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Structural characterization and electronic properties of the
LaNi,4sM, 0sO; (M = Mo, W, Sb, Ti, Cu, Zn) perovskite-like
system are reported. These compounds can be regarded as being
derived from LaNiO; by partial substitution of Ni** in this
material by M®*, M**, M**, or M** formal cations, with a par-
tial reduction of Ni** to Ni** taking place. X-ray powder diffrac-
tion data were analyzed by means of the Rietveld method and
show that all the title materials present perovskite-type structure
with a rhombohedral (S.G. R3c) or orthorhombic (S.G. Pbnm)
symmetry, depending on the nature of the M cation. In all cases,
Ni and M cations are placed at random in octahedral B-sites of
perovskite structure. Electrical resistivity measurements (four
probe method) show metal-to-insulator (M-I) transitions for
M=Mo, W, Ti, Cu, Zn at temperatures of about 50 K and
a semiconductor behavior for the Sb sample in the whole temper-
ature range explored. Magnetic susceptibility measurements
show the presence of weak ferromagnetic interactions for M = Sb
and Pauli paramagnetism for the remaining compounds. © 1998

Academic Press

INTRODUCTION

Over the past several years, LaNiO; oxide, known to
have a rhombohedrically distorted perovskite structure, and
some derived systems have generated considerable interest.
It has been shown that correlation effects are decisive in the
magnetic (Pauli paramagnetism with Stoner enhancement)
and electrical (correlated metal with a quadratic dependence
between resistivity and temperature at low temperatures)
behavior of this material (1, 2). In this context, some systems
derived from LaNiOj, such as RNiOj; (R =rare earth)
(3,4), LaNi; - .M,O;3 (M = Cr, Mn, Fe, Co, Cu, Sb) (5-8),
R, _ M /NiO; (M = Sr, Th) (9), La,+(Ni,O3,+; (10), and
A.La; _ Ni; - ,M,05 (M = Fe, Cr, Co, Mn, W, Te) (11) have
been extensively studied. In some of them, composition-,
temperature-, and structure-driven M-I transitions have
been reported. In the cases in which Ni cations are present
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in mixed-valent state, electrical and magnetic properties
could be qualitatively related to the relative amounts
of Ni** and Ni*", taking into account the probability of
antiferro- or ferromagnetic interactions and the evolution of
electronic localization in the systems. Therefore, both struc-
tural aspects and electronic correlation effects seem to be
responsible for the observed behavior. We have previously
reported structural and electronic results for the LaNi; _,
W.Oj; system (12, 13) in which temperature- and composi-
tion-driven M-I transitions have been observed. Taking
into account the composition effect, a M-I transition at
x > 0.10 was found. On the other hand, for the less doped
material, x = 0.05, a M-I transition governed by temper-
ature was detected at about 50 K. In this work we concen-
trate in the doping of LaNiO; system in the perovskite
B-sublattice with cations of different charges and sizes,
maintaining the substitution degree of 5%. In this sense, our
aim has been focused on the study of structural and electri-
cal features of the title compounds, the comparison of re-
sults with those of the nondoped phase, and the
establishment of the most important parameters which
drive the observed physical phenomena.

EXPERIMENTAL

The LaNig gsM.05s03(M = Mo, W, Sb, Ti, Cu, Zn) ma-
terials were prepared by the solgel method starting from
stoichiometric amounts of La(NO3);-6H,O, Ni(NO3),-
6H,0, WO, Sb,0;, TiO,, Cu(NO;), - 3H,0 and Zn(NOy),
4H,0 at temperatures ranging between 1173 and 1223 K for
several days. The details of the synthesis method can be
found in Ref. (6). During the thermal treatment, the samples
were regrinded in each step and the process was monitored
by X-ray powder diffraction until single phases were ob-
tained. The X-ray diffraction patterns were recorded using
a Philips X’Pert MPD diffractometer with a D-5000
(3051/00) goniometer. A step scan of 0.04 and a counting
time of 15s per step were employed. The goniometer was
connected to a PC controlled by the commercial program
PC-APD (Analytical Powder Diffraction Software, 4.0). The
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TABLE 1
Ni** Concentration and Stoichiometry of the Title Compounds
Comp., M z* 0.95-z¢ Stoichiometry
Ti 0.86 0.09 LaNig.04Ti0.0507.06
Cu 0.92 0.03 LaNig.05Cu0.0502.06
Zn 0.92 0.03 LaNip.95Zn0.050,.06

“z is the Ni** percentage per one and (0.95-z) is the Ni** percentage
per one.

data were analyzed by the Rietveld method by means of the
Fullprof program (14).

For the electronic resistivity measurements, pelletized
samples were sintered at temperatures somewhat lower than
the respective synthesis temperatures in order to assure the
thermal stability of the sample. Pycnometric measurements
showed that, for all the samples, the densities were greater
than 90% of the crystallographic values. Electronic resistiv-
ity was measured using the Van der Pauw method (15),
which avoids the contact effects. Contacts were made by
covering the circular faces of the sample pellets with plati-
num paint.

The magnetic susceptibility measurements were done us-
ing a DSMS8 pendulum susceptometer based on the Faraday
method. The maximum applied magnetic field was 15 kG
with H(dH/dz) = 29kG?-cm ™ '. The equipment was calib-
rated with Hg(Co(SCN),) and Gd,(SO,); - 8H,0, with y in-
dependent of the field in the temperature range of

TABLE 2
Crystal Data and R factors for LaNijgsZn,4sO;
Atom Position X y z
La 6a 0 0 0.25
Ni/Zn 6b 0 0 0
0 184 —0.543(2) 0 0.25

13.165(1) (A) space group = R3¢ (No. 167)
R,,=155 Ry=84 z2=88

measurements. The magnetic susceptibility data have been
corrected taking into account the ionic diamagnetic contri-
bution from

Ref. (16).

RESULTS AND DISCUSSION
1. Compositional and Structural Characterizations

Table 1 shows the Ni** concentration and stoichiometry
for some of the title compounds obtained by iodometric
titration. In general, good agreement between the expected
and the observed oxygen contents can be observed.

X-ray diffraction data for the title compounds were ana-
lyzed by means of the Rietveld method and they show
a perovskite-type structure for all compounds. However, the
observed symmetry is rhombohedral (S.G. R3c¢) for M = Ti,
Cu, Zn, while the M = Mo, W, Sb samples show an orthor-
hombic symmetry. As an example, Fig. 1 shows the ob-
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FIG. 1.

Observed (dotted line), calculated (solid line), and difference (vertical marks) X-ray diffraction profiles for LaNij ¢5Zn¢ ¢5O3.
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TAOBLE 3
Bond Distances (A) for LaNigosZngsO;

La-O 2.96(1) (Ni/Zn)-O 1.934(1)x 2
2.49(1) 1.934(8) x 2
2.964(5) x 2 1.934(7)x 2
2.493(5) x 2 Mean 1.934
2.711(1)x 2 Shannon 1.96
2711(5) x 2
2.711(6) x 2

Mean 2.72

Shannon 2.76

served and calculated X-ray diffraction profiles and the
difference between them and the allowed reflections for the
rhombohedral phase with M = Zn. The crystallographic
data for the orthorhombic oxides can be found elsewhere
(12). In Table 2 the crystal data and the R-factors obtained
in this refinement are gathered. The agreement of the pro-
files and the R-factors obtained seem to confirm the validity
of the proposed structural model. The most representative
bond lengths for the Zn compound are given in Table 3. The
mean values and the sums of the Shannon ionic radii (17)
are also included and, as can be observed, they agree reason-
ably.

The results showing the evolution of cell parameters and
cell volume for the LaNig¢sM, o503 mixed oxides are
compiled in Table 4. The evolution of these crystal para-
meters and the adoption of rhombohedral or orthorhombic
symmetry can be explained taking into account charge and
size parameters of each cation involved, and these features
are compiled in the Goldschmidt factor (18), ¢ (t = d(A—O)/
\/§ -d(B-0O), where d(A-O) and d(B-O) are the bond
lengths between cations in the A or B sublattice, respective-
ly, and the oxygen anions. This ¢ factor has been used
extensively to explain and predict the adopted symmetry in
materials with perovskite-type structure. Table 5 shows the
t values for the title materials, obtained taking into account
the stoichiometries found from chemical analysis and ionic

TABLE 4
Cell Parameters and Cell Volume for LaNijsM,sO3
M a(A) b (A) c(A) V (A3)
w 5.419(2) 5.494(2) 7.699(4) 229.2
Mo 5.451(4) 5.471(2) 7.752(5) 231.2
Sb 5.403(4) 5.483(1) 7.750(1) 229.6
— 5.446(1) 13.154(1) 338.1
Ti 5.451(1) 13.149(1) 338.3
Cu 5.437(1) 13.085(1) 335.0
Zn 5.458(1) 13.165(1) 339.6

“Values for the reference sample, LaNiO3.

TABLE 5

t Values and Mean Size of M/Ni Cations for the Title Oxides
Compound Tmean (/&)“ tb
LaNiO; 0.56 0.996
LaNi3 §,Ni3 63Zn3 550,06 0.573 0.989
LaNi3 5,Ni3 53Cu3 505,06 0.572 0.989
LaNi3 5sNi2 % Tid 0, o- 0.575 0.988
LaNig 50Ni§ 1 sW§ 5503 0.581 0.985
LaNip 5sNi3 1 ,M0§ 550,90 0.581 0.985
LaNi2 5, Ni2 % Sb3 5505 o6 0.585 0.983
NdNiO3 0.56 0.963

“Mean values of ionic radii for cations located at B-sites of perovskite
structure.
bValues obtained considering coordination XII for the La** cation.

radii from Shannon (17). The corresponding values for
LaNiO; (rhombohedral) and NdNiO; (orthorhombic) are
included for clarity in understanding the present data. As
can be observed, the limit value of t which drives the
adoption of rhombohedral-vs-orthorhombic symmetry
seems to be 0.988. On the other hand, the cell-volume data
in Table 4 are in good agreement with the mean sizes of the
cations concerned in each case.

In summary, from the above structural results, we can
conclude that LaNig ¢sMy 503 compounds have perov-
skite-type structures with rhombohedral or orthorhombic
symmetry in which both Ni and M cations are placed at
random in the octahedral B-sites.

2. Conductivity Measurements

The electronic conductivity variation with temperature
for the LaNi,y gsMg o5sO5 mixed oxides has been measured
in the 5-300K temperature range (in some cases the
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FIG. 2. Resistivity variation with temperature for LaNi; - .M, O;.
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FIG. 3. Resistivity variation with temperature for M = (a) W, (b) Mo, (c) Ti, (d) Cu, and (e) Zn.
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TABLE 6
Fit Parameters Following Eq. [1] for LaNijosM; 0503
Comp. p, (mQ-cm) B (mQ-cm/K) 4 (mQ-cm/K?)  DT* r2b
LaNiO; 0.5 0 0.034 4.2-55 —
M=W 0.6 —02 0.006 50-150 0.991
M = Mo 0.9 0.3 0.007 50-200 0.999
M =Ti 0.9 —20 0.050 5-55 0.988
M = Cu 1.1 —4.0 0.040 60-140 0.998
M =7Zn 0.2 —0.1 0.004 5-150 0.989

“Temperature range considered in the fit.
by-factor expressing the goodness of the regression (ideally equal to 1).

temperature region explored has been extended to 400 K by
the four probe method. Fig. 2 shows the resistivity variation
with temperature for the title compounds. It can be deduced
from this graph that all these oxides except the Sb-contain-
ing one behave as metals, i.e., resistivity increases when
temperature is increased. As has been reported earlier (11),
the observed behavior in the Sb compound could be ex-
plained as a consequence of the electronic features of this
cation: the absence of d-orbitals can provoke the frustration
of metallic properties, i.e., the orbital overlapping is less
effective when orbitals with very different symmetry and
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FIG. 4. Experimental and calculated (from Eq. [1]) resistivity vs tem-
perature data for (a) M = W and (b) M = Cu.

317

0.00066 T
0.00065 -
0.00064 - *

0.00063 7. *

p (Q2.cm)

0.00062 + ¢

0.00061 1 . .

0.0006 ‘.

0.00059

0 20 40 60 80 100 120 140
T(K)

0.000965 T
0.00096 +
0.000955 + .
0.00095 + .

E 0.000945 | .

S 000094 .

2 0.000935 +
0.00093 + .
0.000925 | . .
0.00092 + . .
0.000915 1 . b)
0.00091

0 20 40 60 80 100
FIG. 5. M-I transition for (a) M = W and (b) M = Mo.

energy are concerned, and this gives rise to narrower bands
or localized levels, which prevent the stabilization of metal-
lic properties.

To demonstrate in detail the resistivity variation with
temperature for the metallic phases, Fig. 3 shows the graphs
corresponding to M = W, Mo, Ti, Cu, Zn. It can be ob-
served that this variation deviates from linearity below
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FIG. 6. Dependence of t with Ni** and Ni?* relative concentrations.



318

00 [

200

T (K)

100 =

FIG. 7. Variation of T, and T, (see text) with t.

a certain temperature ranging between 200 and 125K, de-
pending on the sample. This behavior is similar to that
found for the LaNiO; material, for which a quadratic de-
pendence below 55K has been established. This fact has
previously been attributed to important electronic correla-
tions between 3d electrons in a quarter-filled e,-type band
(2, 3). In this sense, LaNiy g5Mg 0503 mixed oxides show
a similar behavior at higher temperatures whereas at low
temperatures metal-insulator transitions (M-I), which can
be related to the increase in electronic correlations as a con-
sequence of doping, are detected.
The experimental data fit, in different temperature ranges
depending on the sample, the following equation:
p(T)=po+B- T+ AT [1]
Table 6 shows the obtained parameters for every fit and
the temperature range considered in each case. It can be
observed that the obtained values for the constants p,, A4,
and B are of the same order as those of the LaNiO; phase.
As representative example, Figs. 4a and 4b show the experi-
mental and calculated data from the fit for the W and Cu

TABLE 7

T., T, and ¢ Values (See Text) for LalNijosM4sO;
Compound t T, (K) T (K)
LaNiO; 0.996 — ~ 200
M=W 0.985 ~ 60 ~ 150
M = Mo 0.985 ~ 40 ~ 150
M = Sb 0.983 — —
M =Ti 0.988 — ~ 125
M = Cu 0.989 ~ 50 ~ 175
M =7Zn 0.993 — ~ 150
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phases respectively; at still lower temperatures, a M-I
transition is observed, as illustrated in Figs. 5a and 5b for
the W and Mo phases, respectively. These results can be
explained in terms of the electronic localization present in
each case as a function of (i) structural parameters related to
the respective Ni® */Ni?* concentrations and summarized in
the t factor, and (i) the temperature. Let us analyze each
feature in turn.

(1) Figure 6 shows the dependence of the tolerance factor
t (as described above) with Ni** and Ni*" relative concen-
trations. Having in mind the band model proposed for
RNiOj; (3) and LaNi; -, W,O; (13), in which the electrical
behavior is driven by the parameters W (band width) and
A (energy difference between oxygen 2p orbitals and metallic
empty 3d orbitals), it seems that in the LaNiy g5M 0503
system, W significantly decreases as Ni*" concentration
increases and ¢t becomes lower, at least at the temperature
range explored. The limit values of both parameters are
[Ni2*]/[Ni**] = 0.03 and t = 0.994. For lower Ni** con-
centrations and higher ¢ values, metallic behavior is ob-
served (this is the case of the not-doped sample, LaNiOj),
whereas for the opposite case, M—I transitions are obtained.
Finally, for [Ni**]/[Ni**]~0.25 and t < 0.983, semicon-
ductor behavior is obtained in the whole temperature range
explored (this is the case of the Sb compound).

(i1) Figure 7 shows the variation of two important temper-
ature parameters, T, (M-I transition temperature) and T,
(below which a nonlinear variation of resistivity with tem-
perature is observed) with the tolerance factor t. These
temperatures are gathered in Table 7 for clarity. It can be
observed that all materials behave as metallic above 125K
for any t value, i.e., for any symmetry. At limit ¢ values,
unequivocal behavior is obtained: for t~0.983 (M = Sb)
only an I (insulator) behavior is detected, while for t ~0.996
(LaNiQO3;), metallicity is observed. The remaining phases
show M-I transitions as a function of temperature, as has
been evidenced in the Mo, W, and Cu samples. For the Ti
and Zn phases, a similar behavior, could be expected, but
the experimental data registered over wide temperature
ranges do not allow definitive conclusions in this respect
(such a possibility is indicated in Fig. 7 by discontinuous
lines).

In contrast, Fig. 8 shows the variation of molar magnetic
susceptibility vs temperature for the title materials between
4.2 and 300K. The M?**-doped samples (with Cu and Zn)
present a behavior different than that obtained for the Sb
and W phases. In the Sb and W oxides, magnetic suscepti-
bility is practically independent of temperature above ~ 80
and 150K, respectively. Below these points, a marked in-
crease is observed and could be interpreted considering
ferromagnetic interactions, as discussed in the literature
(19,20). The Cu and Zn samples behave practically as
LaNiOs;. For these materials, Pauli susceptibilities at 300 K
of 41x107% 48x10"% and 5.1x10"% emu-mol !,
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FIG.8. Molar magnetic susceptibility vs temperature for LaNi; - .M ,Os3.

respectively, are found. These results indicate that magnetic
properties of the reference material, LaNiOj, are not
changed by the doping with 5% of Cu or Zn.

However, at temperatures below ~ 50K (thus below T)),
magnetic susceptibility for LaNij ¢5Cuq 9503 varies anom-
alously with temperature: y,, values tend to zero at very low
temperatures. Taking into account the obtained resistivity
data, the possibility of superconductor behavior can be
neglected. In this sense, the observed response can be ex-
plained in relation to the presence of small amounts of the
extensively studied La,CuOy, (21), which shows a supercon-
ductor property below ~ 50 K (depending on the oxygen
content).

In summary, the magnetic behavior shown by the title
materials is probably related to a limit value of [Ni**]/
[Ni**], which would drive the probability of antiferro- or
ferromagnetic interactions. In this sense, it seems that below
this value, magnetic interactions are not present or not
detected.
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