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In this work we present a study of the magnetic and transport properties of the system LaNiO32x

~0<x<0.5! where thex50 member is a well-known metallic oxide. We found that thex50.5 compound is an
antiferromagnetic insulator at room temperature. The metal-insulator transition is observed for anx value
aroundx>0.25. The role played by the sample inhomogeneities on the occurrence of this transition is dis-
cussed.@S0163-1829~96!06047-X#

I. INTRODUCTION

Most of the cations of the first transition row occupying
theB site in oxygen defectiveABO32x ~0<x<0.5! perovs-
kitelike materials have led to the formation of more or
less complex superstructures of general formula
AnBnO3n2y .

1 The Ni ion is one of theB cations less
studied, mainly due to the difficulty in stabilizing mixed
oxides of this element with two different oxidation
states. Crespin, Levitz, and Gatineau2 have successfully
isolated the compound La2Ni 2O5, where the oxidation
state of Ni is 21. This compound was obtained from LaNiO
3 by controlled reduction under a H2 atmosphere. These
authors also reported the existence of LaNiO2.7 ~with Ni
in 21 and 31 oxidation states! and LaNiO2 ~with
Ni 11 only! phases. An electron diffraction study performed
by González-Calbet and co-workers3,4 shows the existence
of a homologous series of general formula LanNi nO3n21,
where the termsn52 ~La2Ni 2O5 or LaNiO2.5) and
n54 ~La4Ni 4O11 or LaNiO2.75) are described. The
structural model~see Fig. 1! proposed for this homologous
series consists ofn21 octahedral layers alternating
in an ordered way, with one layer of NiO4 square
planes along the@100# c direction of the perovskite
substructure.

Physical properties of the ‘‘mother compounds’’
LaNiO3, which is a well-known metallic oxide, were re-
cently revised by several authors.5–7 From the observed be-
havior in specific heat, magnetic susceptibility and electrical
resistivity measurements, this compound was described as a
correlated electron system with important electron-electron
interactions.

Here we present a study of the electrical and magnetic
properties of the system LaNiO32x , whose structural
properties are similar to those described in Ref. 4. Particu-
larly, we show results for the metal-insulator transition,
and the influence of the oxygen vacancy disorder in

this process. The experimental results that we present con-
tribute to studies of local-moments formation starting from a
Fermi-liquid system,8 and also could contribute to a model
formulation that includes disorder and interaction effects.
These topics have been currently discussed in recent
papers.9

FIG. 1. Structural models proposed in Ref. 4 for~a! LaNiO2.75

and ~b! LaNiO2.50. The unoccupied oxygen position yields square
planar coordination for Ni ions.
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II. EXPERIMENT

LaNiO3 was prepared by a liquid mix technique as de-
scribed in Refs. 3 and 6. The sample obtained shows a rhom-
bohedral unit cell that, indexed in a hexagonal cell, has lat-
tice parameters ofa55.456(1) Å andc513.136(2) Å.
LaNiO32x was obtained from LaNiO3 by using a symmetri-
cal thermobalance based on a Cahn 1000 electrobalance. The
experimental details and performance of this equipment were
described in Ref. 10. The partial oxygen pressure of the gas-
eous atmosphere was continuously monitored by means of a
zirconia oxygen sensor, and the gas flow rates were con-
trolled through mass flow controllers.

LaNiO2.75and LaNiO2.50were prepared
4 by reduction un-

der a flowing H2/Ar mixture at a constant temperature as
follows. A sintered sample of about 1 g of LaNiO3 was
heated at 500 °C under 1 atm of pure O2 for 2 h. This pro-
cedure eliminates any volatile products absorbed on the
sample. Then the temperature was decreased to 300 °C, and
the O2 atmosphere was purged with pure Ar. H2 was subse-
quently mixed with the Ar in a H2/Ar ratio of 0.2. In this
condition the reduction process begins. The H2 flow was
interrupted when the weight loss ended. Finally, the tempera-
ture was raised to 400 °C over 8 h to improve the homoge-
neity. During this procedure no weight change was observed.

The samples were also studied before the last step of an-
nealing. As we will see below in the case whenx50.25,
differences were found between 400 °C thermally treated
samples LaNiO2.75, and the thermally treated samples
LaNiO2.75j .

All the samples, controlled by x-ray diffractometry, were
single phase. The electron-diffraction characterization shows
that samples withx50.5 and 0.25 in LaNiO32x correspond
to the n52 and members, respectively, of the homologous
series LanNi nO3n21 ~see Fig. 1!.

The electrical conductivity was measured by a standard dc
four-probe method in the temperature range 10–300 K. The
resistanceR shows variations of several orders of magnitude
depending on samples and temperatures. In order to improve
the experimental accuracy, the measurements were per-
formed with a constant electrical current intensity covering
the range frommA to mA.

The susceptibility was measured with a superconduction
quantum interference device magnetometer@for 5
<T(K)<300#, with a Faraday magnetometer@for 50
<T(K)<300#, and with a vibrating sample magnetometer in
the range 300–700 K. The dependenceM vs H in the re-
duced samples (x.0! was linear only forH.1 kG, and
could be described byM5M01xH. M0 was sample depen-
dent, reaching random maximum values (<57 emu/mole! at
T;280 K. In all the casesM0 vanishes forT.620 K. We
associate this remanent magnetization with small amounts of
metallic Ni coming from the reduction process.11 Therefore
the true susceptibility of LaNiO32x is the high-field suscep-
tibility x.

A. Results

1. Electrical conductivity

In Fig. 2, theT dependence of the electrical resistivity is
shown for all the studied samplesx50, 0.25, 0.25j, and 0.5.

At high temperatures a metal-insulator transition as a func-
tion of x, suggested for the change in the sign of]r/]T, can
be seen forx>0.25.

Notice the differences between the twox50.25 samples.
A plot of the electrical conductivity for these samples is pre-
sented in Fig. 3. In the case of a 400 °C thermally annealed
sample ~LaNiO2.75), a change in the sign of]s/]T at
T;75 K is observed, being]s/]T.0 at T,75 K. For
higher T, ]s/]T,0, and a linear behavior fors vs T is

FIG. 3. Details of the metal-insulator transition. The electrical
conductivity (s) of LaNiO2.75j (h) is shown in the right axis. The
solid line represents the best fit to Eq.~2.2!, with p5

1
4 and the

dashed line withp51. In both cases the same metallic contribution
s0M /(11aT) was added. The left axis showss of LaNiO2.75

(n), which has been fitted bys5s01aT1/3 ~dotted line! at
T,75 K. A change of slope is observed at 220 K in coincidence
with theTb observed inx.

FIG. 2. Electrical resistivity (r) vs T for LaNiO32x with
x50, 0.25, 0.25j, and 0.5 oxygen compositions. The metal-
insulator transition occurs atx>0.25. The sample obtained before
the last step of annealing at 400 °C is labeled withj.
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found with a change in the slope value atT;220 K.
In the metal-insulator transition region, forT<75 K,
s~LaNiO2.75) was fitted12 by s5s01aT1/3, with s0
512.5 (0.1) S cm21 and a50.40 (0.03) S cm21 K 21/3,
as is shown in Fig. 3.

The unannealed sample LaNiO2.75j shows a lower con-
ductivity and no change in the sign of]s/]T was observed
for 10<T(K)<300. The differences found in the electrical
properties between the twox50.25 samples cannot be attrib-
uted to the oxygen content, which was constant during the
400 °C annealing process. In Ref. 4 an electron-diffraction
study of 400 °C annealed samples is reported. The observed
superstructures were interpreted considering O-vacancy
long-range ordering as shown in Fig. 1~a!. Our results, ob-
tained repeatedly on samples of different bulks, indicate that
without the last step of annealing the O-vacancy ordering is
not well established along the sample volume. Then the ob-
served lowering in the conductivity~see Fig. 2! could be
associated with the lattice disorder.

For samples which show semiconducting behavior for all
T, s can be approximated for the general relationship

s5A exp~2B/Tp!. ~2.1!

The exponentp can take some defined values, depending on
the operating electrical transport mechanism. Ifp51 theB
parameter gives an estimation of the energy gap (Ea /kB)
between the conduction and valence bands. From a lns vs
T21 plot in the 210–300-K temperature range, we obtained
Ea50.12 and 0.03 eV for LaNiO2.50 and LaNiO2.75j , re-
spectively.

Below 210 K, for thex50.25j sample, deviations from
this semiconducting behavior are observed~see Fig. 3! which
can be explained by aT-dependent activation energy. In an
Anderson band picture two mobility edges (Ec andEc8) exist,
which separate localized~in the band tails! from nonlocal-
ized states~between the energy edges!. The localized states
are a consequence of a random potential or disorder present
in the system. For the cases where the Fermi energy
EF,Ec , two conduction mechanisms can be present:~a!
Excitation of the carrier to a mobility edge. In this cases
can be described by Eq.~2.1! with p51 and B
5(Ec2EF)/kB ; these electrons, localized in the band tails,
need higher thermal energies or aEF nearEc . ~b! Thermally
activated hopping. In this case, at liquid-helium temperature,
the electron hopping between localized states can be ob-
served. For this mechanism called variable range hopping
~VRH! ~Ref. 13! for a three dimensional system, isp. 1

4 and
B5T0

1/4 in Eq. ~2.1! ~Mott’s formula!. In some cases, a VRH
dependence is observed at high temperatures, above half the
Debye temperature@T>(QD/2)#, and explained by polaron
hopping.14 LaNiO2.75j could be described by a VRH model
in the 120–300-K range. However, our experimental data do
not extrapolate to null conductivity in theT→0 limit. In
order to fit the conductivity of LaNiO2.75j in all experimental
T ranges, an extra conductivity channel with metallic behav-
ior is added to Eq.~2.1!:

s5
s0M

11aT
1A exp~2B/Tp!, ~2.2!

where s0M51.28(0.02) S cm21 and a51.531025 K 21

were obtained from the fitting procedure. Due to the small
value ofa, the first term in Eq.~2.2! is approximately con-
stant withT, the second term was already discussed. Equa-
tion ~2.2! has the same form as the conductance (G) of an
inhomogeneous media just above the percolation threshold
of the conductor, whereG5F1s11F2s2, with s1@s2.

15

Two similar phenomenological channel models were pro-
posed in order to explain the electrical behavior of inhomo-
geneous La0.66Ca0.33MnO3 ~Ref. 16! and granular Al~me-
tallic! in Al 2O3.

17 In Table I we summarize the results of the
different fitting procedures for the different samples studied.

2. Magnetic susceptibility

Thex vsT dependence forx50 and 0.25 is shown in Fig.
4~a!, measured with an external magnetic fieldH55 kG.

FIG. 4. Magnetic susceptibility (x) vsT ~a! for x50, 0.25, and
0.25j. The enhancement of the Pauli contribution tox is shown in
the inset. Forx50.25 and 0.25j, the differences between FC~field
cooling! and ZFC ~zero-field cooling! were observed for
T,Tb5220 K. ~b! x for x50.5 suggests antiferromagnetic order
below room temperature.

TABLE I. Fitted values obtained with a function
s5A exp(2B/Tp) from the semiconductinglike experimental data.
The symbolj indicates the unannealed samples; data withp51 and
1
4 are shown by dashed and solid lines, respectively in Fig. 3.Ds is
the difference betweensexpt. andsfit .

Sample A ~S cm21) B ~K p) p
T range

~K!
~Ds!2/
s (%)

LaNiO2.75j 381~200! 18.7~0.7! 1
4 300-10 <3

12.8~0.1! 332~3! 1 300-210 <3
LaNiO2.50 56~2!31022 1400~10! 1 300-210 <9
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The T dependence, forx50, can be described by
x5xPauli1C/T, with xPauli55.631024 emu/mole and
C5131023 emu K/mole. Forx50.25, ZFC ~zero field-
cooling! and FC ~field cooling! experiments give different
values ofx below a characteristic temperature (Tb5220 K!.
These results indicate spin localization and magnetic order
frustration. Similarx vsT dependences are usually observed
in other systems such as spin-glass-like compounds~where
Tb would be the freezing temperature! or magnetic fine par-
ticles ~whereTb would be the blocking temperature!. Actu-
ally, susceptibility measurements on LaNiO2.70 showing
similar behavior were analyzed23 in terms of ferromagnetic
clusters of different sizes. Nevertheless the origin of these
clusters remains uncertain.23 At T.Tb , enhancements of
xPauli were observed in coincidence with increasingr @see
the inset of Fig. 4~a!#. This enhancement inx near a metal-
insulator transition is explained by an increase in the effec-
tive mass (x}m* /m) expected in a Fermi-liquid model.18

No differences betweenTb of LaNiO2.75j and LaNiO2.75
have been observed. However, at higher temperature
(T.330 K!, while an independentT valuex in LaNiO2.75
was observed, LaNiO2.75j showed a clear Curie-Weiss be-
havior with a negative Curie-Weiss temperatureQ>45 K.
From the Curie constant we obtain the effective number of
Bohr magnetonsmeff51.86.

For thex50.5 sample,x vs T is shown in Fig. 4~b!. We
found a broad peak atTN5320 K and a Curie-Weiss behav-
ior at high temperatures with a negative Curie-Weiss tem-
peratureQ> 630 K that shows strong antiferromagnetic in-
teractions. From the Curie constant we obtainmeff53.5mB ,
which is near the expected value for Ni21 (S51 and
g;2.3). The ratioQ/TN>2 suggests some degree of frus-
tration in the magnetic system.

III. DISCUSSION

The reduction of LaNiO3 changes the valence state and O
coordination of Ni ions. These changes must modify the
band structure of the different compounds of the LaNiO32x
series. As LaNiO3 is a charge-transfer metal,19 the conduc-
tivity properties of LaNiO32x should be determined by the
interplay between the bandwidth and energy gaps of the O
and Ni bands, as sketched in Fig. 5. For LaNiO3, D!Ueff ,
whereD is the gap between 2p-O and 3d8-Ni bands, and
Ueff is the gap between the Ni bands 3d8 and 3d7.20,21 On
the other side, for LaNiO2.5, Ueff!D, and the Fermi level
should be between the 3d9 and 3d8 bands~see Fig. 5!. Simi-
lar to NiO or La2NiO4,

21 LaNiO2.50 is an insulator and an-
tiferromagnetic. On going from LaNiO3 to LaNiO2.5, an
enlargement of the cell volume is observed,2 attributed to the
increase in the average ionic radius of Ni (r50.60 for
Ni 31 andr50.69 for Ni21). As the Ni-O distance increases,
the electronic transfer parametert and the bandwidth (W
}t) diminish. Electron localization then takes place. The lo-
calization may also be favored for a decreasing state density
as a consequence of the O vacancies produced in the neigh-
borhood of the Ni ions. In the reduced samples these are two
different sites for the Ni21 ion: sites with six oxygen ion
nearest neighbors in an octahedral (Oh) symmetry, and sites
with four oxygen nearest neighbors in a squared plane
(D4h) symmetry. The electronic band witheg character

splits into a1g and b1g bands for octahedral and squared
plane environments, respectively.

In the x50.25 sample, where the oxygen vacancies are
ordered, a sign change ofds/dT occurs at 75 K, which
could be explained by aT-dependent bandwidthW(T). The
electrical conductivity can be described by a power law
(s5s01aT1/3) below 75 K. Above 75 K a metallics is
observed with a slope change at 220 K, coincident with
Tb , the characteristic temperature where some degree of
magnetic ordering seems to be present. This behavior can be
compared with changes in the conductivity observed in fer-
romagnetic metal oxides because of the electron-magnon
scattering.22

Finally, we find that the absence of the last step of anneal-
ing at 400 °C modifies the magnetic and electrical conduc-
tivity properties of thex50.25 samples. In LaNiO2.75j we
have observed the following:~i! a Curie-WeissT depen-
dence ofx at higher temperatures,~ii ! a sign change of
ds/dT, ~iii ! a diminishing in the conductivity for all tem-
peratures, and~iv! in all the experimentalT range,
s(x50.25j and T) can be described with a two-channel
model: metallic plus VRH mechanisms. These two parallel
electrical resistivity channels can originate in the inhomoge-
neities of the unannealed sample. This behavior is interpreted
as the presence of threads or islands in metallic contact, rich
in oxygen, imbedded in an insulator medium rich in oxygen
vacancies. It is noticeable thep. 1

4 in the second term of Eq.
~2.2! may be indicating the presence of localized states for
whichs is described by Mott’s formula. A poor conductivity
is expected if the system has an oxygen vacancy disorder,
and would present a lowers than the case with an oxygen
vacancy order. Further studies of the enhancement of the
specific-heat coefficientg in LaNiO32x , with x50.25 and
0.5, are necessary for a full theoretical description of the
system.
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