vacancies, O
vacancies are not of much importance in an analy-
sis of optical properties, but they have a great deal
of importance in electrical transport experiments,
We shall consider them in Sec. IIID.

D. Electrical Properties of Doped or Non-
stoichiometric Material

In this section, we shall describe the various
possible conduction processes available to the free
carriers which are thermally ionized from impur-
ity centers or vacancies. There are, in general,
three aspects which complicate the description
greatly compared to the problem of extrinsic con-
duction in the wide valence and conduction bands of
more conventional semiconductors. First, we
must consider how the impurity enters the lattice
and determine energetically whether the impurity
will create an excess or deficiency of electrons in
either the oxygen 2p band or the 3d or 4s states of
the transition-metal ions. Second, we must con-
sider multiple processes by which the carriers may
contribute to conductivity. Finally, we must es-
timate the mobility of the carriers in each possible
conduction mechanism.
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As in Sec. IIIB, we are primarily interested in
the low-energy excitations to conducting states.
The problem of estimating the impurity energy lev-
els is the same as in Sec. IIIC, except that they
must be modified by the effects of ionic relaxation.

1. Li-Doped NiO

(@) Thevmally activated hopping conduction. We
shall consider first the introduction of Li* impuri-
tiesintoNiO. As calculated in Sec. IIIC, it takes
about 0.4 eV to free a hole bound to a Li* center.
The experimental value for the optical energy is
actually 0.43 eV.% As indicated in Sec. I B, the
hole is in the extremely localized d levels of the
nickel ions and will therefore form a small polaron,
resulting in a reduction in energy of the order of
0.01 eV. Thus the thermal activation energy to
free a hole from the neighborhood of the Li* center
should also be about 0.4 eV. At ordinary temper-
atures, the small polaron will conduct only by
means of thermally activated hopping. The hopping
energy is approximately half the small-polaron
binding energy, *'° and thus is of the order of 0. 01
eV. The mobility is consequently nearly indepen-
dent of temperature. The contribution of this pro-
cess to the conductivity should be of the form

U=NLie#o€'(0°4 eV)/kT’ (15)
where Ny, is the density of uncompensated Li* cen-
ters and [, is the hopping mobility. As the Li*
concentration increases a drop will occur in the
activation energy for conduction due to the increase
in dielectric constant resulting from the presence
of the charged centers. ®*% This effect has been
estimated as producing a 30% decrease in activa-
tion energy for hopping in NiO for a Li* concentra-
tion of 1%.%® For Li* concentrations of 10% or
more, a bound hole could move through the lattice
without the necessity of being freed from the Li*
centers, leading to a decrease in the hopping activ-
ation energy to the order of 0.01 eV. For reasons
we shall discuss later on in this section, this has
never been observed.

() 2p-band conduction. Another mechanism
for conduction which must be considered is via
holes in the 2p band. The ionic reaction is Ni®*
+0% ~Ni®*+0". As estimated in Sec. IIIC, the
minimum optical energy necessary for this process
is about 0.07 eV. Since the 2p band is expected to
be an ordinary band, 4 eV wide, large-polaron
theory should apply. An estimate of the 2p-band
effective mass of m*/my~4 can be made from the
calculated™ ® 4s-band effective mass used in Sec.
OIB, if we note that the 2p band is 2/3 as wide as
the 4s band. We shall subsequently show that this
estimate is consistent with the experimental data.

Using this value of m* in Eq. (9) shows that the
large-polaron radius is about two lattice spacings,
probably the lower limit for applicability of the
theory. The coupling constant @ from Eq. (10) is
a~3. Thus weak-coupling theory is adequate. %
The polaron effective mass is then m**~ 6m,, and
the polaron binding energy is about 0. 25 eV. This
gives a thermal activation energy for a hole in the
2p band in lightly doped samples of the order of
0.45 eV. It should be noted that this value depends
critically on the values assumed for the Madelung
potential and the ionic energies, and is not expected
to be extremely accurate. But the main point we
wish to make is that it is small. In fact, it is the
same order of magnitude as the activation energy
for hopping in the d band. This is true despite the
fact that it takes at least 5.5 eV to excite a hole in
the 2p band of intrinsic NiO. The reason for this
apparent discrepancy is that the electron affinity

of Ni® is 18. 6 eV more than that of Ni¥, so that
the process Ni** +0% - Ni* +0~, which can occur

in the Li-doped material, takes much less energy
than the analogous process for intrinsic material,
Ni* +0% ~Ni*+0~, Even though the activation en-
ergy for holes in the 2p band may be somewhat
larger than the hopping energy for holes in the 34®
band, the large mobility associated with band con-
duction should result in a predominance of the lat-
ter machanism at all but the lowest temperatures.
Thus, hopping conduction may be completely unob-
servable in dc measurements. It might still be
possible, however, to observe the hopping of small
polarons bound to an impurity site as an additional
contribution to the ac conductivity. In the remainder
of this section we shall make an intensive analysis
of the available experimental data, which we believe
clearly points to the important role played by 2p-
band conduction in NiO. We shall show that the data
are consistent with the predominance of this process
over the competing mechanism of small-polaron
conduction by holes in the nickel 3d levels.

(c) Analysis of transport data. Excitation of a
hole in the 2p band should produce a bandlike con-
tribution to the electrical conductivity. The Li*
level thus can be treated as an acceptor level to the
2p band. Within this basic framework we shall at-
tempt to interpret the available experimental data.
We shall assume, for the sake of simplicity in the
analysis, that the activation energy for 3d® holes
is larger than that for 2p holes, and thus that Ep
is determined purely by the 2p band and impurity
states.

In order to describe the temperature dependence
of the 2p-band conduction, we must consider the
effects of compensation in the material. Bosman
and Crevecoeur®® and Austin et al.*® have summa-
rized the strong evidence for partial self-compen-
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sation in NiO. Blakemore® has shown that in a
partially compensated material, the concentration
of free holes in a band at temperatures sufficiently
high that p> N, where N, is the donor concentra-
tion, is given by

p:Nvl/zNAl/Ze-EAIZkT’ (16)

where N, =% (2m**kT/7%%)%/2 N, is the Li* concen-
tration, and E, is the activation energy, estimated
above as of the order of 0.4 eV. At low tempera-
tures, when p<< Np, p is given by®

p=N,[(N, — Np)/Np]eBal*T, (17)

The large-polaron mobility in the 2p band will de-
pend on the mechanism which dominates the scat-
tering. Considering the polar nature of the ma-
terial, it might be expected that optical-phonon
scattering predominates. In the weak-coupling
limit, the mobility resulting from scattering by a
single optical phonon at temperatures small com-
pared to the Debye temperature has been calculated
by many authors® ® to be

s = (e/2m** aw,) e “o/*T (18)

In the same approximation, at high temperatures,
the mobility becomes® %

g = (4e/3m**aw,) (Twy/1RT)*? . (19)

It has also been shown® that two-phonon scattering
of large polarons can be important, especially at
low temperatures, when the probability of phonon
emission is much larger than that of phonon absorp-
tion. In such a case, it can be assumed that each
absorption is followed by an emission, leading to

an elastic two-phonon process called resonance
scattering. At low temperatures, the mobility re-
sulting from resonance scattering is® %

By = (e/2m* awg) (m* /m**)3/2 gh wo/ kT (20)

in the weak-coupling limit.

For NiO, the Debye temperature is 870 °K.
Taking into account both scattering by single pho-
nons and resonance scattering, as given by Egs.
(18) and (20), we find for the large-polaron mobil-
ity at temperatures small compared with 870 °K

uw~ (0.3 cm?/V sec)e 0™ eV /&T (21)

At 300 °K, this predicts a mobility of the order of
5 cm?/Vsec. The mobility given by (21) decreases
with increasing temperature, and should be valid
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from about 200 to 600°K. Above 600 °K, it is suf-

ficiently near the Debye temperature so that expres-
sions (18) and (20) are no longer appropriate, while

at very low temperatures another form of scattering,

either by impurities or by acoustic phonons, can be

expected to predominate.

To summarize the predictions then, we expect
that in Li-doped NiO, between 200 and 1000 °K, the
dc conductivity will be p type and dominated by free
holes in the 2p band. The carrier concentration
should be thermally activated, with an activation
energy of approximately 0.4 eV at low temperatures
and 0.2 eV at high temperatures, the transition
point depending on the extent of the compensation.
Between 200 and 600 °K the mobility should decrease
with temperature, with a negative activation energy
of about 0.07 eV. The mobility should be about
5 cm?/V sec at 300 °K, and the effective mass of
the holes should be of the order of six free-electron
masses. Above 1000 °K or so, depending on the
doping concentration, an exhaustion region may ap-
pear. In highly compensated samples, intrinsic
n-type conduction, with an activation energy of about
1.9 eV, should be observable at very high tempera-
tures. At very low temperatures, impurity conduc-
tion by hopping of electrons within the Li* acceptor
levels should predominate.

(@) Cowmparison with expeviment. We shall now
summarize the experimental data on Li-doped NiO
to see how well the above predictions are borne out.
Since each sample of NiO is very different from any
other, it is vital to consider only data where elec-
trical conductivity, Hall constant, and thermoelec-
tric power were all measured on the same material.
The experiments on samples in which the amount
of Li introduced into the material is known are the
most useful to investigate. Fortunately, there are
at least three sets of experiments in the literature
which meet these requirements, those by Austin
et al. ,*® by Bosman and Crevecoeur,® and by Ksend-

zoy et al.® .
Austin ef al.”” prepared single crystals of NiO by

the arc-transfer process. We shall consider a typ-
ical sample doped with 0.20% Li. Assuming a neg-
ligible concentration of Ni vacancies, we can then
set the acceptor density as N,~10% cm™. Electri-
cal-conductivity measurements showed that below
500 °K, the activation energy was £, ~ 0. 28 eV.
Above 500 °K, the slope of a Inp-versus-7" plot
fell to 3E, or 0.14 eV. This is strong evidence for
partial compensation, as can be seen from the pre-
dicted relations (16) and (17). Thus, at 500°K,
p~Np and the donor concentration can be estimated
from

Np~ NYEN Y2 Bal2hT (22)

With E,~0.28 eV, all bound Ni** acceptors should
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be ionized by 1000 °K. At this point, p~0.2 Q cm
and p~10%° cm™3, so that the mobility is 1 ~0. 3
cm?/Vsec. Since we know p, N,, and E,, Eq. (16)
can be solved to give N,~2.6x10% cm™ at 1000°K.
This value corresponds to a polaron effective mass
of

m**/mg= (4N ,)?%/2mk T~ 6.

This is just the value used above in the calculations
of the polaron mobility. Taking into account the
temperature dependence of N,, we can use Eq. (22)
to show Np~10' ecm™3. Thus the Li acceptors are
approximately 10% compensated, probably by oxy-
gen vacancies. At 300°K, we can apply Eq. (17) to
obtain p~10'7 ecm™%, Since p~10 2 cm, the mobil-
ity is u~5 cm?/V sec, which just as predicted by
Eq. (21). The Hall mobility at 300 °K is 0.3 cm?/
V sec, which implies a value of 7 in the usual ex-
pression for the Hall constant
Ry=7v/pec (23)
of 0. 06. The constant 7 is a scattering function
which is difficult to calculate, although it is usually
of the order of unity in ordinary semiconductors.
If we set »=0.06, then Eq. (23) gives py=0.06 L,
and Eq. (21) then predicts a Hall mobility between
200 and 600 °K of

py~ (0. 018 cm?/V sec) ¢! %078 eVI/kT (24)

remarkably close to the observed behavior, Eq.
(1). This gives us some confidence in our analysis.
The thermoelectric power a is given by

a=(k/e)(Ep/kT+a) , (25)

where a is a term due to the transport of kinetic
energy. Below 500 °K, where Eq. (17) applies, o
can be calculated to be

a=(k/2e){Es/kT -In[(N, - Np)/N,]+2a}.  (26)
If, as we have assumed, optical-phonon scattering
predominates, then a should vary from 2.5 at low
temperatures to 3. 0 at high temperatures, **%7 At
300°K with a=2.5, Eq. (25) predicts a~850 uv
/°K. The temperature dependence of the thermo-
electric power between 250 and 500 °K is also in
agreement with Eq. (25). However, since 7 does
not appear to be given by ordinary semiconductor
theory in the valence band of NiO, it is not clear
that these values of a apply.

Bosman and Crevecoeur® prepared ceramic sam-
ples of Li-doped NiO, in which the concentration
of Li* and Ni®* were determined by chemical analy-
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sis. For a sample with 0.088% Li, the acceptor
concentration is N, ~5x10' cm™. The chemical
analysis indicated a donor concentration of N,~2
x10'® cm™®, or 4% compensation. The activation
energy for conduction below 450 °K was E, ~0. 30
eV, very close to that found by Austin et al.3° In
the exhaustion region, 7~1000°K, p~5x10" cm™®,
and p~0.4 Qcm. Thus the mobility is 0.3 cm?/
V sec, also in agreement with Austin et al.®® The
thermoelectric power of these samples was mea-
sured at 1000 °K, and found to have to have «~ 500
wV/°K. Assuming a value of a=3 in Eq. (25),
we obtain N,~10%" em™3 or m**/m,~5. We can
check the amount of compensation by noting that
p~Np at 450°K. At this temperature, N,~3
x10%° cm™® and Eq. (22) gives Np~3x10'® cm™S,
Thus, a slightly higher (6%) compensation appears
to be present than was estimated from the chemical
analysis. At 300°K, Eq. (17) shows p~4x10'¢
cm™, This, together with the measured resistivity
of 25 Q cm, gives a mobility of ~6 cm?/V sec, in
agreement with the value we estimated from Eq.
(21). The temperature dependence of the thermo-
electric power and resistivity from 200 to 500 °K
are just what Eqs. (16), (17), (21), and (25) pre-
dict.

Ksendzov et a grew epitaxial single-crystal
films of Li-doped NiO, but did not determine the
Li concentration directly. Instead they estimated
the amount of doping from the magnitude of the con-
ductivity, a dangerous procedureinpartially com-
pensated material. They estimated from this meth-
od that the most investigated sample had 0. 05% Li
or Ny,~3x%10" em™. The activation energy for con-
duction below 400 °Kwas E,~0.34 eV. Above
400 °K, the slope of Inp versus T~ decreased to
3E,, in accordance with Eq. (16). If we assume
the exhaustion region begins in the vicinity of
1000 °K, then the resistivity of p~8 Q cm implies
a mobility of u~0.3 cm?/V sec, again in agreement
with the other sets of experiments.3%3¢ The mea-
sured thermoelectric power of a~450 uV/°K, to-
gether with the assumption o =3, leads to a polaron
effective mass of m**/my~3. At 400°K, Eq. (22)
gives Np~6x10'" cm™ or 2% compensation. At
300°K, the measured resistivity of 750 2 cm re-
sults in a mobility of u~2 cm?/Vsec. The dis-
crepancies between the results of Ksendzov et a
and the previously analysed results®®*® are most
likely due to an actual value of N, much smaller
than they assumed. The Hall mobility measured by
Ksendzov ¢ al.?® is given almost exactly by Eq. (1)
from 180 to 400 °K, good evidence for the predom-
inance of optical-phonon scattering which we have
proposed.

From the analysis of data on Li-doped NiO, it
can be concluded that all of these experiments can

1. 28

l.28
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be explained by a large-polaron band model in which
the polaron effective mass is of the order of six free-
electron masses. The activation energy E, is a
weak function of the doping concentration, decreas-
ing from 0. 34 eV for 0. 05% Li to 0.28 eV for 0. 20%
Li. This is in agreement with the previously dis-
cussed suggestion®+%? that the effective dielectric
constant of the lattice increases with increasing

Li content. This increase should cause a decrease
in the binding energy of the Ni** to the Li* center.
The contribution of the binding energy to the activa-
tion energy for 2p-band conduction thus sharply de-
creases. However, even if it goes to zero, as it
should for 10% Li concentration, some activation
energy will remain. Note that this is not true for
small-polaron hopping in the 3d® band, since the
hopping energy is so small. It is found experi-
mentally?®# that the activation energy decreases

to the order of 0.16 eV for 8% Li content, but does
not vanish. It can be assumed that 0. 16 eV is the
additional energy required to excite an electron
from the 2p band to a free Ni%** ion. Koide?® has
systematically studied the activation energies for
conduction in NiO crystals of Li content varying
from 1 to 7%. Koide calculated the slopes of a
In(p/T)-versus- T plot rather than those of a curve
of Inp versus T, so that his activation energies
are of the order of 27 too large. When the latter
slopes are calculated, it is found that the activation
energies at temperatures below 400°K are approxi-
mately twice those above 500 °K, as expected in
partially compensated material. The value of E,
in Egs. (16) and (17) drops from 0. 30 eV for 1%
Lito 0.16 eV for 7% Li. The breaks in the Inp-
versus-T~' curves thus are not of magnetic origin
as has previously been assumed, 2°:% but rather
represent the points where p~ Nj.

If the activation energy to create a free hole in
the 3d® band is smaller than the energy necessary
to create a hole in the 2p band, as our rough calcu-
lations imply, the above analysis must be modified
considerably, to take into account the 3d® density
of states. This will primarily have the effect of
lowering the actual free hole concentration p and
thus increasing u. Although the larger values of
1 would be consistent with conduction in a large-
polaron band, this would increase the ratio of u to
Wy, already anomalously large at 15. In addition,
it might be expected that small-polaron hopping
would dominate 2p band conduction at sufficiently
low temperatures. However, there is much evi-
dence for the predominance of impurity conduction,
i. e., hopping between ionized and unionized accep-
tors, below 150°K.%"3%3% gince the material is
partially compensated, ionized acceptors, or Li*
centers without a nearest enighbor N Ni®*, exist
down to T=0. Each of these provide 12 nearest
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neighbor Ni®* from which an electron can hop

to a bound Ni%*, which is an un-ionized acceptor.
This hopping needs only a very small activation
energy, 16 and consequently dominates both 2p-band
conduction and 3d® hopping conduction below 50 °K.*
Thus the small-polaron hopping is essentially un-
observable in dc measurements.

We should bear in mind the possibility that bound-
polaron hopping, the hopping of holes among the 12
nickel ions which are nearest neighbors to a Li* ion,
could be observed and even dominate the ac conduc-
tivity at sufficiently high frequencies. This can
arise because bound-polaron hopping increases with
frequency according to Eq. (2), °®® in which 7 is the
average time of stay of the hole on a given site. On
the other hand, in the absence of inhomogeneities,
large-polaron band conductivity decreases with fre-
quency as

ol /(1+ w??) .

The hopping of free small polarons should be en-
tirely independent of frequency. ®'®° Thus, at suf-
ficiently high frequencies, the bound-polaron hop-
ping conduction could eventually predominate. The
ac conductivity of both pure- and doped-NiO single
crystals has been measured up to microwave fre-
quencies, '#1%% and the results are consistent. The
conductivity as a function of frequency shows an w?
dependence between 10° and 10° Hz, with a saturation
occurring above 10° Hz. Below 10° Hz, the fre-
quency dependence is that of bandlike conduction
in an inhomogeneous material. '® Above 10° Hz, the
results show clearly that bound-polaron hopping
predominates. The dispersion curves can be fit by
a single staying time, of the order of 107% sec. The
temperature and frequency dependence of the con-
ductivity is shown in Fig. 1 for a sample doped with
0.001% Li*. It is clear that at each frequency, the
ac conductivity is the sum of two processes; bound-
polaron hopping at low temperatures and bandlike
conduction at high temperatures. Furthermore,
the hopping conduction is independent of tempera-
ture; an upper limit for the activation energy can
be set at 0. 01 eV. But this is precisely in agree-
ment with the calculations of Sec. III B, in which a
hopping activation energy of the order 0. 005 eV was
estimated for bound small polarons. Another im-
portant result of the ac experiments is that the
bound-polaron hopping remained in evidence down
to at least 100 °K, about 3 the Debye temperature
of NiO. This is in agreement with Eq. (8), which
predicts a very low temperature for the transition
from polaron band to hopping conduction when the
bandwidth is extremely small.

The lack of a measurable activation energy for
small-polaron hopping in NiO also finds confirma-
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tion from the mechanical and dielectric relaxation
experiments, ®% in which an upper limit of 0. 01
eV could be set on the hopping energy in lightly
doped samples. These experiments were carried
out down to 4°K, and the bound-polaron hopping
was still evident, giving further confirmation of an
extremely narrow 3d® bandwidth.

2. Nonstoichiometric NiO

We have not yet discussed conduction in undoped,
but nonstoichiometric material. In this case, there
must be an excess of oxygen, "' thus producing Ni
vacancies. Partial compensation can be brought
about by the creation of oxygen vacancies or by the
presence of trivalent impurities. The theory pro-
ceeds just as for Li-doped NiO, with the exceptions
that it takes a larger energy (by about 0. 2 eV) to
singly ionize the vacancy than the Li* center, and
the vacancy can be doubly ionized, whereas the Li*
center cannot. It should be noted that partial com-
pensation should lead to a single ionization of asiz-
able fraction of the vacancies, but these ionized
vacancies can still act as deep acceptors since there
can be a second ionization. This could explain the
strange results obtained for the oxygen partial pres-
sure dependence of the conductivity. It can be
shown?®® that if singly ionized nickel vacancies pre-
dominate, theno < [P(0,)]'/* where P(0,) is the par-
tial pressure of oxygen; on the other hand, if doubly
ionized vacancies predominate, o« [P(Oa)]”s. How-
ever, as pointed out by Bransky and Tallan, 2 if a
large degree of compensation is present, the con-
ductivity will increase proportional to [P(0,)]'/%,
despite the predominance of doubly ionized vacan-
cies. Thus, a simple explanation of the fact that
several experimental measurements clearly show
either a P/6 1aw?1126:102 o1 o pl/4 15y, 22,28,103,104 4o
that the latter samples are much more compensated
than the former.

3. Summary

To summarize the experimental results in NiO
to date, it seems clear that (a) between 200 and
1000 °K, the predominant conduction mechanism is
the motion of holes in a band with an effective mass
of about six free-electron masses; (b) the carrier
concentration in samples lightly doped with Li is
thermally activated, with an acceptor ionization
energy of 0.3-0.4 eV; (c) the Li acceptors are al-
ways partially self-compensated by donors; (d) the
scattering, at least between 300 and 600 °K, is dom-
inated by free-hole optical-phonon scattering, which
leads to an exponentially decreasing mobility, with
a negative activation energy of 0.075 eV; (e) the
room-temperature mobility is about 5 cm?/V sec;
(f) the Hall mobility between 300 and 600 °K is pro-
portional to the drift mobility, with a value of the

3127

scattering constant » of approximately 0. 06; (g)
impurity conduction, resulting from the hopping of
holes bound to the partially compensated Li* cen-
ters, dominates the dc conductivity at very lowtem-~
peratures; (h) intrinsic conduction is observable
above 1000 °K in the more highly compensated sam-
ples; (i) the hopping of bound small polarons around
the Ni?* sites which are nearest neighbors to a Li*
center dominates the ac conductivity for frequencies
above 10° Hz and temperatures below 300 °K; and G)
the bound-polaron hopping energy is less than 0. 01
ev.

As a final comment, we should note that in a par-
tially compensated material, a large concentration
of ionized donors and acceptors exists, even at T
=0. These act as traps for any free carriers which
are excited, for example, by optical excitation.
This is the likely explanation of the fact that direct
measurements of the drift mobility, > using time-
of-flight measurements of photoexcited carriers,'%
resulted in a room-temperature value of u,~0.3
cm?/V sec, an order of magnitude lower than the
conductivity mobility estimated above. Once these
free carriers are trapped by ionized donors or ac-
ceptors, they are in nonequilibrium positions; i.e.,
electrons are trapped above the Fermi energy, holes
are below E;. However, in order to reach equili-
brium, they need phonon assistance to escape from
their localized states. At low temperatures, the
paucity of phonons can preserve the nonequilibrium
situation for long times. This has been observed
in photoconductivity experiments on MnO."® A study
of the photocurrent decay kinetics showed a fast
component of the relaxation, less than 107 sec,
corresponding to the cutoff time of the illumination
pulse. At 300°K, slower decay times, from the
order of 107 sec to several seconds, were observed.
At 77°K, the slow component of the decay time
reached tens of minutes. This is graphic evidence
for the existence of charged traps in these materi-
als, 1%

In Appendix B, we give a fairly extensive review
of the experimental data on MnO and CoO, which
exhibit physical properties similar to those of NiO.
Although these data are sparser for MnO and CoO
than for NiO, and there are important differences
among the three materials, the experiments are
nevertheless consistent with the model we have pro-
posed.

IV. REPRESENTATION OF BAND STRUCTURE ON
SINGLE-PARTICLE DIAGRAM

We have previously suggested a method for repre-
senting the effective one-electron density of states
of a material in which some of the outer electrons
are localized. '*'7 It is clear from the considera-
tions of Sec. III that the localized outer electrons
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cannot merely be treated as core electrons since
they contribute to both optical excitations and small-
polaron conduction. However, since correlations
are of vital importance, a one-electron representa-
tion will not be valid. We therefore suggested a
split density-of-states plot, with the bandlike states
drawn to the left and the localized states drawn to
the right. States on the left can be treated as ordi-
nary one-electron states, and any free carriers on
the left contribute to conductivity in the normal
manner. On the other hand, states on the right are
quasiparticle states and contribute to conduction
only by means of thermally activated hopping. These
states can be handled in a one-electron-like man-
ner only if special additional rules are introduced.
However, this should be no more mysterious or
cumbersome than the representation of donor, ac-
ceptor, or exciton states in more normal semicon-
ductors.

One of the difficulties with treating simultaneously
both localized and itinerant states of a polar mater-
ial is the fact that, if we assume the Franck-Condon
principle is valid, we must draw different energy
diagrams for electrical properties than for optical
properties. (This is not necessary when large-
polaron theory is applicable.) However, this is not
too serious when we realize that the maximum dif-
ference in energies is of the order of 0.2 eV. An-
other difficulty is setting the reference energies on
two sides of the diagram. Since the right-hand side
represents quasiparticle states, it is necessary to
set the energy of one of the states on the right rela-
tive to that of one of the states on the left. The
most convenient choice is to pick out the most im-~
portant transition between a localized and an itin-
erant state and set the energy of this transition cor-
rectly. This is just what is done in handling mul-
tiple donor and acceptor states in conventional wide-
band semiconductors. However, as we have seen
in the discussion of Sec. III, this choice depends
on whether we are interested in optical or electrical
properties, in the sense that the properties of the
pure material dominates the optical spectrum, but
the energy-level structure of impuve ov nonstoichio-
melvic material is most important in analyzing
electrical behavior.

With this in mind, and using the discussion in
Sec. III as a guide, we present a sketch of the ef-
fective one-electron density of states of pure stoi-
chiometric NiO in Fig. 6. Since the diagram will
be most useful in optical analyses, we ignore po-
laronic binding energies. The top of the highest
filled level sets the zero of energy. States on the
left- and right-hand sides are connected by setting
the energy of the lowest-energy 3d8— 34" + 4s transi-
tion. This makes all other transitions across the
center line approximations. However, in this case,
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the only other one of significance 2p+ 3d%~34° is
correct to within 0. 5, as far as the minimum-en-
ergy transition is concerned.

Only one additional rule need be kept in mind to
interpret Fig. 6. This is that states which are
drawn with dashed lines are available only for tran-
sitions from states on the right. Bearing this in
mind, the density of states as shown in Fig. 6 can
be used to give the absorption spectrum, Fig. 3.
This diagram is the one to use to analyze photocon-
ductivity and photoemission spectra as well.

If we are now interested in interpreting the elec-
trical properties of NiO, a diagram such as Fig. 7
is appropriate. Here the Fermi energy is drawn in
the usual manner and taken to be the zero of energy.
The energies of the 2p band and the 3d® levels are
both set relative to this energy. As noted in Sec.
III, this significantly changes the apparent relative
positions of these two bands, although it must be
emphasized that the 3d® levels cannot be treated as
if they formed an ordinary one-electron band. We
have assumed in Fig. 7 a Li-doped sample of NiO,
with some compensation by oxygen vacancies, and
also some nickel vacancies present. At very low
temperatures, impurity conduction in the Li* band
predominates. At higher temperatures, 2p-band
hole conduction dominates thermally activated hop-
ping of holes through the 34® band. However, hop-
ping in the 3d°® band may be observed as an increase
of ac conductivity with frequency. When holes in
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FIG. 6. Optical band structure of pure stoichiometric
NiO. States which are filled at 7=0 are shaded.
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FIG. 7. Electrical band structure of Li-doped NiO.
V. and V,” refer to singly and doubly ionized x-vacancy
levels, respectively.

the 2p band exceed twice the number of oxygen va-
cancies, the Fermi energy drops by about 0.2 eV.
At very high temperatures, intrinsic n-type conduc-
tion, with an activation energy of 1.9 eV, should
begin to contribute. There is no way of represent-
ing the possibility of a phase separation or spinodal
decomposition region into NiO + Ni;O,4, as we hy-
pothesize in Appendix C for large densities of ex-
cess oxygen. Note that the experimental analysis
of Sec. III indicates that the 3d® band is more likely
to be somewhat lower than the calculations pre-
dicted, probably below the top of the 2p band.

V. DISCUSSION

Two recent alternative models have been pro-
posed to account for the properties of NiO. 58
Wilson®® has carried out APW band calculations,
using a spin-polarized potential, and has found an
intrinsic energy gap of approximately 1 eV. This
gap represents the splitting between the cubic crys-
talline field ¢,, and e, components of the upper half
of the spin-split d bands. One of the major pieces
of evidence against this model is that it cannot be
valid for an experimentally similar material CoO,
as we discussed in Sec. I. However, there is also
much evidence against the model, even in NiO. The
d-d transitions in NiO are clearly optically ac-
tive, %% and, in fact, contribute to absorption
with coefficients in excess of 10° cm*l. But no photo-
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conductivity has been found to result from this ab-
sorption, even in the low-conductivity epitaxially
grown crystals (see Fig. 3).% Furthermore, no
absorption edge appears at 1 eV, but rather isolated
peaks occur, with the absorption falling off at lower
than the calculated bandwidths. The fact that these
peaks are clearly isolated 3d8-34°® excitations (see
Fig. 2)* is also in conflict with a pure band model.
Finally, very high-temperature activation energies
have been observed in the 1-2-eV range, 2226 jn-
consistent with a 1-eV gap.

Austin and Mott'® have proposed a model in which
NiO is a Mott insulator, but conduction below 500 °K
occurs by means of holes moving in a 3d® small-
polaron band. They interpret the change in sign of
the Hall coefficient at 600 °K as evidence for the
transition from polaron-band to polaron-hopping
conduction, predicted by Holstein to occur at half
the Debye temperature.® This model explains the
bandlike behavior at ordinary temperatures, but
still has a number of difficulties. Since the small
polaron is in the band regime below 400 °K, the ac
conductivity should not increase with frequency, as
has been measured, #%3%3% put should decrease
with frequency as®

oa(J/kT) 7/ (1 + w?T?).

Austin and Mott!® account for the observed increase
as due to formation of dipoles by holes in the degen-
erate excited states (or perhaps even in the ground
state, if that is degenerate'®’) of the complex of a
Li* center and its 12 nearest Ni®* neighbors. How-
ever, even if this suggestion is correct, the enor-
mously long staying time of 107° sec!®®® is difficult
to explain. Furthermore, the model requires that
the entire conductivity between 400 and 1000 °K take
place by means of hopping of small polarons. Not
only does this seem to be in disagreement with the
Hall data®®2® but it certainly is consistent with the
independence of the ac conductivity on frequency in
this temperature range, up through optical frequen-
cies. #'% At 400°K, essentially all of the holes
are still bound to Li* centers, and the ac conduc-
tivity should increase as given by Eq. (27). A final
objection to the model is the behavior of the activa-
tion energy at concentrations of Li in excess of 10%.
In the polaron-band regime, the activation energy
for conduction once it is no longer necessary to
free the hole from a Li* center should become very
small, due only to the random potential fluctua-
tions. '® However, experimentally this activation
energy never gets below 0.2 eV. In our model, this
represents the energy necessary to excite a 2p hole
from a free Ni3* ion, and is the right order of mag-
nitude.

Let us summarize the evidence in favor of the
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model for NiO presented in this paper. We have
suggested that (1) the 3d states are sufficiently lo-
calized so that the pure material is a Mott insulator
and the transfer integral of a hole between a Ni®*
and a Ni®* ion is very small; (2) holes in the 34°
band contribute to conduction only by means of small-
polaron hopping at all ordinary temperatures and
with a very small activation energy; (3) the domi-
nant conduction mechanism between 150 and 1000 °K
is by holes in the oxygen 2p band; and (4) the in-
trinsic energy gap in NiO is about 3.8 eV.

The evidence for very localized 3d states is (1)
the insulating nature of the very similar materials
MnO and CoO; (2) the excellent correlation of the
optical obsorption spectrum between 1 and 4 eV
with that of dilute solutions of Ni?* in MgO; (3) the
activation energy of 0.2 eV which remains when the
Li concentration exceeds 10%; (4) the fact that no
Mott transition has ever been observed in NiO, des-
pite Li concentrations of up to 40%, which creates
acceptor concentrations of 1022 cm™ and reduces the
lattice parameter 2%, '% or, even more striking,
despite application of pressures up to 500 kbar, !*®
which reduces the lattice parameter about 7%
and (5) the long staying time of 107! sec for a hole
bound to an impurity site, as estimated from the ac
conductivity.

The evidence for small-polaron hopping with a
low activation energy at all ordinary temperatures,
as is suggested by Eqgs. (5)—(8), is primarily from
the ac conductivity and dielectric-loss results, which
imply (1) bound holes hop among the nearest-neigh-
bor Ni®* sites to a Li* center with an activation en-
ergy not greater than 0. 01 eV; (2) this hopping is
observable down to at least 100 °K, less than 3 the
Debye temperature; (3) the agreement of the dielec-
tric-loss experiments with the ac conductivity re-
sults down to 4 °K, 0.4% of the Debye temperature;
and (4) the absence of any region where conductivity
decreases with frequency, even at low temperatures
and optical frequencies.

The evidence for the predominance of 2p-band
conduction in the 150-1000 °K range is (1) the fact
that the 2p band is near the Fermi energy in Li-
doped or nonstoichiometric material, as calculated
in Sec. IID and borne out by the observation of
0. 2-eV activation energy in samples doped withover
10% Li; (2) the bandlike nature of the conductivity
in the 150-1000 °K range; (3) the relatively low ef-
fective mass of about six free-electron masses
which is consistent with at least three sets of con-
ductivity data; and (4) the calculation of a mobility
as a function of temperature, Eq. (21), which is in
agreement with the measured thermoelectric power
and is proportional to the observed Hall mobility.
We should note that the reason for the low room-
temperature mobility of 5 cmz/V sec in NiO is the
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fact that optical-phonon scattering predominates,
and that NiO has a very large Debye temperature,
870 °K.

Finally, the evidence for an intrinsic gap of 3.8
eV comes from (1) the absorption edge; (2) the photo-
conductivity edge; (3) the very high-temperature
activation energy of 1. 9 eV, particularly in com-
pensated samples; and (4) the electroreflectance
data, % which fixes the edge at 3.7+0.1 eV.

Another suggestion we have made (see Appendix
C) concerns the possible phase separation or spino-
dal decomposition of NiO heated in air or at a high
partial pressure of oxygen at high temperatures.
The consequent formation of spinodal networks of
n-type NizO, could be responsible for the Hall anom-
aly and the lack of consistency of the high-tempera-
ture data. In connection with this, we should note
that references to thermal decomposition of NiO
at 650 °K appear in the literature, **+!*2 and during
a recent photoabsorption study, emission of oxygen
and the appearance of regions of metallic nickel
were noted, beginning at 600 °K.!'® This suggests
another explanation for high-temperature anomalies,
since very small regions of metallic nickel could
lead to considerable havoc in the electrical proper-
ties.
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APPENDIX A: CRYSTALLINE-FIELD STABILIZATIONS

In order to calculate the crystalline-field stabili-
zations of various ions in the transition-metal mon-
oxides, it is important to determine whether the
high-spin state or the low-spin state of the ions is
stable in the crystal. For many ions, such as Ni*
(3d®) and Ni?*(34%), these two states are identical.
When the high-spin and low-spin states differ, the
ground state is determined by a comparison of the
pairing energy to the difference in crystalline-field
stabilizations of the two states. For example, the
low-spin and high-spin states of Ni%* are quite dif-
ferent, and there is no direct experimental evidence
for the occurrence of either in NiO. The high-spin
state has a stabilization of 8Dq and the low-spin
state one of 18Dg. Thus if 10Dgq is larger than the
Hund’s-rule multiplet splitting, Ni®* will be in the
low-spin state. The relevant multiplet splittings,
or pairing energies, have been calculated in terms
of the Racah parameter B and C.%® For Ni®*, it is
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4(B+C), which can be evaluated from the experi-
mental values of the Slater-Condon parameters'!*
as 2.4 eV. From the estimated* value of Dq for
Ni®*, 10Dg~2.3 eV, and thus Ni** might be expected
to be in a high-spin state in NiO. Although the
above energy difference is small the conclusion is
probably valid, since these calculations underesti-
mate the pairing energy below the Néel tempera-
ture, where the antiferromagnetic order favors

the high-spin state. On the other hand, for the case
of CoO, the pairing energy for a Co®* ion can be
estimated as 2.8 eV, but the crystalline-field stabi-
lization of the low-spin state is 20Dq, or approxi-
mately 4.4 eV. *!% Thus, a Co® ion in CoO should
be in a low-spin state, in accordance with experi-
ment. ®® A similar calculation for Mn®* in MnO,
using recent experimental data for the Racah para-
meters, '® gives 2.7 eV for the pairing energy and
2.6 eV for the crystalline-field stabilization of the
low-spin state. In general, the crystalline-field
stabilization energies are largest for the d° and d°®
configuration, and the pairing energies are lowest
for d® and d” configuration, for equal values of Dg,
B, and C. It is a reasonable conclusion that Co®*
and Fe®* in their respective monoxides are in low-
spin states, while Mn®* and Ni®* are in high-spin
states.

APPENDIX B: EXPERIMENTAL DATA FOR MnO AND CoO

The situation in other narrow-band materials is
much less clear than in NiO, primarily because
many fewer experimental studies have been carried
out. """ There is some evidence, however, that
the ideas discussed in this section apply to other
Mott insulators as well as to NiO. Even in rare-
earth compounds, such as EuO, 18 the crystalline-
field and multiplet splittings of 4" bands have now
been observed in pure material. In Sec. II, we
noted some differences between the results for NiO
and other transition-metal oxides. For example,
dielectric-loss experiments on CoO® indicate an
activation energy for bound-polaron hopping of 0. 20
eV, much higher than the small-polaron binding en-
ergies we calculated in Sec. III B. Bosman and
Crevecoeur®% suggested that this excess activa-
tion energy arises because Co®* is in a low-spin
state in CoO, and hopping of an electron from a
high-spin 3d" state (S=2 to a low-spin 3d°® state
(S=0) requires a spin flip. The calculations in
Appendix A indicate Co®* is stabilized in a low-spin

state in CoO, and tend to confirm this interpretation.

Thus, there is no evidence that the hopping energy
of small polarons in CoO is any larger than in NiO.

Furthermore, recent transport measurements®
in CoO show great similarities between that mate-
rialand NiO. For a ceramic sample of CoO doped
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with 0.08% Li, Bosman and Crevecoeur® find that
1200 °K a resistivity of p~0.5 Q cm and a thermo-
electric power of ~500 uV/°K. If we assume that
all acceptors are ionized, p~5x10* cm™, and thus
u~0.25 cm?/V sec, very nearly the same as deter-
mined for NiO above. Assuming, as in NiO, the
predominance of optical-phonon scattering, we can
evaluate a polaron effective mass m**/my~4. For
T~500°K, the activation energy was E, ~0. 04 eV,
and Eq. (17) shows Np~2x10"® cm™®, or a 4% compen-
sation. At 300°K we can estimate u~6 cm?/V sec,
also very similar to the estimated value for NiO.
The data clearly shows that the Hall mobility is
essentially proportional to the conductivity mobility
and that the thermoelectric power is proportional
to the logarithm of the resistivity, very strong evi-
dence for bandlike conduction. There is as yet
insufficient data to definitely conclude whether or
not this conduction is in a d band or the 2p band,
but the dielectric-loss experiments, in particular,
and the similarities with NiO indicate the probabil-
ity of p-band predominance.

MnO also appears to be similar to NiO in most
respects.! The optical absorption below 3.8 eV is
characterized by peaks which correlate with the
crystalline-field splittings, *2:76:7%:116 314 an absorp-
tion edge appears in the vicinity of 3.8 eV, 7'+!16
However, photoconductivity was not only associated
with excitations across the intrinsic edge, but also
with excitations corresponding to each crystalline-
field peak.® This should not be surprising if we
recall that in impure or nonstoichiometric mate-
rial, the energynecessary to free a 2p hole is less
than 1 eV; for MnO, it is of the order of 0.6 eV. %
The crystalline-field peaks are located in the 2, 0—
3.5-eV range. Thus, nonradiative decay of the ex-
cited Mn®* ions via inelastic phonon scattering can
free 2p carriers. The sign of the photocurrent in-
deed showed that the carriers were holes. % Fur-
thermore, although the photocurrent corresponding
to intrinsic excitation was temperature independent
from 77 to 300°K, that corresponding to the crys-
talline-field excitations increased with temperature.
Between 200 and 300 °K, the photocurrent resulting
from the lowest (2. 0 eV) crystalline-field excitation
appeared to be thermally activated, with an activa-
tion energy of 0. 07 eV, essentially the optical-pho-
non energy. !® Pekar!? has shown that this is the
expected temperature dependence for two-phonon
scattering of large polarons at low temperatures.

A comprehensive study of electrical transport in
single crystals of Li-doped MnO has been carried
out.®® As was found in NiO and CoO, at low tem-
peratures the activation energy for conduction is
twice that at high temperatures, strong evidence for
partial compensation. However, in this case, the
authors obtained still more compelling evidence.
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They took a sample whose high-temperature activa-
tion energy was 0. 34 eV and subjected it to intensive
fast-neutron irradiation. After irradiation, the con-
ductivity was sharply reduced, owing to induced
crystalline defects. The irradiated samples were
then heated to 900 °K, and showed an activation en-
ergy of 0.71 eV, almost exactly twice that of the
original material. Slow cooling then produced ex-
actly the preirradiation conductivity-versus-tem-
perature curve, Clearly, the structural defects
introduced were donors, most likely oxygen vacan-
cies, which further compensated the material. This
increased the region of applicability of Eq. (17) to
much higher temperatures. The annealing process,
however, removed all the radiation-induced defects.
The analysis of the transport data of MnO is com-
plicated by the fact that both the magnitude and the
temperature dependence of the thermoelectric data
strikingly depend on the atmosphere in which the
crystal is heated. The difference in « for a sample
measured in a pure argon atmosphere and one mea-
sured in argon containing 260-ppm oxygen is a fac-
tor of 3 at 400°K. Furthermore, even in pure ar-
gon, the thermoelectric power decreases consider-
ably after a number of heating cycles. These re-
sults can be explained by assuming that oxidation
leads to the introduction of donov centers which
further compensate the material. This is quite
surprising, since the most logical donor center is
an oxygen vacancy. However, the possibility exists
that oxidation leads to the formation of large regions
of the spinel phase, MnzO,, which is » type.
Nevertheless, it is clearly dangerous to use the
thermoelectric power measurements in any quanti-
tative analysis of the data. The Hall-effect mea-
surements were performed in a vacuum, and thus
provide a more reliable guide to the mechanisms
for transport. The activation energy of R, between
400 and 700°K was 0. 34 eV, exactly the same as
that of the conductivity. The Hall mobility was thus
virtually temperature independent, wu,~0.007 cm?2/
Vsec. The sample contained 0. 027% Li*, which
corresponds to N,~10'° em™®. The activation energy
for conduction was E, ~0. 68 eV, and from the break
in the n-versus-7" curve, the donor concentration
can be estimated as N,~10"® cm™., Thus the origi-
nal sample was only 0.01% compensated, much less
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than the NiO and CoO samples previously analyzed.
Without either reliable thermoelectric data or re-
sistivity measurements in the exhaustion region,
neither an effective-mass nor a room-temperature
mobility can be estimated. Let us note, however,
that a u,/u ratio of 0. 25, that found in CoO, leads
to an effective mass of seven free-electron masses
and a mobility of 0. 03 cm?/V sec at 700 °K; on the
other hand, the NiO value of »~0. 06 would indicate
an effective mass equal to the free-electron mass,
and a mobility of 0.1 cm?/V sec at 700°K.

APPENDIX C: FAST-NEUTRON IRRADIATION OF NiO

The irradiation results described in Appendix B
are not unique to MnO. NiO has also been subjected
to intensive bombardment by fast neutrons, ‘1%
with similar results. The resistivity measurements
were only carried out below 300 °K, where Eq. (17)
is applicable even in the nonirradiated material, so
that no change in activation energy was observed.
However, conductivity and thermoelectric power
both decreased sharply after irradiation, implying
the formation of n-type defects, further compensa-
ting the material. Cojocaru'® pointed out that the
results of radiation exposure could also be explained
by an increase in p-type defects, but a sharp de-
crease in carrier mobility. However, this decrease
must be three orders of magnitude, which seems
much too large for the predicted increase of a fac-
tor of 45 in the acceptor concentration. The former
explanation appears preferable, and is also con-
sistent with the MnO results.

Analogous to the suggestion in Appendix B with
respect to MnO, apossible source of radiation-in-
duced compensation in NiO is the formation of regions
of n-type NizO,. The further possibility that Niz;O,,
regions appear in oxygen-rich NiO samples, obtained,
for example, by heating nearly stoichiometric NiO in
air has interesting consequences. The presence
of free electrons in NizO, could conceivably be re-
sponsible for the sign reversal that occurs in the
Hall constant above 600°K. The second phase may
also explain the discrepancies between the results
of the very high-temperature measurements? 2%
and those at ordinary temperatures.
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