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Structural, electronic, and magnetic behavior of the
LaNi,_,Ti,O; (0 <x <3}) perovskite-like system is reported.
These phases can be regarded as derived from LaNiOj; by partial
substitution of Ni** by Ti** cations that produces a partial
reduction of Ni** to Ni**. X-ray powder diffraction data were
analyzed by the Rietveld method, and rhombohedral (S.G. R3c)
or orthorhombic (S.G. Pbnm) symmetry were found depending
on the degree of substitution, x. Conductivity and Seebeck meas-
urements show the presence of metal to insulator (M-I) transi-
tions in these oxides and the different nature of the carriers.
Magnetic susceptibility measurements indicate important elec-
tronic delocalization that is mainly controlled by composition.
© 1999 Academic Press

INTRODUCTION

In last years, LaNiO3; and derived compounds have gen-
erated considerable interest (1-7), and the attention has
been especially focused on the metal-insulator (M-I)
transitions found in some of these systems (8, 9).

LaNiOj; is well known to be a rhombohedrically dis-
torted perovskite which exhibits a metallic character down
to 42 K (10). The electrical and magnetic properties dis-
played by this oxide are governed by strong electronic
correlation effects which show a Pauli paramagnetism with
Stoner enhancement and metallic behavior with a large
resistivity (~ 1072 Q cm) at room temperature. In this con-
text, we have been interested in the study of materials in
which partial substitution of Ni** in LaNiOj (e.g., LaNi; —,
M.O3, M = Co, Fe, Cu, Sb, Te, Re, Mn) has been essayed
leading to a partial reduction to Ni**. In some of the
above-mentioned systems, M-I transitions were reported to
be temperature, composition, or structure driven, and they
could be related to Ni mixed-valences (11-22).

In general, the electrical behavior of these perovskite-type
materials can be explained in terms of transitions from
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localized to collective electrons which are often interpreted
on the basis of a conduction model, implying hopping
activation of carriers when the M-I transition is crossover.

We have been interested in the LaNi;—,Ti,O3
(0.05 < x < %) mixed oxides and especially in the study of
physical properties of these materials in relation to the
mixed oxidation state on Ni cations.

This paper reports the synthesis, structural characteriza-
tion, and electrical and magnetic behavior of the
LaNi; _,Ti,O; compounds. Formally, for x = 0 only Ni®**
is present and for x = 3 this element is stabilized as Ni?*.

EXPERIMENTAL

The title oxides were prepared by the “liquid mix” tech-
nique (23). The synthesis of LaNi; _,Ti,O; (0.05 < x <3)
materials was carried out in air, starting from
La(NO3;);-6H,0, Ni(NO;), - 6H,0, and C;,H,05Ti (sup-
plied by Fluka, Panreac, and Merck, respectively). The
temperature employed in the synthesis ranged between 723
and 1073 K for several days, as described elsewhere (16).
During the thermal treatment, the samples were reground in
each step, and the process was monitored by X-ray diffrac-
tion until single and pure phases were obtained. The average
formal nickel valence, and hence the total oxygen content,
was determined using a standard iodometric technique.
Approximately 50 mg sample and an excess of KI were
stirred in 25 ml water; concentrated hydrochloric acid was
then added dropwise until the dissolution of all solids.
Several drops of starch indicator were added to the samples,
giving a dark-blue color. The samples were then titrated
to a yellow-clear endpoint using a standard thiosulfate
solution.

The X-ray diffraction patterns were recorded with a Phi-
lips X’Pert-MPD diffractometer with a PW 3050/00
goniometer, using Ni-filtered CuKo and 26 step size of 0.05°
with a counting time of 12.5 s for each step. The goniometer
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was connected to a PC controlled by the commercial pro-
gram PC-APD (Analytical Powder Diffraction Software,
4.0e).

Electrical conductivity measurements were registered on
pelletized samples sintered at 1073 K for 48 h in air, using
a d.c. four-probe apparatus according to the Van der Pauw
method (24). Colloidal platinum paint was used to make
contacts. Thermoelectric power S data were carried out by
means of a Keithley 195 A electrometer with an interval
impedance of 2 x 107 ohms. To measure e.m.f. (AV) a suffi-
cient delay, about 1 h, was allowed after applying the ther-
mal gradient (AT') to achieve stability before recording the
e.m.f. data.

Magnetic susceptibility data were measured with
a SQUID (Quantum Design, MPMS-XL model) with a sen-
sitivity of 10 '% emu, in the temperature range 2-300 K in
an applied field of 12000 Oe in the phases with x = 0.10 and
0.15, and of 1000 Oe in the more substituted phases.

RESULTS AND DISCUSSION
Compositional and Structural Characterization

Table 1 shows the Ni** concentration and the respective
stoichiometry for the LaNi, - Ti O3 series. As can be ob-
served, in general, all the samples analyzed have an oxygen
composition very close to the ideal one. The oxygen content
was calculated on the basis of the actual amounts of cations
in each sample.

The x = 0 phase (LaNiOj), was found to have a rhom-
bohedrically distorted perovskite-type structure, S.G. R3¢
(No. 167), whose hexagonal parameters are a = 5.446(1) A
and ¢ = 13.154(2) A, as was previously reported (17).

The diffraction data for the compounds with a titanium
content x < 0.15 were refined considering a rhombohedral
symmetry and the same space group R3c. This fact indicates
that for lower degrees of substitution the parent structure is
maintained. On the other hand, the X-ray diffraction pat-
terns for the compound with x > 0.20 were all indexed in an
orthorhombic unit cell. Table 2 compiles the crystal data
and the respective cell volumes for these phases. In all cases
the cell volume increases when the Ti concentration is

TABLE 2
Cell Parameters and Cell Volumes for LaNi,__ Ti O,
x ad)  bA cA  VAY) vrAy ¢ S.G.
0 5.446(1) 5446(1) 13.154(1) 3381 2252 0996 R3c
005 5460(1) 5460(1) 13.176(1) 3402 2268 0991 R3¢
0.10 5.468(1) 5.468(1) 13215(1) 3422 2282 0987 R3c
0.15 5480(1) 5480(1) 13252(2) 3446 2298 0983 R3c
020 5426(1) 5499(1) 7.762(1)  231.7 0.978  Pbum
025 5448(1) 5.519(1) 7.806(1) 2347 0974  Pbnm
030 5463(1) 5.530(1) 7.827(1) 236.5 0.970  Pbum
040 5457(1) 5553(1) 7.867(2) 2384 0.961 Pbnm
0.50 5.517(1) 5.550(1) 7.856(2)  240.6 0.953  Pbum

Note. V* is volume (in A3) corresponding to a hypothetical orthorhom-
bic cell, calculated from ay ~ by =~ ay; ¢ & (\/3/3)ch.

increased, as is depicted in Fig. 1 for V* (obtained from
a hypothetical orthorhombic cell, for better comparison) in
the 0 < x < 0.15 interval and for V' in the remaining com-
positions. This fact is in accordance with the medium size of
the cations which are located in the octahedral B sublattice
of these pervoskites: Ni** ions (0.56 AQ;) are being substituted
by Ti*" ions (0.605 A), and these ones lead to partial reduc-
tion from the first ones giving rise to the greater Ni*™* ions
(0.69 A). Thus, LaNi, -, Ti,O3 phases are structurally re-
lated to a perovskite-type, although with different symmetry
depending on the degree of x substitution. The evolution of
the crystal parameters and the adoption of a particular
symmetry could be explained taking into account the charge
and size of the involved cations, and these features are
compiled in the Goldschmidt factor (29),t [t = d (A—O)/ﬁ
d(B-0)], where d(A-O) and d(B-O) are the bond lengths
between both cations and oxygen anions. Table 2 also
shows the ¢ values for the title materials, obtained from the
Shannon ionic radii. As can be observed, the limit value of
t which drives the adoption of rhombohedral vs orthorhom-
bic symmetry seems to be higher than 0.98

Rietveld’s profile analysis method (25) was applied for
refinement of all members from X-ray results, and Figs. 2a
and 2b give the observed and calculated X-ray diffraction

TABLE 1 245
Iodometric Results for LaNi,_ Ti O, 240
Compound Stoichiomet Ni®* content X 25
poun oichiometry 1 conten <
S 230
0.05 LaNio 05Tio 0503 o 0.86 225
0.10 LaNig 00Tio.1002.08 0.75
0.15 LaNi ¢5Tip.1502.00 0.73 220 + ; ‘ ‘ ‘
0.20 LaNig g0Ti0.2003. 05 0.56 0 0.1 0.2 0.3 04 0.5 06
0.25 LaNi 75Tio 2503 o 0.455 N
0.30 LaNig 70Tip 3003.00 0.38
0.40 LaNi ¢0Tio 4003 o 0.15

FIG. 1. Variation of V* vs x for LaNi, -, Ti,O3.
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TABLE 3 .
Crystal Data, Atom Coordinates, and Bond Lengths (A)
for LaNig 40Ty 100;

a=b=5468(1), c = 13215(1) (A), S.G. R3¢

Atom Position X y z

La 6a 0 0 0.25

Ni/Ti 6b 0 0 0

O(1) 18e 0.462(2) 0 0.25

La-O 2.94(1) (Ni/T1)-O 1.936(1)x 2
2.52(1) 1.936(9) x 2
2.941(6) x 2 1.936(7)x 2
2.527(6) x 2
2.717(1) x 2
2.717(6) x 2 Mean 1.94
2.717(5) x 2 Shannon 1.97

Mean 2.73

Shannon (c.n. = 12) 2.76

profiles, the difference between them, and the allowed reflec-
tions for x = 0.10 and x = 0.50, respectively. In Table 3 the
crystal data, S.G., and the R-factors obtained in the refine-
ment for LaNig ¢gTiy 1003 are gathered, and the profile
agreement and the R-factors obtained seem to confirm the
validity of the proposed structural model. The most repre-
sentative bond lengths for this sample are given in the same
table. In these rhombohedral phases, each Ni/Ti atom is
surrounded by six equidistant O atoms, indicating that the
distortion within an Ni-O octahedron is very small. There
are three types of La-O distances for the rhombohedral
LaNig 0 Tig.1003, and they are equally separated by 0.20 A.
In the absence of a sharp discontinuity in the increasing
La-O distances, it would be proper to assign a coordination
number of 12 for the La ion. Comparison between the
values and the sums of Shannon ionic radii (26) seems to
indicate the reliability of the above assumptions.

It was suggested (27) that the rhombohedral distortion
can be viewed as a rotation of the octahedron around the
threefold axis by an angle w from the ideal perovskite
position. The angle of rotation w may be calculated from the
oxygen positions using @ = arctan (\/§ — x\/ﬁ); the
values of w calculated for 0.05, 0.10, and 0.15 are 8.03°, 7.48°,
and 7.60°, respectively, showing that the octahedral tilt
remains relatively large for the rhombohedral phase.

The agreement between the observed and calculated pro-
files is shown in Fig. 2b for the phase with x = 0.50, as an
example. These compounds were refined in the space group
Pbnm (No. 62), in a unit cell of size ﬁao X /2ay X 2a,. The
refined structural parameters for the phase LaNig sTiy 505
are listed in Table 4. In this case, titanium and nickel cations
were randomly distributed on the octahedral B sites of the
perovskite structure. However, as was suggested by Seinen
(28), in the case of an A,BB'Og type perovskite an ordering
of the B and B’ ions can occur whereby each BOg octahed-
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ron links six B'Og, and vice versa; this distribution is com-
patible with a monoclinic symmetry (whose parameters are
related to ideal perovskite as follows: |/2a, %X \/an X 2d,
and f ~ 90°). All reflections for LaNi, 5Tiy 503 could be
satisfactorily indexed in the space group P2,/n. The R-
factors (R, = 9.32, R, = 124, R.,, = 5.12, and Ry = 6.59)
are lightly higher than for the orthorhombic cell. For this
reason we think that the Pbnm space group is more ad-
equate for describing the compound structure. To study the
distortion within a Ni-O octahedron, the interatomic dis-
tances have been calculated and are also listed in Table 4.
There are three different Ni-O distances in the octahedron
and, as can be seen, the distortion within an Ni-O octahed-
ron is rather considerable, although the average of the three
distances that agree with the Shannon ionic radii seems to
indicate the reliability of the above assumptions. The values
of the La-O interatomic distances vary over a wide range,
indicating that the La-O polyhedron is quite distorted. An
inspection of the twelve bond lengths shows a discontinuity
in the increasing distances, and a division between the eight
first-nearest and the four second-nearest oxygen atoms can
be made. This discontinuity suggests that it would be a good
approximation to assign coordination number eight to La
and its polyhedron can be described as a bicapped trigonal
prism. The bond distances agree with the sums of the ionic
radii given by Shannon (Table 4). Therefore, the coordina-
tion number of La decreases from 12 in the aristotype to
eight. The void is reduced in size by tilting of the octahedra.
Values of the Ni/Ti—-O-Ni/Ti angle can be used to study the
octahedral tilt; these values are included in Table 4 and are
significantly different from the ideal angle of 180° by
~15.4°, showing that the octahedral tilt is relatively large.

TABLE 4 .
Crystal Data, Atom Coordinates, and Bond Lengths (A)
for LaNi,5,Tiy50;

a=5517(1), b = 5.551(1), ¢ = 7.856(2) (A), S.G. Pbnm

Atom Position X y z
La 4c —0.0048(9) 0.0206(4) 0.25
Ni/Ti 4b 0.5 0 0
o(1) 8d 0.281(5) 0.249(6) 0.036(3)
0(2) 4c¢ 0.02(1) 0.499(3) 0.25
La-O(1) 2.62(3) x 2 (Ni/Ti)-O(1) 1.85(3)x 2
2.56(3) x 2.10(3) x 2
2.84(3) x (Ni/Ti)-O(2) 1.970(5) x 2
3.10(3) x
La-0O(2) 2.89(2)
2.66(2) Mean 1.97
2.89(7) Shannon 2.05
2.62(7)
Ni/Ti-O1-Ni/Ti (4) 161.6°
Mean 2.66 Ni/Ti-O2-Ni/Ti (2) 170.6°
Shannon (c.n. = 8) 2.56 (Ni/Ti-O-Ni/Ti) 164.6°
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Conductivity Measurements

The electronic conductivity variation with temperature
for the LaNi, _,Ti,O5; mixed oxides has been measured in
the 300-975 K temperature range. Figure 3 shows the vari-
ation of ¢ vs T. It can be observed that the electronic
conductivity depends sensibly on the degree of substitution,
x. For the more substituted phases (x = 0.40 and 0.50), the
conductivity varies exponentially with the temperature (Fig.
3c), whereas in the intermediate ones (x =0.25 and
x = 0.30) the conductivity is practically temperature-inde-
pendent (Fig. 3b). And finally, for lower titanium contents
(x £0.20), a metallic behavior is observed (Fig. 3a), as
occurs in the nondoped material, LaNiO;.

Therefore, the LaNi, — \ Ti,O5 systems, shows an interest-
ing metal-insulator (M-I) transition that depends basically
on the composition. This behavior seems to be associated
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FIG. 3. Variation of ¢ vs T for LaNi; _,Ti O3 in the 300-975 K range.
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with a transition from collective to localized electrons as the
x value is increased, 0.25 being the critical value for such
transition. Moreover, to analyze the temperature influence
on the conductivity, Fig. 4 shows experimental values in the
77-300 K range for x = 0.10 and x = 0.30 samples. In the
x = 0.10 sample, a similar behavior to that described above
is observed, whereas in the x = 0.30 material the M-I
transition is noticeable around 140 K.

In this sense, LaNiO; (x =0) is well known to behave as
a metal down to 0.4 K (10). For the 0.05 < x < 0.20 phases,
an analogous metallic behavior is observed, although the
resistivity values obtained at room temperature are relat-
ively high for a metal (p ~ 1072 Qcm, compared with
~1073Q cm in pure LaNiO3), and this fact could be inter-
preted in terms of an important electronic correlation from
that temperature.

For the next compositions, x = 0.25 and x = 0.30, an
almost linear dependence between temperature and con-
ductivity is observed and experimental data on conductivity
can be fitted to a power-law equation of the type o(T) =
00(0) + 0, T* with o =0.95 for both compositions, o, =
0.028 and 0.021 (S cm ~* K ~#) for 0.25 and 0.30, respectively.
This kind of linear variation of the conductivity with tem-
perature is not very usual in mixed oxides, although it has
been previously described in some cases (8). This general
behavior takes place in systems that show on M-I transition
controlled by the composition, usually for the phase whose
composition is close to the transition. On the other hand,
the conductivity values obtained for the phases with higher
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titanium content (x > 0.30) cannot be fitted to a power-law.
The dependence between temperature and conductivity for
these phases (0.40 < x < 0.50) is characteristic of semicon-
ductor materials; the conductivity data for them were fitted
to an exponential law as ¢ = (4/T) exp (— E,/kT), which is
usually attributed to a small polaron hopping mechanism,
where E, is the activation energy related to the hopping
process, A the pre-exponential factor, k the Boltzmann
constant, and T the absolute temperature. Figure 5 shows
the linear variation of In(¢T) vs T~ ! for these phases, which
agrees well with the above assumption and supports the
validity of a small polaron hopping model for the electronic
transport process in these materials, for which the respective
activation energy values are of the same order.

The variation of the Seebeck coefficient with temperature
has been measured for some of the title compounds between
300 and 923 K, in order to evaluate both the predominant
activation process (mobility or carrier concentration) and
the sign of the main charge carriers.

Some examples of the variation of the Seebeck coefficient
with inverse temperature (x = 0.10 and 0.50) are depicted in
Fig. 6. For the composition interval 0.05 < x < 0.30 nega-
tive values of this coefficient have been obtained, suggesting
that the conduction process is mainly due to electrons. The
absolute values of the Seebeck coefficient slowly increase
with temperature for x = 0.10. This fact, together with the
small values that are measured (lower than 30 nV/K), is
characteristic of materials near metallic behavior (30). In
contrast, for the composition with x = 0.50, positive values
were always found in the whole temperature range, which
are indicative that holes are the main charge carriers. These
results seem to be related to the Ni?*/Ni** relative
amounts in the respective compounds (from x > 0.30 there
is a clear majority of Ni>*). When Ni?* content predomi-
nates in the samples the electrons are more localized on the
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FIG. 5. Variation of IngT vs T~ ! for x = 0.40 and x = 0.50 in the
300-950 K range.
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cations and charge transport is mainly due to polarons
which consist of trapped electrons. On the other hand, the
nearly temperature independent behavior of the Seebeck
coefficient, for the more substituted phases, is in good agree-
ment with a small polarons hopping mechanism mainly
driven by mobility activation and with a charge concentra-
tion that is almost constant.

The above results allow us to conclude that in the
LaNi, -, Ti,O5 series a composition-driven M-I transition
takes place, and it is mainly governed by the relative
amounts of Ni2*/Ni3*,

Magnetic Characterization

Figure 7 shows the variation of magnetic susceptibility
with temperature (in the 2 and 300 K range) for three
compositions that are representative of the general behavior
of the system LaNi;_,Ti,O;. The applied magnetic field
was 12000 Oe for x < 0.15 and 1000 Oe for the more sub-
stituted materials, x > 0.20. A nearly temperature-independent
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FIG. 7. Variation of the magnetic susceptibility vs temperature for
LaNi, _,Ti,O5 (x = 0.15 (O), 0.30 (@), and 0.50 (OJ)).
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TABLE 5
Observed and Calculated Magnetic Moments in
the Paramagnetic Part

X % NPT AT (K) peus (MB) o (MBY peqs) (MBP 0 (K)
0.05 90 4.2-50 3.73 0.39 1.76 —13.3

0.10 80 4.2-60 3.58 0.41 1.79 —10.86
0.15 70 4.2-40 342 0.42 1.82 —10.22
0.20 60 4.2-40 3.25 0.66 1.84 —29.01
0.25 50 4.2-100 3.08 0.69 1.87 —18.56
0.30 40 4.2-100 2.90 0.70 1.90 —5.01
0.40 20 4.2-100 2.49 0.75 1.95 —1.57
0.50 0 4.2-100 2.00 0.93 2.00 —3.95

“Temperature range utilized for the fit.

"Magnetic moment calculated from the Curie constant considering high-
spin (HS) and low-spin (LS) for the Ni** ion.

‘Magnetic moment and Weiss constant obtained from the Curie-Weiss
law fit.

variation can be observed above 150 K, and this fact
seems to be related to the existence of an important elec-
tronic delocalization in the system. Below ~150K,
a marked enhancement of susceptibility values with decreas-
ing temperature is seen, which is more marked as x in-
creases, and this confirms that an electronic localization
becomes progressive. Similar results were previously re-
ported for related systems and in the LaNiO; phase.

The susceptibility data below 100K were fitted to
a Curie-Weiss behavior, and the experimental and cal-
culated (for high-spin and low-spin, of Ni** ions) magnetic
moments are gathered in Table 5 for the title compounds. It
is observed that experimental effective moments are notably
lower than those expected for the contribution of isolated
paramagnetic cations Ni?* or Ni**, suggesting the metallic
character of these systems. The same behavior was reported
for the parent compound, LaNiOj;, for which the magnetic
moment value was 0.17 BM.

LaNig 5Tig 503
1200 03
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= 400 T 041
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FIG. 8. Variation of the y,,T and 3! for LaNij 50Tig.5003.
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The thermal evolution of the y,T and y ' for

LaNigy 5Tig.5sO3 is shown in Fig. 8. The continual decrease
observed in the y,, T vs T curve is indicative of the presence
of an antiferromagnetic ordering, with a Neél temperature
value at around 100 K (31).

Therefore, we can conclude that LaNi, _,Ti,O5 perov-
skite-type phases show a magnetic behavior in which the
electronic localization is controlled by composition, as oc-
curs in related systems.
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