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The structural characterization and electronic properties for
the LaNi12xWxO3 perovskite-like system are reported. Neutron
and X-ray powder diffraction data suggest that for the x .
0 phases, an orthorhombic symmetry (space group Pbnm) is
adopted showing that Ni and W atoms are placed at random.
The evolution of the cell-parameters is in agreement with the
different size of the concerned cations in each case. The elec-
tronic measurements between 5 and 950 K show a temperature
dependence of conductivity very sensitive to the composition.
For the 0 # x # 0.20 compounds, a conductivity variation very
close to metallic behavior is observed whereas the mixed oxide
with x 5 0.25 behaves as a semiconductor. Both conductivity
data and Seebeck coefficient measurements are interpreted on
the basis of a correlated system in which a metal to insulator
transition takes place as a function of temperature and composi-
tion. An schematic band model consistent with both the elec-
tronic properties and structural features is proposed.  1996

Academic Press, Inc.

INTRODUCTION

The electronic and magnetic properties of mixed-valent
oxides with perovskite and related structures, which exhibit
metal–insulator (M–I) transitions as a function of composi-
tion or temperature have been extensively studied in recent
past years (1–10). The great current interest displayed by
these type of materials is due in part to the occurrence of
high Tc superconductivity in some examples of copper ox-
ide systems in this mixed-valence regime (11). In various
cases, the M–I transition was reported to be composition
driven (10), whereas in some systems, as RNiO3 (R 5 rare
earth), it was reported to be temperature and structure
driven (7). In general, the electrical behavior of perovskite
(or related)-type materials is explained in terms of local-
ized to collective electron transitions and is often interpre-
ted on the basis of conduction models implying hopping
activation of carriers when the M–I transition is crossover
(9, 10).

The compound LaNiO3, in which all the Ni cations are
in the trivalent state, is a rhombohedrically distorted perov-
skite phase, known to be a narrow band metallic conductor
(12). It has been shown that compounds with the general
formula Lan11NinO3n11 (3), in which Ni is in the mixed-
valent state, can be stabilized. This system shows M–I
transitions as a function of temperature and composition.
The progressive multilayer structure (from La2NiO4 to
LaNiO3 Ruddelson–Popper series) together with the Ni21/
Ni31 relative ratio (i.e., the possibility of hole creation, the
change in itinerant electrons fraction, etc.) were the most
representative features taken into account in order to inter-
pret both magnetic and electrical properties.

We have been interested in stabilizing the Ni mixed-
valent state but conserving the perovskite-type structure.
In this sense, we have carried out the synthesis, structural
characterization, and some studies concerning the trans-
port properties of LaNi12xWxO3 (0 # x # 0.25). Formally,
for x 5 0 only Ni31 is present and for x 5 0.25 this element
is stabilized as Ni21. From neutron and X-ray powder dif-
fraction data a correct structural characterization has been
done, and a clear relationship Ni oxidation state and trans-
port properties can be addressed.

EXPERIMENTAL

It has been previously stated (13) that the stabilization
of Ni31 cations is difficult to achieve at high temperatures,
because the reduction of Ni21 takes place. As the ceramic
method usually requires high temperatures, it is usual to
carry out the synthesis of Ni31-containing compounds via
low-temperature methods. Although we have reported
previously that for x $ 0.20 it is possible to obtain the
materials by using the ceramic method (14), all the mixed
oxides concerning the study that we report here were pre-
pared by the sol–gel method in order to assure the compari-
son of the obtained data.

The synthesis of LaNi12xWxO3 (0 # x # 0.25) was carried
out starting from aqueous solutions of the metal nitrates
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La(NO3)3 · 6H2O and Ni(NO3)2) · 6H2O and WO3 in a
stoichiometric ratio. About 4 g of the metal nitrates and
oxide were added to a mixture of 10 g of citric acid and 4
ml of ethyleneglycol. These ingredients were mixed to-
gether and drops of HNO3 were added to catalyze the gel
formation. The excess nitric acid was boiled off and the
gel was slowly decomposed by heating up to 4008C. The
remaining black powders were intimately mixed and
heated in several steps up to temperatures ranging from
800 to 10008C in air. During the thermal treatment, the
samples were reground in each step and the process was
monitored by X-ray diffraction until single phases were ob-
tained.

The X-ray diffraction patterns were recorded using a
Siemens Kristallofex 800 diffractometer and a D-500 goni-
ometer with nickel-filtered copper radiation. Both a step
scan of 0.04 and a counting time of 15 s for each step were
employed. The goniometer was controlled by a DACO-
MPV2 computer.

The neutron powder diffraction data were recorded at
room temperature and 1.7 K on the D2B powder diffrac-
tometer (l 5 1.5945 Å) at the Institute Laue-Langevin
in Grenoble. The neutron and X-ray diffraction data were
analyzed by the Rietveld method using the Fullprof pro-
gram (15). A pseudo-Voigt function was chosen to gener-
ate the line shape of the diffraction peaks.

For the electronic resistivity measurements pelletized
samples were sintered at temperatures somewhat smaller
than the respective synthesis temperatures. Pycnometric
measurements evidenced that for all the samples the densi-
ties were higher than 90% of the crystallographic values.
The electronic resistivity was measured by using the Van
der Pauw method (16), which avoids the contact effects.
Contacts were made by covering with platinum or silver
paint the circular faces of the sample disks. Seebeck coeffi-
cient measurements were made in an apparatus set up and
checked in our laboratory.

FIG. 1. Observed (upper dotted line), calculated (lower line), and
difference (vertical lines) neutron diffraction profiles for LaNi0.80W0.20O3.

TABLE 1
Crystal Data and Agreement Factors for x 5 0.20 at 1.7 K (Boldface) and 300 K (Lightface)

Atom Site x y z b Occup.

La 4c 0.015(1) 0.0416(5) 0.25 1.8(2)
0.015(1) 0.0419(5) 0.25 1.7(2)

Ni/W 4b 0.5 0 0 0.8(1)
0.6(1)

O(1) 8d 0.291(1) 0.284(1) 0.0365(4) 1.8(3) 1.01(1)
0.291(1) 0.286(1) 0.0376(7) 1.7(3) 1.01(1)

O(2) 4c 20.069(1) 0.501(1) 0.25 1.3(4) 0.50(1)
20.070(1) 0.500(1) 0.25 1.0(2) 0.50(1)

Note. a 5 5.5691(9) Å, b 5 5.5757(9) Å, c 5 7.856(1) Å; a 5 5.560(1) Å, b 5 5.571(1) Å, c 5 7.845(1) Å.
Rwp 5 8.4, Rp 5 6.4, RB 5 6.6, x2 5 6.5; Rwp 5 8.9, Rp 5 6.8, RB 5 7.4, x2 5 7.2.

RESULTS AND DISCUSSION

1. Structural Characterization

X-ray diffraction data for all the title compounds were
analyzed by means of the Rietveld method. The x 5 0
phase was found to have a rhombohedrically distorted
perovskite structure, space group R3c (No. 167), with hex-
agonal parameters a 5 5.446(1) Å and c 5 13.154(2) Å.
These lattice parameters are close to those reported ear-
lier (6).

The diffraction data of the remaining mixed oxides
LaNi12xWxO3 (0.05 # x # 0.25) are characteristic of the
perovskite structure and can be indexed and refined con-
sidering an orthorhombic symmetry and space group Pbnm
(No. 62).

Figure 1 shows, as an example, the observed and calcu-
lated neutron diffraction profiles for LaNi0.80W0.20O3, at
room temperature, and in Table 1 the crystal data and
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agreement factors for both this refinement and that corre-
spondent for 1.7 K are gathered. As it can be observed
from the oxygen occupancy factors, the stoichiometry of
this compound could be effectively assumed. From the
agreement between the observed and calculated profiles
as well as the R factors obtained we can accept as valid
the proposed model. The most representative bond lengths
for LaNi0.80W0.20O3 are given in Table 2. The mean values
and the sums of the ionic radii, as given by Shannon (17),
are included and they agree reasonably. The u1(O1–Ni/
W–O1) and u2(O2–Ni/W–O2) angles are also presented
and it can be observed that both angles increase at tempera-
ture increases. This fact will be decisive in the electronic
properties of the title materials, as commented below.

The X-ray diffraction data for the other members of
the title series were also refined by the Rietveld method,
showing that they are all isostructural. As an example,
Fig. 2 shows the observed and calculated X-ray diffraction

profiles for the x 5 0.10 compound and in Table 3 the
crystal data and agreement factors obtained in the refine-
ment are gathered. Table 4 shows the cell parameters for
all the members. From the atomic coordinates we have
calculated the most representative bond distances for each
case. In Fig. 3 the variation and mean distances (W/Ni)–O
with the composition are shown. The observed behavior
is in good agreement with the differences in ionic radii
between the Ni31 (0.56 Å in low-spin configuration) and
the Ni21 (0.69 Å) or W61 (0.60 Å) cations, all in octahedral
coordination (values taken from Shannon, Ref. 17). As x
increases, the mean size of cations placed at B sites in-
creases and so does the cell volume.

The above results allow us to describe the structure of
these perovskites as built from (Ni/W)O6 octahedra which
share all their corners with analogous units; i.e., the cations
located in B sites, Ni21, Ni31, and W61, are randomly distrib-
uted. In this picture, interactions of the type Ni21–O–Ni21,
Ni21–O–Ni31, Ni31–O–Ni31, etc. are all possible. It is also
necessary to have in mind the possibility of Ni–W interac-
tions, via oxygen anions.

2. Conductivity Measurements

The electronic conductivity variation with temperature
for the LaNi12xWxO3 perovskites has been measured in
the temperature range 5–950 K, using two different appa-
ratuses which are able to cover the interval between 5 and
300 K and between 300 and 950 K, respectively. Figure 4
(a and b) shows separately the variation of ln s vs 1/T
for the above temperature ranges (both scales have been

TABLE 2
Most Representative Bond Lengths for LaNi0.80W0.20O3 at

1.7 K (Boldface) and 300 K (Lightface)

La–O(1) 2.646(7) 3 2 (Ni/W)–O(1) 1.986(6) 3 2
2.643(7) 3 2 1.997(6) 3 2

La–O(1) 2.455(7) 3 2 (Ni/W)–O(1) 2.040(6) 3 2
2.439(7) 3 2 2.029(6) 3 2

La–O(1) 2.750(7) 3 2 (Ni/W)–O(2) 2.002(2) 3 2
2.749(7) 3 2 2.000(1) 3 2

La–O(2) 2.606(8) Mean 2.01
2.599(8) 2.01

La–O(2) 2.49(1) Shannon 2.04
2.48(1) 2.04

Mean 2.60 u1(O1–Ni/W–O1) 156.38

2.59 155.68
Shannon 2.56 u2(O2–Ni/W–O2) 157.88

2.56 157.48

FIG. 2. Observed (upper dots line), calculated (lower line), and dif-
ference (vertical lines) X-ray diffraction profiles for LaNi0.90W0.10O3.

TABLE 3
Crystal Data and Agreement Factors for LaNi0.90W0.10O3

Atom Site x y z

La 4c 20.003(2) 0.0230(7) 0.25
Ni/W 4b 0.5 0 0
O(1) 8d 0.218(4) 0.251(4) 20.043(1)
O(2) 4c 0.064(8) 0.386(7) 0.25

Note. a 5 5.423(2) Å, b 5 5.499(2) Å, c 5 7.793(3) Å; Rwp 5 13.8,
Rp 5 9.9. RB 5 5.8, x 2 5 9.2.

TABLE 4
Cell Parameters and Cell Volume for LaNi12xWxO3

x a (Å) b (Å) c (Å) V (Å3)

0 5.446(1) 5.446(1) 13.154(1) 338.1
0.05 5.419(2) 5.494(2) 7.699(4) 229.2
0.10 5.423(2) 5.499(2) 7.793(3) 232.3
0.15 5.489(1) 5.564(1) 7.887(1) 240.8
0.20 5.5691(9) 5.5757(9) 7.856(1) 243.9
0.25 5.560(1) 5.594(1) 7.918(1) 246.3
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chosen in order to visualize and compare the electronic
behavior of the whole series). As can be observed, the
temperature dependence of the conductivity is very sensi-
tive to the composition. For 0 # x # 0.20, a conductivity
variation very close to metallic behavior is observed
whereas the compound with x 5 0.25 behaves as a semicon-
ductor. Let us consider separately both composition do-
mains.

(a) Compounds with 0 # x # 0.20. LaNiO3 (that is,
x 5 0) is known to behave as a metal down to 0.4 K (12).
This behavior was interpreted in terms of a conduction
band built from the hibridation of eg nickel semioccupied
orbitals (in low-spin configuration) and p oxygen orbitals
(18). In this sense, this material has been classified as a
low ‘‘W’’ semimetal (where ‘‘W’’ is the bandwidth), i.e., a
highly correlated metal. The resistivity value obtained for
this oxide at room temperature is 0.9 3 1023 V · cm, similar
to those reported previously in the literature (9, 12). This
is a high value for the resistivity of a metal and this fact,

together with the enhancement of conductivity below p150
K, has been interpreted in terms of an important electronic
correlation as commented above.

For the x 5 0.05 material, metallic behavior is observed
down to p50 K. Below this temperature a transition to
the insulating state takes place, as it can be deduced when
the variation of resistivity vs temperature is represented
(Fig. 5). As a general trend, the conductivity values de-
crease as x increases and this seems to be a consequence
of the progressive localization of the atomic levels or, alter-
natively, the progressive decreasing of the bandwidth. Fi-
nally, for 0.10 # x # 0.20, the conductivity shows a mono-
tonic variation in the whole temperature range studied.
These phases (x 5 0.10 and 0.20) show an almost linear
temperature dependence of the conductivity below p380
K and p400 K, respectively. The conductivity data follow
a power law equation of the type

s(T) 5 s0(0) 1 s1 · T a. [1]

The parameters which better fit Eq. [1] are gathered in
Table 5. This kind of dependence is not very usual in mixed
oxides and has been previously found in systems near a
M–I transition (19). Figures 6 and 7 show the temperature
dependence of the conductivity for the x 5 0.10 and x 5
0.20 phases, respectively, in the whole temperature range
measured. In both cases we have concluded that the tem-
perature variation of the conductivity is weaker above a
certain temperature. For the x 5 0.20 member, the conduc-
tivity is nearly temperature independent above p400 K,
whereas for the x 5 0.10 compound a transition to the
metallic state is effectively detected above p380 K.

(b) Compound with x 5 0.25. The compound of nomi-
nal composition LaNi0.75W0.25O3 behaves as a semiconduc-
tor in the whole temperature range studied. The conductiv-

FIG. 3. Variation of mean bond distances with composition. The
variation of Shannon distances is also shown.

FIG. 4. Variation of ln s vs 1/T (a) in the 5–300 K temperature range and (b) in the 300–950 K temperature range.
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ity data for this material were fitted to an exponential law as

s 5 (A/T) · exp(2E/kT), [2]

which is usually applied to a small polaron hopping mecha-
nism. In Eq. [2], E is the activation energy related to the
hopping process, A is the preexponential factor, and k is
the Boltzmann constant. Figure 8 shows the linear variation
of ln(s · T) vs T 21 for the x 5 0.25 phase, which agrees
well with the above assumption, and the activation energy
obtained for this material was 0.16 eV.

3. Seebeck Measurements

In order to evaluate both the predominant activation
process (mobility or carriers concentration) and the sign
of majority carriers, we have measured the variation of
the Seebeck coefficient with temperature for LaNi12xWxO3

(0.05 # x # 0.25) in the temperature range 300–950 K.
Figure 9 shows the variation of the Seebeck coefficient

with inverse temperature for all the series members. The
compositors given by x # 0.15 have negative values for
this coefficient, thus suggesting that the conduction process
is mainly due to electrons, whereas for the x $ 0.20 materi-
als, always positive values were found, which are indicative
that holes are predominant as charge carriers. These results
are in agreement with the Ni21/Ni31 relative amounts pres-
ent in the respective compounds.

On the other hand, the Seebeck coefficient at room
temperature for the LaNiO3 material has been reported
to be p218 eV/K. In the x # 0.15 composition range, the

FIG. 5. Variation of resistivity vs temperature for LaNi0.95W0.05O3.

TABLE 5
Fitting Parameters of the Conductivity for the x 5 0.10 and

x 5 0.20 Compounds

Compound s0 (S/cm) s1 (S · cm21 · K2a) a

LaNi0.90W0.10O3 (M) 6.4 0.19 0.97
LaNi0.80W0.20O3 (A) 1.6 3.72 3 1023 1.58

FIG. 6. Conductivity variation vs T 0.97 for LaNi0.90W0.10O3.

FIG. 8. Variation of ln(s · T) vs 1/T for LaNi0.75W0.25O3 .

FIG. 7. Conductivity variation vs T 1.58 for LaNi0.80W0.20O3.
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measured absolute values were always smaller than 20
eV/K. This order of magnitude has been pointed out as
a typical one for metallic behavior (20).

For the x $ 0.20 phases, the Seebeck values measured
were much smaller than those usually found in nondegen-
erated semiconductors, p102 eV/K, following the criterion
of Goodenough for a hopping mechanism (21). This result,
together with the nearly temperature independent behav-
ior of the Seebeck coefficient, is in good agreement with

a small polaron hopping of carriers, mainly driven by a
mobility activation and with a charge carrier concentration
almost constant.

Taking into account that the conductivity and Seebeck
coefficient measurements suggested a hopping model for
the conduction process in the x 5 0.25 phase, we have
applied the Heikes formula (22) to the data. Assuming
only one polaron is allowed in a given site and that both
the spin and orbital degeneracy can be neglected, Heikes
derived the following expression for the Seebeck coeffi-
cient

S 5 6(k/e) · hln[(1 2 x)/x] 1 S*/K j, [3]

where 1 and 2 indicate p or n behavior, respectively, k
is the Boltzmann constant, x is the fraction of occupied
sites, and S* is the vibrational entropy. In general terms,
it is assumed that S* is small enough to be neglected and
then the Seebeck coefficient depends only on the carriers
concentration. We have calculated a fraction of occupied
sites for LaNi0.75W0.25O3 of 0.45. This value is clearly much
greater than that expected from the only contribution of
doping. This result has been previously interpreted for
similar systems as indicative of a complex conduction
mechanism, which includes intermediate behavior between
a metal and a semiconductor (23).

In Fig. 10, we propose a band model for the title com-
pounds, having in mind all the results mentioned above.

FIG. 9. Variation of the Seebeck coefficient with 1/T in the 300–950
K temperature range.

FIG. 10. Proposed schematic band model for LaNi12xWxO3. The inset shows the perovskite structure of the title compounds.
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The electronic behavior of these materials as a function
of composition and temperature can be qualitatively ex-
plained as follows:

In the sample with x 5 0, metallic behavior is observed
and its conductivity values correspond typically to corre-
lated systems. The formal substitution of nickel cations by
tungsten ones in the structure introduces changes in this
respect. For the composition x 5 0.05 the same behavior
as that for x 5 0 is preserved above p50 K whereas at
lower temperatures the bands seem to be not large enough
to allow metallic conduction. This transition could be prob-
ably due to entropic effects as the temperature increases,
allowing a better overlapping of orbitals, which give rise
to a narrow conduction band. This fact is in good
agreement with the observed dependence of u1 and u2

values on temperature for the oxide with x 5 0.20. As
temperature is increased, these angles are also increased
and, in this sense, the overlapping between Ni/W atom d
orbitals with the oxygen p orbitals is more effective, giving
rise to larger bands which are responsible for the progres-
sive tendency to metallic behavior as temperature is in-
creased. Similar results have been previously reported for
other systems, e.g., RNiO3 perovskites (7). The obtained
results could be taken into account as representative of
the observed electrical behavior for the global title series
as this progressive tendency to electronic delocalization
with increasing temperature is observed in the whole series.

When x increases up to 0.20, the substitutional effects
are more marked and intermediate behavior between
metal and semiconductor is observed. Similar results have
been previously found for systems near a M–I transition
(5). As the doping level increases, a charge transference
gap seems to appear as a consequence of the disorder
introduced in the structure (tungsten-rich domains) and
therefore greater localization of levels would take place.
Similar results have been reported for related systems (7).
Finally, when x 5 0.25, the system rises to the limit of
the insulating side of this transition, and the conduction
process could occur via a hopping mechanism. This mecha-
nism would suggest the presence of an important electronic
localization as a consequence of the lattice polarization.

In conclusion, the electronic characterization of the
LaNi12xWxO3 system shows the presence of temperature
and composition M–I transitions. The temperature depen-
dence of the observed electronic behavior has been ex-
plained in relation to the increase of u1 and u2 values with
temperature. As pointed out before (4, 7, 24), these angles
are, in a great manner, responsible for the more or less
effectivity in the orbitals overlapping. In this sense, the
observed variation suggests that, as temperature increases,

larger bands are built and a progressive tendency to the
metallic state takes place in the title system.

On the other hand, the composition dependence of the
electronic behavior for these materials has been interpre-
ted in terms of the progressive localization introduced as
the substitution level, x, is increased.
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