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The electrical properties of La,NiO, have been studied with respect to the stoichiometry of the
material. The conductivity of reduced compositions has been measured between 20 and 1000 K and
compared to that of the air-prepared ones. Nonstoichiometry is present in both cases and produces
disorder leading to Anderson localization and to the definition of a mobility edge in the o,2_,2 itinerant
band. Air-prepared compounds contain in addition a large number of Ni3* states which may overlap
the itinerant o,2_,2 band. For reduced materials containing small amounts of Ni**, the electrical
properties can be described below 200 K by a hopping conductivity at the Fermi level within a sharply
peaked density of states. The results are well described within the frame of the Mott theory of variable
range hopping. Above 200 K highly reduced materials exhibit direct excitation of holes from Ni**
states to the mobility edge in the itinerant band. Under conditions appropriate to air-prepared mate-
rials, the Fermi level is shifted toward the itinerant band and a major contribution to the conductivity
arises from hopping at the Fermi level. At high temperature a progressive excitation of carriers from
the localized states is anticipated with an eventual exhaustion region. This last assumption is corrobo-
rated with a shift of the conductivity maximum to higher temperature for increasingly reduced mate-

rials. @ 1987 Academic Press, Inc.

1. Introduction

La,NiO, fabricated in air has the tetrago-
nal K)NiF; structure shown in Fig. 1 (Z, 2).
This compound is of interest both because
of the partially two-dimensional nature of
the conduction process (3-5) and because a
form of semiconductor-to-metal transition
is observed at about 600 K; above 600 K,
the conduction of both polycrystalline ce-
ramic and single-crystal La,NiO, is ‘‘metal-
lic’” with a positive temperature coefficient
of resistance, below this temperature the
conductivity is thermally activated with an
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activation energy between 0.05 and 0.10 eV
(5, 6). In the single crystal the transition is
reported as being only in the a—b plane (4).

Goodenough (5, 7) has explained the
electrical and structural properties of La,Ni
O, in terms of a band of o._,. itinerant
electron states in the a—b plane and local-
ized d,2 orbitals lying parallel to the c axis.
Electrons in the latter states are localized
because of the relatively weak interactions
between the perovskite layers. Arguments
supporting this model rest heavily on the
evolution of the crystal structure with tem-
perature and in particular on the local dis-
tortion of the Ni?* octahedral site, which
can be appreciated by the c¢/a ratio of the
unit cell. The octahedral distortion passes
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Fi1G. 1. The ideal K,NiF, structure of La;NiO,.

through a maximum at the appearance of
the metallic state (8) and results from a very
short bond between the La and the axial O
which can be shortened by substitution of
La by Sr (9). The appearance of semicon-
ducting properties has been interpreted as
resulting from the splitting of the 0.
band by antiferromagnetic ordering (10).
However, no such long-range magnetic or-
der has been observed (/1) and no magnetic
or structural transformation has been
clearly asociated with the change in electri-
cal properties. In more recent work (5) it
has been proposed that conduction occurs
by a diffusive motion in a o,:_,. band which
may or may not be split by intra-atomic ex-
change interactions with localized d 2 elec-
trons. The observed activation energy is
then a motional enthalpy which may be in-
fluenced by disorder or polaron formation.
In a analogous compound, La,CuQy, it has
also been suggested that mobile electrons
may become trapped in the localized d,2
orbitals (5).

In these arguments, effects due to non-
stoichiometry (6, 10, 11) have largely been
noted but not considered. For example, up
to 9-11% of the nickel has been found in

the Ni3* state for air-prepared single crys-
tals (4, 12) with only 3 to 5% in ceramic
samples (4, 13).

In terms of the L.a~Ni-O systems in gen-
eral, Drennan et al. (I14) have shown that a
homologous series of compounds La, . Ni,
03,41 exists, the structure of which gives
rise to intergrowths for n > 2. However,
La,;NiO, appears to exist as a pure stable
phase when its temperature preparation is
sufficiently high (4, 8). The crystallographic
cell is subjected to major changes with
composition as evidenced by sensitive vari-
ations of ¢/a with oxygen stoichiometry (8).
In fact, for samples equilibrated at 1000°C
under an oxygen partial pressure of ~107°
Pa, the structure changes from that of te-
tragonal K,NiF, to an orthorhombic struc-
ture found in other, but unreduced, mixed
rare earth oxides belonging to the K,NiF,
family (15).

In this paper, we consider the effects of
changing oxygen stoichiometry on the elec-
trical conductivity of La,NiOs over the
temperature range 20-350 K. Major
changes in conductivity are associated with
variations in the Ni3* content, and the
results are shown to be compatible with
carrier hopping or diffusion in the basic
band model proposed by Goodenough et al.
(5, 10) but in which an impurity band exists
at the band edge. The ‘‘metallic’” behavior
at high temperature can be due either to
enhanced phonon scattering in the o,
band or to changes in the overall band
structure with temperature.

II. Experimental

2.1. Sample Preparation

The pure composition of La,NiQ, was
prepared by repeated cycles of grinding and
firing at 1200°C in air of stoichiometric mix-
tures of the starting oxides (La,O; and NiO
of 3N purity). Prior to use, the La,O; and
NiO were heated at 1200°C for 24 hr and
cooled in a water-free atmosphere. Sintered
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material was obtained by isostatic compac-
tion at 400 MPa followed by firing at 1300°C
for 48 hr in air. The resulting density was
>95% of the theoretical value. A blue col-
oration on the supporting alumina crucible
after sintering indicated some loss of Ni. A
brownish color at lower temperature
(1000°C) was also visible, and it was further
identified to result from interactions be-
tween La,O; and alumina. Acceptable sin-
tered material showed only the X-ray dif-
fraction lines of La,NiO, with occasionally
a trace of unreacted NiO (8).

Cylindrical boules of diameter 0.5 to 1 cm
were cut into slices approximately 1 mm in
thickness. The resulting disks were equili-
brated for 1 hr at 1000°C under argon-oxy-
gen or CO/CO, gas mixtures which pro-
vided oxygen partial pressures of 2 X 10* Pa
(air) to 1077 Pa. Upon completion of the
period of equilibration, the sample was
caused to fall under gravity to the bottom of
the vertical furnace and to cool quickly to
room temperature. Samples quenched un-
der an oxygen partial pressure close to that
of air retained a dark color. Samples
quenched under lower partial pressures
took on a brownish appearance which ex-
tended throughout the bulk of the sample.
All samples were lightly polished to remove
surface layers. X-ray powder diffraction
spectra made on ground specimens have
been described in detail elsewhere (8). The
c¢/a ratio for samples indexed as tetragonal
(space group I14/mmm-Z = 2) is shown as a
function of equilibration oxygen partial
pressure in Fig. 2. The c/a ratio decreased
with decreasing pO, and for the most
strongly reduced samples (pO, ~ 1077 Pa)
the structure became orthorhombic with
cell parameters a = 5.468 A, b = 5.535 A,
and ¢ = 12.547 A. Reoxidation of reduced
samples occurred at above 300°C in air.

The lanthanum and total nickel contents
have been chemically analyzed, with the ra-
tio La/Ni being typically in the range of
1.985-1.99 for air-prepared material or for
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F1G. 2. c/a versus the equilibrating oxygen partial
pressure for quenched specimens from 1000°C.

samples equilibrated under pO, ~ 1077 Pa.
Iodometric titration for Ni** showed that
the proportion of Ni in the Ni** state was 7
wt% for the air-prepared compound and 0.7
wt% for the reduced one.

2.2. Electrical

Electrical conductivity was measured on
disk samples by a four-probe Van der Pauw
method (16). Disks were physically sup-
ported by spring-loaded tungsten wires
equally spaced around the periphery, and
the contact to the sample was completed by
a small drop of silver or Pt conducting paint
applied at the contact. All solvents were
baked off at >100°C prior to measurement.
All data were recorded automatically and
were independent of the choice of contact
pairs. Particularly for air-prepared samples,
the absolute value of conductivity was
compared with linear four-probe conductiv-
ity measurements on La,NiO4 bars (17).
Agreement was achieved between these
methods and for different samples to within
10%. Substantial contact effects were,
however, noted on all high-conductivity
samples, and two terminal measurements
were found to be reliable only for the re-
duced material. Such measurements were
employed for the reduced material since
electrical leakage in the switching circuit
used for the Van der Pauw measurement
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Fi1G. 3. Low-temperature electrical conductivity for
various degrees of reduction. The inset shows the con-
ductivity of the air-quenched material down to 25 K.

was comparable with the sample resistance
at the lowest temperature. The effective in-
put of the measurement system was >10%
ohms, and when leakage was detected, the
results are corrected for this. For high-tem-
perature measurements (>>200°C) platinum
contacts were applied using fine platinum
wire and platinum paint. In this case the
contacts were formed (= 800°C) in air
before equilibration at a specific pO, and no
contact problems were observed.
Measurements of the Seebeck coeffi-
cient were made by maintaining a tempera-
ture differential of <10°C between two cop-
per blocks between which the sample was
placed. The sample was generally a disk of
about 1 mm in thickness. § was derived
from measurements of dE/dT (V/°C) ob-
tained by cycling the temperature within

this range. Care was taken to reach an equi-
librium temperature prior to each measure-
ment and the results were independent of
the type of contacts that were applied. The
input impedance of the Keithly 610C elec-
trometer was orders of magnitude higher
than the impedance of the sample.

Ac conductivity measurements were
made at low temperatures using a helium
flow cryostat for T < 77 K and liquid-nitro-
gen-cooled dielectric cells at temperatures
>77 K. A three-terminal connection to a
General Radio 1615 Capacitance Bridge
was the primary measurement tool. Evapo-
rated gold contacts were used and particu-
lar care was taken to ensure that the ac data
were consistent with the dc measurements
at higher temperatures, the derived value of
dielectric constant was of reasonable value
(~25), and the calculated bulk parameters
were independent of sample thickness.
While such precautions cannot definitely
eliminate the effects of grain boundaries,
they provide a reasonable indication that
interfacial phenomena are not the determin-
ing factor in the measurements.

III. Results

Figure 3 shows log o versus 1000/T for
polycrystalline L.a;NiO, in the temperature
range 50-500 K for samples having various
degrees of reduction. The inset shows the
extension of the temperature range down to
25 K for air-quenched material. In such ma-
terial the experimental results differed little
for a range of specimens prepared at differ-
ent times. The curve was repeatable for
measurement runs made in air and attained
a maximum at 55.5 (2 cm)~! at 620 K. From
150 to 300 K, the log o versus 1000/7 plot
was reasonably linear, with a conductivity
at 300 K of 25 = 3 ({2 cm)~! and an activa-
tion energy of 0.092 = 0.005 eV. However,
the plot is curved at lower temperature giv-
ing an activation energy which changes
with temperature to 0.01-0.02 eV at 30 K.
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Fi1G. 4. Conductivity at room temperature versus the
equilibrating oxygen partial pressure.

When such samples were reduced the over-
all conductivity decreased, the initial slope
increased to 0.12 = 0.05 eV, while the
lower-temperature curvature was main-
tained. Upon extreme reduction with pO,
~ 1077 Pa, the conductivity at 300 K de-
creased by a factor of 103. A frequency dis-
persion in the ac conductivity was only ob-
served in the most reduced samples even at
the lowest temperature. This may be com-
pared to results obtained for oxides such as
LaVO; (18) or VO, (19) where a significant
dielectric dispersion was observed at low
temperatures over the same conductivity
range as for La;NiQ,. This would indicate
that localization into states having a wide
range of energies compared to 47 is of ma-
jor importance in only the reduced La,
NiO,.

The conductivity measured at 300 K is
shown as a function of equilibrium pO; in
Fig. 4. The relationship can be approxi-
mated as o ~ pO%'*. Evidence that the ef-
fect of oxygen stoichiometry is dynamic as
well as a function of the quenching process
is shown in Fig. 5. Measurements of con-
ductivity were made on samples prepared
in air, with temperature increasing into the
metallic region. At approximately 1300 K,

pure argon was circulated through the
chamber and the system was allowed to at-
tain equilibrium. On reduction of the tem-
perature no evidence of a semiconductor—
metal transition was present, and the
results showed the same general behavior
as samples previously quenched in pO, ~
107 Pa. Details of this process shown in
Fig. 6 emphasize that the recovery is not
exact. In this case the open circles corre-
spond to a 10~7-Pa sample measured under
pure Ar.

Singh et al. (5) have reported a room-
temperature conductivity of about 10 ({2
cm)~! with an activation energy of 0.08 eV.
They note a clear break in the conductivity
curve at 200 K similar to that exhibited by
the 10%-Pa curve of Fig. 3 of the present
work. It is possible that their composition is
comparable to that of the material
quenched at 10? Pa in our work. Rao et al.
(4) report single-crystal conductivities of
0.3 (2 cm)~! at 300 K and activation ener-
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FiG. 5. Electrical conductivity of La;NiO, for vari-
ous degrees of reduction. ® = La,NiO, measured in
air; x = in situ reduced and measured under Ar; O =
measured on a low-pO,-quenched material.
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Fi1G. 6. The high-temperature part of Fig. 5. The
conductivity is first measured in air, pure Ar is then
circulated at 1300 K, and the conductivity measured
during the cooling. O = denotes the measurement on a
low-pO,-quenched material measured under Ar flow.

gies between 0.06 and 0.075 eV. Their log o
versus 1/T plots are reasonably linear to
100 K.

It is clear that oxygen stoichiometry has
a major effect not only on the overall con-
ductivity of La,NiO,4 but also on the obser-
vation of the high-temperature transition.
Figure 7 shows measurements of conduc-
tivity taken under different pO; in the re-
gion of the semiconductor—metal transi-
tion. The temperature T of the onset of
“metallic’” behavior decreases with in-
creasing partial pressure of oxygen.

IV. Discussion

The crystal structure is expected to lead
to a highly anisotropic conductivity. Such
an anisotropy should be a feature of mea-
surements on single crystals. However, in
measurements on ceramic samples, the
results will reflect an average over ail crys-
tallographic directions. In the case of La,Ni
O,, this will be very close to that for con-
duction in the a—b plane.

4.1. Density of States

The model for conduction in La,NiQO,
proposed by Goodenough et al. (5, 10) has
a primary feature of interelectron correla-
tions induced in a band by intra-atomic ex-
change coupling with localized d,2 elec-
trons. This creates a narrowband of
itinerant electrons in the g-b plane.
Whether or not the o,._,: band is split by a
Hubbard gap to give the density of states
models shown in Fig. 8a depends upon the
size of the interactions. Information con-
cerning these comes principally from the
observation of magnetic properties ().
These appear to indicate that while a model
of strong interactions in an itinerant o,._,
band is substantially correct, at least below
200 K; above this temperature the interac-
tions which may be possibly due to a charge
density wave or magnetic interactions (5,
10, 20) have either collapsed or have
changed their character. On this basis,
Singh et al. (5) have suggested that a diffu-
sion model, possibly including magnetic po-

hResistivity (Qcm)
Lo
310721
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F1G. 7. Evolution of the semiconductor—metal tran-
sition temperature with the oxygen partial pressure. T
denotes the temperature above which the conductivity
is metallic.
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laron interactions, may be a more appropri-
ate model for the low-temperature
conductivity. We review the results of the
oxygen stoichiometry in this light.

It is evident that air- or oxygen-prepared
La,NiOy4 contains fairly large amounts of
nickel in the Ni** state (2—12 wt%) depend-
ing on whether ceramic material or single
crystals are considered (¢, 12, 13). Since
this high level of oxidation can be reduced
by annealing under low partial oxygen
pressure (4), nonstoichiometry has to be
considered to explain such an observation.
From chemical analysis it is found that the
ceramic material is lanthanum deficient
with a La/Ni ratio of 1.985/1.99. Accord-
ingly, the La* vacancy (V7, (if ionized) in
the Kroger notation (21)) is a possible de-
fect. It is probable that a small amount of
Lay0s is expelled from the bulk toward the
surface during the synthesis of the com-
pound in air. As a consequence, the excess
negative charges are compensated by hole
states equivalent to Ni**. The chemical for-
mula for air-prepared material would be ap-
proximately La;¢gsNi35:Niy040;, assum-
ing that very low excess oxygen can be
tolerated by the K;NiF, structure. By re-
duction under low oxygen partial pressure,
oxygen vacancies are formed, and this is
confirmed by a weight gain after reoxida-
tion of a reduced sample. The oxygen va-
cancies reduce the Ni** concentration ac-
cording to the charge balance:

3[Vial = A + 2[V3]

where V3 represents oxygen vacancies.
Thus the Shottky defect involving anion
and cation vacancies appears to be of im-
portance in La,NiO,. Ni vacancies (V&)
could also modify this equation but direct
evidence for such defects is not immedi-
ately obvious and rather improbable in
perovskites. The decomposition pressure
for La,NiQ, is lower than that in NiO, sug-
gesting a higher stability for Ni-oxygen
bonds in this system.

NERGY ENERGY
b

AENERGY

{c)

F1G. 8. (a) Density of states versus energy for La,Ni
O, as proposed in Ref. (10) when interactions open a
gap. (b) N(E) versus E in the metallic range according
to Ref. (10). (c) Alternative model for the density of
states of an air-quenched La,NiO,. A mobility edge is
anticipated in the o2_,2 and the density of states above
that band is associated with Ni*+,

The overall effect of these defects is two-
fold: (1) the Ni3* hole can be regarded as
contributing a carrier to the itinerant band,
(2) defects such as V,, introduce disorder
within this band leading to Anderson locali-
zation and the definition of a mobility edge.
Even in a fully itinerant band, localized
states will exist below the mobility edge and
the effective mobility may be further re-
duced by polaron effects. Thus, even if a
Hubbard gap does exist as in Fig. 8a, we
anticipate a mobility edge E, in the 0':2_y2
band and a density of states associated with
Ni** lying just above this band. Such a band
diagram is shown in Fig. 8c.

Although observations of ordered or line
defects have been reported for single-crys-
tal material prepared in air (I4), no evi-
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dence of ordering has been found in re-
duced material (22). On a microscopic basis
it is therefore assumed that La vacancies
are distributed statistically over La sites.
These are clearly capable of producing An-
derson localization in the o,._,» band. The
strong, but not necessarily direct, correla-

tion between the Ni** content and the con- .

ductivity suggests that states associated
with Ni** interact with itinerant states in
the o,:_,» band and are not purely associ-
ated with localized d,2 orbitals. If such Ni**
states do play an important role and their
number is high in air-quenched materials,
this would account for the relatively small
effect of Sr** substitution for La** on the
conductivity of La,_,Sr,NiO; which has
been reported (9, 13, 23). The conductivity
changes by a factor 2—10 or so for 50% Sr>*
substitution in La,NiO, compared with or-
ders of magnitude in systems such as La;_,
Sr.VO; where the equivalent V** concen-
tration (playing the same role as Ni?") is
much lower (24). Finally, the change in c/a
ratio with reduction (decreasing with the
Ni** content) suggests increased electro-
static interaction between Ni and the octa-
hedral oxygens in the c¢ direction which
results in a decrease in the NiO bond length
in this direction.

4.2. Low-Temperature Conductivity

In terms of Fig. 8c, the behavior of a
given material will be determined by the rel-
ative position of the Fermi level Er and the
mobility edge E,,. Various contributions to
the total conductivity may exist, including
direct excitation of carriers into itinerant
states with energy ¢ = Er — E, and hopping
within the band of impurity states at the
Fermi level. If the impurity band is broad
due to strong interactions within the mate-
rial, a clearly defined activation energy
leading to a linear log o vs 1/T plot may be
difficult to define.

It is of interest that in La,NiO,, two con-
tributions do seem to be apparent to the

total conductivity (Fig. 3). At low Ni** con-
tent (but still in the tetragonal phase) and at
higher temperature, T > 200 K, a process
with an activation energy of ~0.12 eV ex-
ists, where

a1 = 01(0) exp™*1T, Y]

with the extrapolated conductivity o(0) ~
3-5 x 102 (2 em)~!, neglecting effects from
the semiconductor-metal transition. At low
temperature (T < 200 K) the activation en-
ergy varies with temperature, but a crude
extrapolation to 1/T— 0 gives 0»(0) ~ 1-12
(@ cm)~!. An interpretation of the experi-
mental data in terms of Fig. 8c is that highly
reduced material primarily exhibits direct
excitation of holes from Ni** states to the
mobility edge in the o,_,» band. Under
conditions appropriate to air-prepared ma-
terial, the Fermi level is shifted toward the
itinerant band, and a major contribution
arises from hopping at the Fermi level.

If hopping takes place to a mobility edge
from a large density of impurity states, the
extrapolated conductivity will be defined
both by the concentration of carriers in im-
purity states and also by the mobility in the
itinerant band. These two factors do seem
to play a role in the high-temperature con-
ductivity region.

If hopping occurs at the Fermi level, one
might expect the extrapolated conductivity
to equal the minimum metallic conductivity
for the system (25).

Omin = 0.026¢%/ha, (2)

where a is the Ni-Ni spacing in the a-b
basal plane, a ~ 3.8 A, and o = 200 (Q
cm)~!, The extrapolation of the conductiv-
ity below 200 K gives 1-10 (Q cm)~!, which
appears somewhat small. However, for
hopping at the Fermi level, and within a
sharply peaked density of states, Mott and
Davis (25) and Pollak (26) have established
that a power-law dependence of log o vs
1/T" should occur, where n ~ 1, such that
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Fi1G. 9. Log o vs T~ for air-quenched and slightly
reduced La,NiQ,.

a(T) = 02(0) exp-B/T"A. 3

This plot is shown in Fig. 9 for samples
quenched in air and at pO, = 10? Pa, re-
spectively. The plot is in reasonable agree-
ment with Eq. (3) from 30 to 200 K, with
values for B of 140 and 120 K"4, respec-
tively. Both plots deviate at high tempera-
ture and the air-quenched material has a
higher conductivity than that predicted at
T = 30 K. However, the data are consistent
with such a contribution to the total con-
ductivity over this relatively large range of
temperature.

Mott has shown that for variable-range

hopping
B = 2.1(a*/kN(Eg)"* 4)

where « is the decay constant for the car-
rier wavefunction and N(Fy) is the density

of states at the Fermti level. If the effective
site spacing is a, then for weak localization
aa < 1 and the T~* dependence should be
shown up to a temperature T* in a system
where an energy ep is the minimum disor-
der energy required to describe the process
(18, 25). These are related by

kT* = 1.5ep(aa)’. &))]

If we estimate ep from the smallest activa-
tion energy measured at low temperature in
Fig. 3, ~0.015 + 0.005 eV, it is clear that
T* ~ 200 K and Eq. (5) gives aa ~ 0.9.
With a estimated from the Ni-Ni distance
in the a-b plane, a ~ 3.8 A, a=024 A1
Substituting this in Eq. (4) gives N(Eg) ~
10% eV~! cm™3. This value is reasonable for
such a system.

4.3. High-Temperature Conductivity at
the Metal-Semiconductor Transition

Progressive excitation of carriers from
localized states to fully itinerant states is
anticipated from Fig. 8c, with an eventual
exhaustion region at some temperature.
The variation in mobility should therefore
be a determining factor in the observation
of the metal-semiconductor transition, and
this is set by scattering within the o,
band. The two new observations reported
here (Fig. 6) are the disappearance of the
transition in heavily reduced material (10~7
Pa) and the shift of Tg, the temperature of
the conductivity maximum, to higher tem-
perature for increasingly reduced material
(Fig. 7). All of these observations are con-
sistent with carrier excitation from local-
ized states into an itinerant band and with
the observed change in activation energy
resulting from the movement of the Fermi
level. Scattering in a strongly interacting
electron gas above 600 K then results in
metallic behavior as proposed by one of us
(27) after studies of the plasmon behavior at
high temperature in La,NiQ4 equilibrated
under air.
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F1G. 10. Seebeck coefficient vs T for air an low-pO,-
quenched La,NiQ,.

4.4. Seebeck Coefficient

Thermopower measurements which have
been reported on La,NiO4 tend to show a
weak (~10 uV K1) negative Seebeck coef-
ficient which also changes sign in the inter-
val 300-600 K (6). All of these measure-
ments have been made on air-quenched
material, and data taken on similar material
for T ~ 100-300 K in the present work are
consistent with these earlier investigations
(Fig. 10), although the sign is positive. Both
variability between samples and the change
in sign would result from differing contribu-
tions to the total conductivity from excita-
tion to the mobility edge in the o,2_,» band
and hopping at the Fermi energy in the
band of impurity states. On the model pro-
posed in this work (Fig. 8c), the density of
impurity states is smallest for the most
heavily reduced material (Po, ~ 10~7 Pa),
and a temperature dependence of the form

S =§(s/kT + A)

should be observed, where ¢ ~ (E, — Ey)
should be related to the observed conduc-
tivity activation energy and A is a constant
reflecting the scattering process or a varia-
tion of the excitation energy with tempera-
ture (25). The results for reduced material
shown in Fig. 10 and in the inset indeed
indicate a much stronger temperature de-
pendence for S(7) than previously reported
for air-quenched samples with E = 0.05 ¢V
and A = —1.4. The observation of an acti-
vation energy lower than that of the con-
ductivity activation energy may be an indi-
cation of polaron effects (25), but it is more
likely due to the complexity of the band
structure in the region of overlap between
the itinerant and impurity bands. The nega-
tive value of A, which can be accounted for
assuming an excitation energy of the form
e(T) = ¢(0) — yT, where v is a constant,
reinforces this conclusion (25).

A small density of states in reduced La,
NiQ, also translates into a larger range of
energies for states compared to kT. The ob-
servation of a low-temperature ac conduc-
tivity only in reduced material is consistent
with this model.

V. Conclusions

The electrical properties of La,NiQ, are
strongly correlated with the stoichiometry
of the system, leading to a band of localized
Ni3* states which may overlap a disordered
itinerant band. Material prepared in air is
highly nonstoichiometric in this sense and
La,NiO,4 with low Ni3* is only achieved by
subsequent reduction. If the reduced mate-
rial is taken as a base, the electrical proper-
ties then can be described by the sum of
contributions of excitation from impurity
levels to a mobility edge and hopping at the
Fermi level within the impurity band. This
analysis is then comparable to that used for
a wide range of other oxides such as LaCr
0; (28, 29) and LaVO; (18), and the semi-
conductor—-metal transition is then a func-
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tion of exhaustion in the impurity level and
scattering in the itinerant band.
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