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ABSTRACT: The synthesis of materials in the Laz_x(CeSr)ernDpNiTiO,s_& series (where »
[] denotes vacancies, with m, n, and p ranging from 0 to 0.2, and x = 2m + n + p taking :}
values of 0.4 and 0.6) was attempted using a modified Pechini method. A comprehensive i
chemical, structural, and microstructural characterization was carried out using X-ray
diffraction (conventional and synchrotron), neutron powder diffraction, selected area
electron diffraction, high-resolution transmission electron microscopy, and X-ray absorption
spectroscopy. The results highlight that single-phase samples are obtained for compositions
with low cerium and low vacancy contents (m < 0.1 and p < 0.1). The structural study
reveals that the compounds present monoclinic symmetry, space groups P2,/n or P2;, with 100
Ni and Ti cations exhibiting different degrees of disorder or short-range order, influenced by

the existence of A-site vacancies and the contents of Ce*" and Sr** ions. The magnetic behavior is closely related to the cationic
disorder at the B-site. The presence of antisite defects and short-range Ni—O—Ni interactions contribute to a lack of three-
dimensional antiferromagnetic ordering, probably forming instead of random Ni** antiferromagnetic clusters at low temperatures.
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B INTRODUCTION

Perovskite oxides, with general formula ABOj;, constitute a very
versatile and easily controllable family of compounds, from both
the structural and chemical points of view.' The structure
accommodates a large variety of metal ions with varying
oxidation states, and the oxide sublattice tolerates a considerable
concentration of vacancies. These characteristics allow tuning of
the properties of perovskite to a large extent. With respect to
solid oxide fuel cell and electrolysis applications, which are
among our research topics, perovskites exhibiting both mixed
ionic-electronic conductivity (MIEC) and high catalytic activity
are of considerable interest as electrode materials.”~* A simple
strategy to enhance electronic conductivity is to induce mixed
oxidation states in the B-site ions, while ionic-oxide conduction
can be improved by creating anionic vacancies. These effects can
be achieved by suitable aliovalent substitutions at the A- or B-
sites of the perovskite structure.

Among the huge variety of perovskites, LaNiOj-related
compounds doped with various metals have attracted
considerable attention as potential candidates for SOFC
cathode materials due to their high electronic conductivity.”®
However, they exhibit low thermodynamic stability and
decompose to La,NiO, and NiO at high temperature and/or
reducing conditions.”® Stability can be improved by partial
substitution of Ni by other less noble metals, such as Cr, Mn, Ti,
and Ga.” Other approaches to solve stability problems are the
creation of vacancies on the A-site,"°~"* the substitution of La by
Ce,">™*" and the more elaborate strategy used in the present

© 2025 The Authors. Published by
American Chemical Society

WACS Publications

work of codoping with Sr and Ce combined with deficiency in
the A-site.

Very often, materials intended for a given application show
interesting properties of a different nature; in this connection,
among the materials we studied for SOFC/SOEC application,
we found multiferroic compounds,””** catalysts for water
splitting,23 and interesting magnetic properties.”* "

Thus, in the present work, we present the study of compounds
derived from La,_,NiTiO4 5 (0 <x <0.2)*" by codoping with Sr
and Ce according with the idea that 2La*" ~ Ce* + Sr** from
both the geometrical and the electrical points of view. The
occupation of the perovskite A-site by up to four species (La*",
Sr**, Ce*, and vacancies), together with the presence of two
different ions in the B-sites, means that these compounds could
be considered as high-entropy oxides (HEO). However, their
configurational nominal entropies (Sconﬁg) are in the range
(1.30—1.40) R (R being the ideal gas constant) that is slightly
below 1.50 R, usually accepted as the lowest value for real
HEOs.””*" However, the actual structure of materials usually
results in an S, significantly different from the nominal

31
ones.

Received: August 18, 2025
Revised:  October 1, 2025
Accepted: October 3, 2025
Published: November 18, 2025

https://doi.org/10.1021/acs.jpcc.5c05743
J. Phys. Chem. C 2025, 129, 21183-21196


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Teresa+Azcondo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mercedes+Yuste"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandro+Go%CC%81mez-Pe%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clemens+Ritter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A%CC%81lvaro+Mun%CC%83oz+Noval"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julio+Romero+de+Paz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julio+Romero+de+Paz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khalid+Boulahya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Flaviano+Garci%CC%81a-Alvarado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ulises+Amador"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.5c05743&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/129/47?ref=pdf
https://pubs.acs.org/toc/jpccck/129/47?ref=pdf
https://pubs.acs.org/toc/jpccck/129/47?ref=pdf
https://pubs.acs.org/toc/jpccck/129/47?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c05743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

A detailed chemical, structural, and microstructural character-
ization, using X-ray (conventional and synchrotron), neutron
powder diffraction, selected area electron diffraction, high-
resolution transmission electron microscopy, and X-ray
absorption spectroscopy has been performed. Finally, we
performed a thorough magnetic characterization of two
compounds obtained as pure phases in order to, with the
previous magnetic studies carried out in the La, NiTiO4 ;"
and La,_ Sr,NiTiO4 > series, determine what influence the
compositions in sites A and B have on the magnetic behavior of
all these perovskites.

B EXPERIMENTAL SECTION

Sample Preparation. To favor cosubstitution of La by Ce
and Sr and to ensure the homogeneity of the samples, the
synthesis of materials of the Laz_x(CeSr)erV,E]pNiTiOM series
(where [] denotes vacancies, with m, 1, and p ranging from 0 to
0.2, and x = 2m + n + p taking values of 0.4 and 0.6) was carried
out using a modified sol—gel method. Besides, samples of
compositions La; g,Sr;,0NiTiOg4.5and La; gsNiTiOg_; previously
reported””*” were prepared for comparison. Approximately 10 g
of each composition was prepared by dissolving stoichiometric
amounts of high-purity Ni (Aldrich 99.99%), La,O; (Alfa Aesar,
99.9%), SrCO; Aldrich 99.9%), and Ce(NO;), (99.9% Aldrich)
in ca. 20 mL of hot nitric acid (Panreac 66%), before adding 50
mL of distilled water. Citric acid was subsequently added in a 3:1
molar ratio of citric acid:metal ions under conditions of constant
heating and vigorous stirring. This citric acid-to-metal ion ratio
favors homogeneous distribution of metals through the solution
by the formation of chelate-complexes Metal(Acetate);. Since
there are very few nonhydrolyzable water-soluble salts of
titanium,”” finely divided insoluble TiO, powder (anatase,
Aldrich 99.9%) was then added, obtaining a homogeneous
suspension. Once the volume had reduced by half, 3 mL of
diethylene glycol was added to promote polymerization. The
resulting solid resin was cooled to room temperature and milled
in an agate mortar, and the powder was burnt at 1073 K to
remove the organic matter. After milling and homogenization,
the resulting powder was fired at 1773 K for 24 h, cooling down
to room temperature at ~2 K min~".

Characterization Techniques. Sample purity was deter-
mined by powder X-ray diffraction (XRD) on a Bruker D8 high-
resolution diffractometer equipped with a solid-state position
sensitive rapid LynxEye detector (PSD) using monochromatic
CuK,; (4 = 1.5406 A) radiation obtained with a germanium
primary monochromator. The angular range, step size, and
counting times were selected to ensure the required data quality
and resolution for structural refinement.

The chemical composition of the samples was determined by
electron-dispersive spectroscopy (EDS) using an EDAX
detector on an FEI XL30 scanning microscope by analyzing
about 20 grains of every sample.

Synchrotron radiation high-resolution powder X-ray diffrac-
tion (SR-HRPD) patterns were collected on the SpLine Spanish
CRG beamline BM25A at the European Synchrotron Radiation
Facility (ESRF), Grenoble (France). The monochromator is a
pseudochannel cut with two fixed Si(111) crystals moved
together by a simple goniometer circle, in the (—n,+n)
configuration. The first monochromator crystal is ethanol-
cooled, while the second crystal is kept at room temperature.
The second crystal is equipped with a piezoelectric driver that
allows very slight changes in the Bragg angle (pitch adjustment)
in order to reduce the harmonic content of the beam, if

necessary, and to keep the transmission of the monochromator
constant during long-time intervals. Also, a bender curves
sagittally the second crystal in order to focus the beam at the
sample position.”* The sample was finely ground and loaded
into a 0.4 mm diameter borosilicate capillary mounted on a
spinning goniometer. Room-temperature data were collected in
a continuous 26-scan mode from 7° to 48° using an incident
wavelength of 0.62100(6) A (calibrated with NIST SRM 640c
silicon powder; a = 5.431195(9) A). The counts from the
different channels were rebinned to produce an equivalent
normalized step scan of 0.01 step intervals, with a count time of 1
S per step.

Neutron powder diffraction (NPD) experiments at room
temperature were performed on two different apparatuses at the
Institute Laue-Langevin: on the high-resolution diffractometer
D2B, a monochromatic beam of wavelength 1.5940 A was
selected with a Ge monochromator from the primary beam, the
divergence of which was defined by an additional 10" collimator
to increase the instrumental resolution whereas on DI1B, a
monochromatic beam of 1.2902 A was used. The instrumental
contribution to line broadening and the precise determination of
wavelengths were evaluated using NIST standard samples of
Na,Ca;ALF,, and Si, respectively. Structural refinements were
carried out by the Rietveld method using the FullProf program™
by joint fitting of SR-HRPD and NPD data. The neutron
scattering amplitudes used in the refinement were 0.824, 0.7020,
0.4840, 1.03, —0.344, and 0.581 (10~ "%cm) for La, Sr, Ce, Ni, Ti,
and O, respectively; isotropic thermal factors (ITF) were used
for all atoms. Constraints employed throughout refinement
involved considering the perovskite B-sites fully occupied and
adopting the same thermal factor for all oxygen atoms.

The nickel oxidation state and oxygen content (assuming
charge neutrality) of samples were determined by titration using
potassium dichromate, as described in ref 28. Independent
determinations were performed by thermogravimetric analyses
using a D200 Cahn Balance. Typically, ca. 70 mg of the sample
was weighed to a precision of & 0.0005 mg at a total reduced
pressure of 400 mbar containing 60% He and 40% H,. The
sample was then heated to 1173 at a rate of 5 K min™".

X-ray absorption spectroscopy experiments were carried out
at the Ti and Ni K-edges (4966 and 8333 eV, respectively) at the
absorption experimental station in BM25A, the Spanish CRG at
ESRF. This station is equipped with a double Si(111) crystal
monochromator of pseudo channel-cut type refrigerated at 200
K by a homemade ethanol cooling system. The setup allows the
performance of experiments in transmission and fluorescence
yield modes. The fluorescence signal is registered in a Si(Li) 13-
elements detector (SGX Sensortech). Ni reference spectra were
acquired in transmission mode, and all the samples were
mounted in pellets in a controlled mixture of KBr, whose
concentrations were calculated to optimize the XAS signal. At
least three spectra were acquired for each sample and condition
to increase the signal-to-noise ratio. Extended X-ray absorption
fine structure (EXAFS) spectra were acquired upon photo-
electron wavenumber values of 15 A™" for Ni and 10 A™" for the
Ti K-edges, respectively. The Demeter software®® was employed
in the EXAFS data reduction and the fits performed in both r and
k spaces in the range AR = 1-3 A and Ak = 1.8—12 A™" for Ni
and AR=1-3 A and Ak = 3—8 A™* for Ti. The scattering paths
employed for fits were calculated using FEFF8.4°" with
crystallographic structures of NiO to obtain the scattering
paths corresponding to the first O shell in the octahedral
coordination.*® To reduce the parameter correlations, they have
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Table 1. Results of the Syntheses of Samples with Nominal Composition Given as La,_,(CeSr),,Sr,[1,NiTiOy 5, where (I denotes
A-site vacancies and the maximum value of anion vacancies; § is given as § = 1/2 (n + 3p) assuming no Ni** in the compound”

ID code m n P max §
LCSNT102000 0.10 0.20 0.00 0.10
LCSNT101010 0.10 0.10 0.10 0.20
LCSNT200020 0.20 0.00 0.20 0.30
LCSNT200030 0.20 0.00 0.30 0.45
LCSNT002000 0.00 0.20 0.00 0.10
LCSNT000015 0.00 0.00 0.15 0.30

Comments
Single-phase, 2% NiO
Single-phase, 2% NiO
CeO, and NiO segregate

chemical composition

Lal.60(1)Ce0.10(2)Sr0.30(2)Ni0.98(2) Ti1.02(2)06.00(4)
Lal.60(1)Ce0.10(1)Sr0.20(1)Ni0.91(2) Ti1.09(2)05.89(4)

Complex mixture
Single-phase, 3% NiO
Single-phase, 3% NiO

b1,a1.80(1)Sr0.20(1)Ni0.92(2) Til.08(2)05.92(4)
“Lal.86(3)Ni0.87(3)Til.13(3)05.92(4)

“Chemical composition was obtained by EDS and NPD. The generic ID code is given as LCSNTmnp, corresponding to the chemical formula

Lay_(am + n + p)CenSty 4 o JNiTiOg 5. “From ref 32. “From ref 27.

been reduced to a minimum, using as the upper limit the Nyquist
criterion (n = 2AkAR/x). However, as the EXAFS spectra
achieved quality enough, we were able to reach k values of 12 A~
for Ni K-edge and therefore the number of variables was always
kept to consistent values and correlations lied in negligible
values.

The dependence of the magnetization (M) on the temper-
ature (T) and the applied magnetic field (H) of the studied
compounds was obtained using a superconducting quantum
interference device magnetometer (Quantum Design, model
MPMS-XL). The diamagnetic contribution of each sample was
considered. Magnetic susceptibility (y) was calculated as M/H
and normalized to a content of 1 mol of nickel per formula.
Measuring modes of zero-field cooling (ZFC) and field cooling
(FC) were used.

B RESULTS AND DISCUSSION

Compositional Range and Sample Purity. Table 1
summarizes the results of the syntheses of samples with different
nominal compositions, whereas Figure S1 shows the XRD
patterns of the single-phase samples. Within the experimental
errors, those samples whose nominal compositions imply low
Ce-contents (m < 0.10) and oxygen vacancy concentrations not
too high (6 < 0.30) are single-phase with actual compositions
close to the nominal ones, though segregation of some NiO is
observed as in similar materials.””** The distribution of all the
constituting elements was confirmed to be homogeneous
throughout the samples; no segregated phases are observed.
As an example, Figure 1 shows a BSE SEM image (a) of a sample
LCSNT101010 (i.e., with nominal composition
La; 69Ce10St020NiTiOsgp) together with the corresponding
element-distribution maps (b)—(g) and a tomographic image
(h).

Unlike what was observed in Figure 1, the corresponding
SEM/EDS maps of LCSN'T200020 shown in Figure S2 clearly

Figure 1. (a) Backscattered electrons (BSE) image taken at a
magnification of X4000 and the corresponding element-distribution
maps of a LCSNT101010 sample. (b) La, (c) Ce, (d) Sr, (e) Nj, () Ti,
and (g) O; (h) tomographic image revealing pores in the pellet as dark
contrast.

reveal the segregation of NiO, in agreement with the results
obtained by NPD (see Figure S3).

Based on the hypothesis that 2La>* ~ Ce*" + Sr**—from both
a geometrical (ion sizes (*'r(La*") = 1.36 A, *'r(Ce*") = 1.14 A,
Xp(Sr**) = 1.44 A)) and electrical point of view—the syntheses
of samples with different nominal compositions were tried. We
attempted to create A-site vacancies, i.e., decreasing the La + Ce
+ Sr: Ni + Ti ratio below 1, which corresponds to p # 0, by
changing either the Ce/Sr ratio away from 1:1 (n # 0) or by
keeping the Ce/Sr 1:1 (n = 0) ratio. In the latter case, the
compositions we tried (as in LCSNT200020 and
LCSNT200030) seemed to contain too many A-site vacancies
and did not give single-phase products. Maybe, some
intermediate compositions, such as LCSNT200010, could result
in pure samples. Table 1 shows the synthesis results together
with information about the previously prepared compounds:
La, 4oSr,0NiTiOg4 s and La; gs[ 1, ;sNiTiOg¢.5 The latter corre-
sponds to the limit of A-site vacancies the parent oxide
La,NiTiOg can tolerate whereas the former corresponds to an
intermediate composition in the La,_, Sr,NiTiOg s series.

A sample combining A-site vacancies and La substitution
according to the general scheme 2La** = Ce*" + Sr** was
prepared for m = 0.1 and p = 0.1 (LCSNT101010). It could be
thought that in the La,_,(CeSr),,Sr,[J,NiTiOg_s series, similar
compositional limits for aliovalent substitution and A-site
vacancy concentration as in the no-containing-Ce series can
be reached. In the series La,_,Sr,NiTiOg s, the upper limit for La
substitution is x < 0.50, whereas in La, NiTiOg_s; the limit for
A-site deficiency is ¥ < 0.20. Thus, in the studied series, the
values of p would be 0 < p < 0.20 and for p = 0, the value of (2m
+ n) would rise to 0.50. However, single-phase samples are
obtained only for those compositions with low cerium contents,
m < 0.10, in agreement with previous results.””*” Thus, samples
LCSNT102000 and LCSNT101010 are single-phase (Figure
S1) whereas LCSNT200020 samples, with nominal composi-
tion La; 40Ce(40Srg20[ 1o20NiTiOgs consist of a mixture of a
perovskite with actual composition far from the nominal one,
NiO and CeO, (Figure S2 shows the corresponding NPD
pattern). On the other hand, the sample LCSNT200030
(La; 30Ce20Sr0201o30NiTiOg.5) is a complex mixture of a
perovskite and segregated oxides.

The compositions of single-phase samples given in Table 1
were determined by combining SR-HRPD, NPD, and SEM
(EDS). Even in these cases, NPD revealed the presence of some
unreacted or segregated NiO, indicating off-stoichiometry.
Thus, the Ti/Ni ratio is always slightly greater than the nominal
one (1:1). This was observed by EDS analyses and NPD
refinements as well; therefore, the actual stoichiometries exhibit
Ti excess and Ni deficiency. This feature seems to be related to

« »

the number of A-site vacancies, i.e., the value of “p”, in such a way
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that the difference between the nominal and actual nickel-to-
titanium ratios increases with increasing nominal A-site vacancy
concentration. Therefore, it seems that the structure cannot
tolerate either a large amount of A-site (p < 0.20) or anionic
vacancies (6 < 0.10). Hence, the concentrations of A- and
oxygen vacancies are significantly lower than the nominal values
and besides, Ti*" replaces some Ni** to compensate.

Crystal Structures. SAED and HRTEM have been used to
help in the development of an appropriate structural model and
to determine the existence of defects or short-range ordering
effects, which are difficult to detect by average diffraction
techniques such as SR-HRPD and NPD.

In the parent compound La,NiTiO4 Ni** and Ti*" are
ordered, although some degree of intermixing or antisite defects
(AS) of Ni and Ti on the B’ and B” sites, respectively, is present
(ca. ~8%). This compound was reported®” to be slightly Ni-
deficient and with a small amount of NiO. Similarly,
LCSNT102000 and LCSNT101010 present some Ni sub-
stoichiometry (and consequently, they are slightly Ti-over-
stoichiometric, ca. ~7% atom) as detected by NPD. This Ti
overstoichiometry, accompanied by a small amount of
segregated NiO, seems to be very common in nickelates.'’~"*"*

Rock-salt-like ordering of Ni and Ti exists in the
La, ,Sr,NiTiOg s series; however, the order is suppressed for
x>0.10.”> SR-HRPD and NPD have been used to determine the
average structure of the title compounds to be compared with
the information obtained from transmission electron micros-
copy.

Sample LCSNT101010. Figure 2 shows the HRTEM
images and the corresponding FT taken on two crystals of

Figure 2. HRTEM images and the corresponding FT taken on two
crystals of sample LCSNT101010 in different orientations (a,b).

sample LCSNT101010 (La, 4oCeq;Sro0[ 1o.1oNiTiOg.s) with
different orientations. The crystals consist of intergrown
domains with different orientations; however, the contrast
differences can be associated with a unit cell 2/ Zap x 21/ 2ap X
2a,. Thus, in Figure 2a, the two domains indicated as A and B
dlsplay a contrast variation with periodicity (2! 2a X 2a,) but
with the 2!/ 2ap axis rotated by 90° along the 2a,-axis. Be51des, the
two diagonal perovskites axes (2% ) are dissimilar to each
other, and the cell is monoclinic as suggests the splits of the
peaks at high angles (indicated by an arrow on the FFT of the
crystal with an aperture encompassing domains A and B). FT
diagrams of these two domains in Figure 2a are indexed using
the aforementioned diagonal perovskite cell; these patterns
together with those in Figure 2b suggest the extinction
conditions corresponding to S.G. P2;/n ((hkl) = none, (0kO0)
k = 2n, (hol) h+] = 2n); the spots in the FT along [001] on

Figure 2b are due to dynamical effects since they do not appear
in thin crystals.

Double perovskites, A’A"B’B” O, with diagonal unit cell and
S.G. P2,/n (#14) present tilting of the (B'/B”) O, octahedra and
rock-salt order of B’ and B” ions, whereas A-sites are occupied at
random."*o* According to these theoretical studies, the tilting
scheme compatible with this S.G. is (a"a"c*) (indicating that the
octahedra rotate in opposite directions in consecutive layers
along the Cartesian axes x and y, whereas along the z-axis, they
rotate in the same direction). If no rock-salt order exists, then the
tilting scheme (a”a"c*) results in an orthorhombic symmetry
(S.G. Pnma #62). Thus, HREM and SAED allow proposing a
detailed structural model, at least at a local scale; SR-HRPD and
NPD will be used to confirm this model as representative of the
average structure of this LCSN'T101010 oxide. Figure 3 shows
the graphic result of the fitting of NPD data to the model
presented in Table S1.

On the other hand, LCSNT101010 compares to
La, ¢;NiTiOg.s. In this material, Ni and Ti remain ordered, the
symmetry being monoclinic as determined by SAED, as in the
entire La,  NiTiOg_s series, since the rock-salt order in the B-
sites is not suppressed by creation of A-sites vacancies.’> A
similar behavior is found in the analogous series containing
Co.** In LCSNT101010, the rock-salt order of the B-sites
persists not only in the presence of vacancies but also of a high
number of antisite defects (around 31%) (Table S1). It is worth
noting that in the NPD pattern (Figure 3), the strongest peaks
related to the rock-salt order (i.e., (011), (—=101),and (101)) are
broad, suggesting that this order is short-range.

In some members of the A-site-deficient perovskite series
La,_,NiTiO4 ;" and La,_,CoTiOy " additional order on the
A-sites is observed. On the contrary, in LCSNT101010, no such
ordering is present, most likely due to the configurational
entropy associated with four species sharing the A-sites: La*",
Sr**, Ce*, and vacancies. Indeed, the Scontig Calculated for the
actual structure presented in Table S1 is 1.58R, noticeably
higher than the nominal one (1.40R); the difference between
both values is due to two effects: the antisite defects and the
existence of oxygen vacancies. The Ni oxidation state calculated
assuming electroneutrality and the rest of the metals in their
common oxidation states is 2.02(3). This means that a small
amount of Ni** may exist in this oxide, which could play an
important role in its physical properties.

Sample LCSNT102000. Formally, LCSNT102000 (with
composition La; 49Ceq 10Sry30NiTiOg.5) compares to
La, 9Sry,NiTiOg_s in that the A-sites are fully occupied, but
for this compound Ni and Ti are disordered and the symmetry is
Pnma;>* while LCSN'T102000 presents a monoclinic symmetry.
In the corresponding SR-HRPD pattern shown in Figure 4, in
addition to reflections of a typical simple cubic perovskite, a set
of extra peaks is observed, suggesting a superstructure with a
larger cell. Those fundamental reflections are clearly split at high
diffraction angles, indicating a deviation from the cubic
symmetry. Particularly interesting is the splitting of the (222),
simple-cubic-perovskite peak into three, (inset to Figure 4),
resulting in a triclinic distortion of the prototype cubic cell: a,’#
b,’# ¢,/ and @ # f§ # y # 90°. This triclinic cell can be
transformed into a primitive monoclinic cell, whose basis vectors
relate to the basis vectors of the cubic prototype cell according to
a, =1/2 (a, +b,), b, =1/2 (—a, + b,), and ¢, = ¢,."’

HRTEM helps to determine the exact S.G. and the orientation
of the symmetry elements within the unit cell. Figure 5 shows the
HRTEM image and the corresponding FT taken on a crystal of
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of the (222), simple-cubic perovskite, suggesting a monoclinic symmetry.

LCSNT102000. Two kinds of domains, indicated as A and B, are
clearly observed. In both domains, the contrast differences show
a periodicity (2'/%a, X 2a,) with the 2"/%a-axis rotated by 90°
around the 2a-axis. Again, the split of some high-angle spots
(images not shown) confirms that the cell is monoclinic. The
extinction conditions observed in the FT in the insets of Figure 5
point to S.G. P2,/n with a cell orientation 0f21/2aP X 21/221P X 2a,
and f# = 90°.

As a structural starting model to fit the SR-HRPD and NPD
patterns, we used one like that previously described for
LCSNT101010 (Table S1). However, as clearly seen in Figure
S4, the fitting of the SR-HRPD pattern is not good; some peaks
are poorly fitted, suggesting that some structural features related
to heavy atoms are not well captured in the model. Even more,
since Ni and Ti have virtually the same X-ray scattering factor,
that structural effect most likely is due to the arrangement of A-
site metals: La/Ce and Sr. Removing the n-glide plane from S.G.
P2,/n allows the splitting of the A-metal 4e Wickoff site into two
2a sites in S.G. P2,. The final structural model for
LCSNT102000 is given in Table S1, and the graphic result of
the fitting of NPD data is depicted in Figure 6.
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Interestingly, although in the final refined model in Table S1
Ni and Ti are distributed almost at random, the symmetry of this
material is monoclinic, not only at short-range (as demonstrated
by SAED) but also in the average structure. We tried to refine
the NPD and SR-HRPD data using a disordered Pnma model,
but the fitting is much worse. The reason for this lowering in
symmetry from Pnma to P2, is not the order of B ions, accounted
in S.G: P2,/n,"' but the ability of this S.G. to provide more
degrees of freedom to the oxygen atoms in such a way that
different local AO,, environments are available in the structure to
accommodate the three species hosted in the A-positions: La*",
Sr**, and Ce*. Worth noting, the ordering of B ions is
compatible with S.G. P2,/n; however, when additional ordering
of the A-metals occurs, the symmetry lowers. The corresponding
Scontig for this model, with no oxygen vacancies (Table S1), is
noticeably lower than the nominal one (1.161R for the former
and 1.306R for the latter).

The perovskite LCSNT102000 presents a tilting scheme
(a7b7c") instead of the more common (a~a”c*) characteristic of
S.G. P2,/n; the inequality of the out of phase tilts creates
crystallographically inequivalent A- (and B-) sites that permit
ordering of the A-cations (but do not require it). In the present
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Figure 5. HRTEM image and the corresponding FT taken on a crystal
of LCSNT102000.

case, the B-sites are almost equally populated by Ti and Ni, but
the low symmetry allows laminar ordering of A-ions along the c-
axis (Figure SS). The Jahn—Teller effect related to the electronic
configuration of Ni** in the octahedral configuration (tggeg?) may
be the driving force for the symmetry lowering observed in this
compound.

Finally, the oxygen substructure is fully occupied in
LCSNTI102000 in contrast to that observed in
LCSNT101010. Besides, in the former, the Ni oxidation state
is with 2.05(2) (5% of Ni**) higher than in the latter with
2.02(3). Thus, it seems that the aliovalent substitution La** by
Sr** is more effective in the oxidation of Ni ions; a similar
behavior has been found in the La,_ ,Sr,NiTiOg4s and
La,_,NiTiOg s series.””*”> Redox titration and thermogravimet-
ric analyses suggest that the amount of Ni** in LCSNT101010

and LCSNT102000 is in the range of (0.7—1.0)% (slightly
higher in the latter) and very close to what is found in the A-site
deficient perovskite La,gNiTiOg45 but lower than that of
La; oSty ,0NiTiOg4.5. Therefore, A-site vacancies seem to
promote the creation of oxygen vacancies, as observed in the
reference compounds. The presence of trivalent nickel plays an
important role in the physical properties of these materials.

The BVS data in Table S2 confirm some chemical and
structural information about the LCSNT101010 and
LCSNT102000 phases. The average oxidation states of the
3d-metals are higher in the latter phase, in agreement with the
redox titration, the oxygen content in Table S1, and the Ti*
overstoichiometry. This results in a higher concentration of
antisite defects LCSNT102000. In LCSNT101010, Ni prefer-
entially occupies the B’ sites, while Ni and Ti are randomly
distributed between the B’ and B” sites in LCSNT102000,
which is reflected in the average BVS of the two sites. Finally, to
allow for the random distribution of cations, MO6 octahedra
must be distorted, as reported in Table S2.

3d-Metal Environments and Valences. Ni K-Edge. Ni
XAS spectra of samples LCSNT102000, LCSNT101010,
LCSNT002000, LCSNT000015, and references Ni and NiO
are presented in Figure 7. The variations in the white-line shape
are associated with differences in the Ni local environment,
including symmetry and the oxidation state. The edge position
shift is a well-known indicative of the oxidation state of the
transition metals, and therefore, the edge position of the
compounds has been determined to establish their formal
oxidation state, the so called Kunzl's law.** In compounds with
complex edges, it is not straightforward to determine the edge
position. Therefore, fits were performed applying a Boltzmann
sigmoidal function:*

Al - Az
L+ eXP((E_E")/Ed)

(norm. absorbance) =

(1)

E, being the edge position, E, the curve slope at the edge, and
A, and A, are the extremal y values of the sigmoidal (respectively
1 and 0 in the usual XAS normalization). The fitting parameters,
including the edge positions, for the compounds studied and
references are given in Table 2.
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Figure 7. (a) XANES spectra of the Ni and NiO references and those of

the studied compounds, and (b) fits of the EXAFS spectra in R space for
the Ni local structure in the studied compounds.

Broadly speaking, for simple oxides, Kunzl's law is fulfilled as a
good approximation. However, for complex oxides like the
present ones, the transition-metal environment by itself may
alter the electronic cloud, distorting the spectrum and resulting
in false shifts. In any case, the law is still fulfilled but qualitatively,
whereas other spectral features give information about the
material. In this connection, in Figure 7a, the intensity of the
main peak of the XANES spectrum decreases progressively in
the sequence: LCSNTO000015 > LCSNT101010 >
LCSNT10200 = LCSNTO002000. There are two plausible
explanations for this:

i) That the Ni—O distances are increasing along the
sequence. This can be ruled out based on the results
from NPD presented in Table SI2: the distances between
the 3d-metals and oxygen are larger in LCSNT101010
than in LCSN'T102000, opposite to what expected from
the XAS spectra.

That the average coordination of the first-coordination
sphere of Niions is decreasing. There is a clear correlation
between the concentration of A-site vacancies and the
intensity of the main peak: the bigger the former (it varies
in the sequence: [],;s (in LCSN'T000015) > [y (in
LCSNT101010) > [, (in LCSNT102000 and
LCSNT002000), the more intense absorption. A possible
explanation of this correlation would be based on the idea
that A-site vacancies are defects formally charged
negatively that may be associated with oxygen vacancies
(formally charged positively) that in its turn may be
concentrated on the B-site cations with lower oxidation
state (nickel in the present materials instead of Ti*").

ii)

Thus, the nickel coordination spheres would be lower as the
number of A-site vacancies increases. As a trend, this is what we
observe (Table 3) from the fitting of the EXAFS, considering
only the first Ni—O shell (Figure 7b) and considering the actual
oxygen contents of the sample. So, LCSNT000015 and
LCSNT002000 have the same oxygen content (Table 1) but
the presence of A-site vacancies concentrates oxygen vacancies
in the environment of nickel (Table 3); a similar situation is
found when comparing LCSNT101010 and LCSNT102000.
The reduction of the effective coordination number of nickel
ions should result in a decrease of the absorption peak, but we
found just the contrary. Thus, there are other influencing factors;
understanding this point would require elaborate calculations
that are beyond the scope of this work.

Ti K-Edge. Figure 8a shows the Ti K-edge spectra for the Ce-
containing oxides LCSN'T102000 and LCSNT101010; the edge
position in both samples is the same energy corresponding to
Ti**.*® In Ti perovskites, the pre-edge of the Ti K—ed%e is highly
sensitive to distortions in the Tilocal environment.*>*” The pre-
edge region is usually subdivided into three or four main features
(namely A, B, C, and D) as indicated in Figure 8b. The feature A
has been attributed to 1s-3d (e,) quadrupolar transitions and
feature B to a mixture of 1s-3d(t,) quadrupolar and 1s—4p
dipolar transitions when there is a fraction of 3d-4p orbital
hybridization. The feature C has a dipolar character and is
related to the interaction with neighboring Ti atoms (excitations
from Is to the t./e, levels of a neighbor TiO4 octahedra). The
intensity of the feature B is usually correlated to the off-center
displacement of the Ti with respect to the octahedra (caused, for
example, by thermal vibrations or distorted/incomplete MO,
neighbor polyhedra).*® The intensity and position of feature C
have a strong dependence on the interactions between adjacent
TiO6 octahedra. The spectra presented in Figure 8 show very
weak A-features in both LCSNT101010 and LCSNT102000
compounds, but B and C are intense. In the former, both
features B and C are more intense than in the latter, this being
associated with more distorted and oxygen-deficient MO,
polyhedra connected to the absorbing atom, in agreement
with the existence of anionic vacancies in LCSNT101010
whereas in LCSN'T102000, the oxygen substructure is complete.

Magnetic Properties. Figure 9 depicts the temperature
dependence of the magnetic susceptibility per mole of nickel (y)
obtained for the parent compound (La,NiTiO4 (LNT) with
actual composition La,Nig g64Ti; 0360600) and both derivatives
(codoped with Sr and Ce (Table 4)). The former shows
paramagnetic behavior above 100 K well described by a Curie—

Weiss law ., = % (where Cis the Curie constant and 8 the

Weiss temperature) plus a temperature-independent contribu-
tion yo. The best fit of the data to this model (see Table 4 and
Figure S6) yields a C value that agrees with the theoretical one
expected for a Ni** ion in an octahedral environment, that is,
taking into account the spin-only magnetic moment value and a

Table 2. Summary of the Edge Fittings of the Studied Compounds and the Calculated Valences from the References

sample E, (eV) E; (eV)
Ni 8333.0 (2) 43(2)
NiO 8335.3 (3) 1.3 (2)
LCSNT000015 8335.8 (2) 1.0 (2)
LCSNT002000 8335.6 (2) 1.0 (2)
LCSNT102000 8335.8 (2) 10 (2)
LCSNT101010 83357 (2) 1.0 (2)

A

0.01
0.02
0.02
0.02
0.02
0.02

21189

A, AE (eV) oxidation state

(2) 1.00 (2) 0 0

(2) 1.02 (2) 23 2

(2) 1.01 (2) 2.8 2.4 (2)
(2) 1.01 (2) 2.6 2.3 (2)
(2) 1.01 (2) 2.8 2.4 (2)
(2) 1.02 (2) 2.7 2.3(2)
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Table 3. Summary of the Main EXAFS Parameters Obtained in the Fitting of the Spectra of the Studied Ni Compounds

NiO,, shell

sample n/6 AR (A) DW (A) E (eV) R-factor
NiO reference 0.99 + 0.05 0.012 + 0.001 0.0064 + 0.0020 -1+1 0.005
LCSNT000015 0.85 + 0.15 —0.022 + 0.002 0.0038 + 0.0009 -3+1 0.013
LCSNT002000 0.92 + 0.07 —0.026 + 0.002 0.0058 =+ 0.0004 —4.6+0.8 0.005
LCSNT102000 0.81 + 0.08 —0.083 + 0.003 0.0066 = 0.0011 -3.5+03 0.014
LCSNT101010 0.76 + 0.05 —0.058 + 0.003 0.0039 =+ 0.0011 -3+1 0.012
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such a cation, ~100 X 10™° emu mol™1.*** The negative value
of @ corresponds to the antiferromagnetic interactions that give

partial contribution of the orbital magnetic moment, and the y,
value agrees with the expected Van Vleck paramagnetism for
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Table 4. Relevant Data for Understanding the Magnetic Behavior of the Studied Compounds®

compound Hee (H/Ni) Ni™ Hiheo (#5/Ni)
LNT 3.06 2.00(2) 323
LCSNT101010 2.54 2.00(9) 3.23
LCSNT102000 223 2.1(1) 3.07
LCSNT000015 3.02 2.0(2) 323

Nix;/Niy; (%) £ T-0 ARC Ty (K)
7.6(3)/88.5(3) 1210y x 107 248
T + 27.3(9)
31.4(4)/59.8(4) does not follow the Curie—Weiss Law
49(1)/49(1)1' does not follow the Curie—Weiss Law
5.4(2)/81.6(4) L ONN 24(2) x 107* 234

T + 28.8(9)

“Chemical composition obtained from neutron and X-ray powder diffraction data. Experimental effective magnetic moment (y.¢) calculated as

/8¢T at room temperature, where y is the experimental magnetic susceptibility expressed per mole of nickel. The oxidation state of nickel (Ni"*)

was determined according to the chemical composition. Expected magnetic moment (#.,) calculated considering y = 3.23 yiy for Ni2**® and p =

1.86 yig for low-spin Ni***'

Percentage of the B-site of the titanium (B” position) occupied by nickel (Nir;) and percentage of the B-site of the

nickel (B position) occupied by nickel (Niy;), considering a rock-salt order between both elements. Result of the best fit of the experimental y data
to the Curie-Weiss law plus a temperature-independent contribution (y,). Néel temperature (Ty). bThese values denote a random distribution.

rise to the long-range magnetic order developed below 24.8 K,
according to the well-defined maximum observed in the

magnetic susceptibility (% = 0) at that temperature. Below

10 K, y increases as the temperature decreases rather than
tending to a value close to two-thirds of the y value at the
maximum (1.15 X 1072 emu mol Ni'”) as predicted by the mean
field theory for antiferromagnetism.*” All this is in accordance
with the previously reported magnetic behavior.*>*°

The two derivative compounds LCSNT101010 and
LCSNT102000 show y values lower than those of the starting
compound down to 20 and 10 K, respectively. This is evident in
the values of the effective magnetic moment (p.¢) obtained at
room temperature, which are shown in Table 4. While the p.¢
value for the parent oxide (3.06 i53) is close to the expected value
for Ni** with a *A,, ground term (3.23 y3), the values for the
LCSNT101010 (2.54 y5) and LCSNT102000 (2.23 y5) oxides
are considerably lower than those expected (ig,.,) for the mixed
valence scenario described above (see Table 4). Furthermore,
the variation of y with temperature for both compounds is hardly
compatible with a Curie—Weiss law, even including a temper-
ature-independent term, as indicated by the nonlinear depend-
ence of ¥~ with T, shown in Figure S6. This deviation from a
straight line is most pronounced for the LCSNT102000
compound, whose p also shows the largest deviation from
the expected value.

On the other hand, a sharp contrast at low temperature is
observed between the magnetic behavior of the parent
compound and its derivatives, since for these latter ones, there
is no evidence of long-range magnetic order and just rather faint
changes of slope appear below 10 K, a significantly low
temperature. In addition, below the temperatures at which the
bumps appear, there is divergence between the magnetic
susceptibilities ZFC and FC; see inset in Figure 9, and both
increase as temperature decreases. AC magnetic susceptibility
measurements rule out the existence of a spin-glass-like state.
The low-temperature magnetic behavior (T < 20 K) of both
derivative compounds appears quite similar, although the
compound LCSNT101010 shows a more evident change of
slope and a larger divergence than the LCSNT102000
compound. There is also similarity in the dependence of the
magnetization with the applied magnetic field obtained at 50, 15,
and 2 K, although the compound LCSNT101010 presents
higher magnetization values than the compound
LCSNT102000. As can be seen in Figure 10, at 50 K, the
magnetization shows a linear dependence on the applied
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magnetic field, while at 15 and 2 K, a downward deviation
from linearity is observed at high fields. The deviation at 2 K is
greater than at 15 K. Magnetic hysteresis is apparent at 2 K in
both compounds (see Figure S7), but not at 15 K. Hysteresis
loops show remanent magnetization values of 1.4 X 107 y5/Ni
and 7.1 X 10™* pp/Ni for LCSNT101010 and LCSNT102000
compounds, respectively. Such similarities suggest that neither
the existence of Ni** nor the presence of oxygen vacancies (see
Table 4) plays a crucial role in the observed magnetic properties
of both compounds.

In the monoclinic parent compound, the magnetic order of
the face-centered nickel sublattice is determined by Ni—O—Ti—
O—Ni superexchange magnetic interactions, which take place
between nearest neighbors (nn) and between next nearest
neighbors (nnn), these latter interactions being the stron-

er.””*7>* Thus, we have focused our attention on the nickel
sublattice to try to understand the observed magnetic behavior
in the two monoclinic derivative oxides. Specifically, we consider
the observed deviation from the ideal nickel sublattice
occupation, which consists of titanium overstoichiometry (see
compositions in Table 4) and occupation of the titanium
sublattice by nickel atoms. This antisite defect is quantified by
the Nip; parameter (see Table 4), whose value for an ideal
ordered occupation is 0%.

Opverstoichiometry of titanium has been reported previously
for the parent compound and derivatives with nominal
compositions La,_ Sr,NiTiOgs (0 < x < 0.5)°* and
La,_,NiTiO4 5 (0 < x < 0.2).”” Of all of them, LSCNT000015
shows a high titanium overstoichiometry, and its magnetic
behavior is practically identical to that of the parent compound,
though with a lower Néel temperature (see Table 4). It should
be noted that this compound shows a quite low amount of Ni**
(0.7%) as well as a low number of antisites, in a similar way to the
starting compound (see Table 4). It is also worth noting that a
compound with an even higher titanium overstoichiometry
(Lal.92(§)NiO.81(3)Til.19(3)06400) was synthesized for this same
series,”” and that it exhibits a Néel temperature of 20.6 K (Figure
S8). Therefore, the Néel temperature decreased from 24.8 to
20.6 K; as observed with the increase of titanium over-
stoichiometry from 0.036 to 0.19 can be understood as a
dilution effect on the Ni—O-Ti—O—Ni superexchange
magnetic interactions. Consequently, titanium overstoichiom-
etry is not the cause of the significantly different magnetic
behavior observed in the two derivatives, LCSN'T101010 and
LCSNT102000, compared to the parent compound.
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Figure 10. Magnetic field dependence of the virgin magnetization of (a) LCSNT101010) and (b) LCSNT102000 derivative compounds, measured at
2 K (diamonds), 15 K (triangles), and 50 K (circles). Black lines are the fitted linear functions, whose parameters are displayed in the table along with
the linear fit statistics. For T = 50 K, the linear fits were made over the entire range of the applied magnetic field, while for T = 2 and 15 K, they were
limited to values between 0 and 10 kOe, both inclusive.

Regarding the occupation of the titanium sublattice by nickel, = 31.4 &+ 0.4%), although a high degree of short-range ordering
as can be seen in Table 4, the compound LCSNT101010 (with at B-sites persists as indicated by NPD data, while for the derived
lanthanum vacancies) presents a large number of antisites (Nir; compound LCSNT102000 (without lanthanum vacancies), the
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Figure 11. Schematic illustrations of ordered distribution of Ni** (empty circle) and Ti** (full circle) ions of the idealized crystal structure of the
La,NiTiO4 compound, where just one Ni**(Ti*") ion occupies the B-position of the Ti**(Ni**). Oxide and lanthanum ions are omitted for simplicity.
The arrows represent the magnetic moments of Ni** ions, differentiating by black color that of the Ni** ion that forms the antisite defect. Ni**—~O—
Ti**—O—Ni®* nnn interaction paths are highlighted in green and Ni** —~O—Ni’* interaction paths in orange. (a) View of the plane (001) with z =0 in
the paramagnetic state (T > Ty) where antiferromagnetic correlations take place between the nickel antisite and its four immediate nickel neighbors
(six in three- dlmensmnal space) due to the Ni>*~O—Ni** superexchange interactions. (b) Antiferromagnetic state (T < Ty) consisting of a type I
magnetic structure® governed by Ni**—O—Ti* —O—Ni** nnn superexchange interactions. On the left, a view of the plane (001) with z = 0, and to the
right, the magnetic unit cell with propagation vector k = [1/2,0,1/2]. The six magnetic moments immediately around the magnetic moment of the
antisite cannot fulfill simultaneously the Ni**—~O—Ni** and Niz"—O—Ti“"—O—Ni2+ nnn superexchange interactions (this is highlighted in the plane
(001) for one of them by the overlap of the green and orange rounded rectangles). The drawn configuration of these seven magnetic moments, as an
example within the numerous possible configurations, corresponds to the minor disruption of the antiferromagnetic structure caused by the
predominance of the first type of superexchange interaction. Thus, three magnetic moments (purple) of the six, one for each interaction path, have an
inverse orientation to that expected according to the type II magnetic structure.

value of the Nir; parameter (49 = 1%) corresponds to a random
distribution of the nickel and titanium atoms but without
evidence from NPD of short-range order. Therefore, the
suppression of the long-range antiferromagnetic order in these
two derivatives lies in the existence of an insufficient structural
order between nickel and titanium that avoids exceeding a
percolation threshold value for interconnectivity between Ni
atoms of the Ni—O—Ti—O—Ni type. Moreover, antisite defects
allow for the presence of neighboring nickel atoms closer than in
the ideal ordered distribution, so that new magnetic interactions
may be established between them. These are Ni—O-—Ni
superexchange interactions, antiferromagnetic in nature like
the mentioned above nnn interactions, but which can be much
stronger, as indicated by the high Neéel temperatures of the
compounds that exhibit them, such as NiO (523 K)> and
perovskite-type PbNiO; (225 K).*°

This scenario of coexistence of the superexchange magnetic
interactions Ni**—O—Ti*—0O-Ni** and Ni**—O-Ni** is de-
picted in Figure 11, where paramagnetic and antiferromagnetic
states of the starting compound are considered. In the
paramagnetic state (T > S0 K) (see Figure 1la), the nickel
atom that forms the antisite defect develops a strong
antiferromagnetic correlation to the six nickel atoms immedi-
ately surrounding it, and the response of these seven magnetic
moments to an external magnetic field will be lower than the
response experienced by the rest of magnetic moments. Thus, at

a given temperature, the higher the number of antisites, the
lower the magnetic susceptibility. This is clearly observed in
Figure 9 and in the calculated values of .4 shown in Table 4.
Furthermore, two different contributions to the magnetic
susceptibility may be considered, one from the magnetic
moments unrelated to Ni—O—Ni interactions and another
from the magnetic moments involved in such interactions. The
first one will follow a Curie—Weiss law according to the
antiferromagnetic interactions mentioned above, while the
second one will not due to the intensification of the
antiferromagnetic correlation as the temperature decreases. In
the case of the starting compound, with a Ni; parameter value of
7.6%, the first contribution type predominates, while for the two
derived compounds, with a Niy; parameter value greater than
30%, the second contribution type is important enough to cause
deviation from Curie—Weiss behavior (see Figure S6) in such a
way that the greater the number of antisites, the greater the
deviation. Therefore, it is possible to justify the paramagnetic
behavior observed in the three compounds based on the number
of antisites.

When the temperature is low enough, the long-range order of
nickel magnetic moments involved in Ni—O-Ti—O—Ni
interactions takes place, generating a type II antiferromagnetic
structure®® by the prevalence of superexchange interactions
along crystallographic directions [110], [110], and [001] (see
Figure 11b). In reality, the three superexchange paths are

https://doi.org/10.1021/acs.jpcc.5c05743
J. Phys. Chem. C 2025, 129, 21183-21196


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05743/suppl_file/jp5c05743_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05743?fig=fig11&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c05743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

virtually identical (dy;_; ~8.01 A and bond angle Ni**—O—Ti*
~156 °).*> However, the six neighboring magnetic moments
closest to the nickel atom that forms the antisite defect are also
involved in Ni—O—Ni interactions, which take place in the same
three crystallographic directions with interaction paths likely
very similar to each other. Thus, it is impossible for all six
moments to satisfy both interactions at the same time (see
Figure 11b). The orientation of these seven moments is subject
to conjecture, but it is evident that whatever the configuration of
moments adopted, this type of cluster will suppose the local
disruption of the antiferromagnetic order as well as the
appearance of a small local net magnetic moment. This moment
may be responsible for the observed increase in y below 10 K in
the starting compound and, in fact, in all members of the
La, NiTiOg s series,”” since the low values of the Nir,
parameter that they present (less than 8%) likely allow the
existence of such clusters well isolated from each other within an
antiferromagnetic matrix.

The low-temperature scenario is quite different for the two
derivative compounds since the value of the Niy; parameter is
much higher, resulting in a microstructure change that excludes
long-range antiferromagnetism, as mentioned above. Despite
this high degree of disorder at B-sites, the derived compound
LCSNT101010 presents short-range order (Figure 3), whereas
in the derived compound LCSNT102000, that short-range
order does not exist over regions widespread enough to be
detected by powder neutron diffraction (Figure 6). This may be
a result of the role played by lanthanum vacancies as promoters
of the ordered distribution of Ni and Ti atoms at B-sites.”’
Considering all this and taking into account that both derivatives
show similar magnetic behaviors at low temperature, we
hypothesize that antisite defects experience a clustering high
enough to allow the existence of relatively large clusters of nickel
atoms. These clusters are surrounded by a matrix with nickel and
titanium atoms partially ordered at a short range because their
Ti/Ni ratio is high. For compound LCSNT102000, the Ti/Ni
ratio is high enough to generate a matrix where the short-range
order is more spatially limited and hence not detectable by
neutron diffraction. From the magnetic point of view, we
consider that the magnetic moments of the matrix undergo
magnetic interactions Ni—O—Ti—O—Nj, resulting in a short-
range antiferromagnetic order or an antiferromagnetic correla-
tion depending on the number of neighboring magnetic
moments. As for clusters, the magnetic moments located inside
are governed by the antiferromagnetic interactions Ni—O—Ni,
while those located in the periphery can acquire their own
orientation under the influence of the interactions with the
magnetic moments of the matrix and the applied magnetic field.
This could be the origin of the maximum bump and
irreversibility observed below 10 K.

B CONCLUSIONS

Obtaining single-phase samples by substituting La** simulta-
neously by the pair Ce*/Sr** in the starting compounds
La, ,Vac,NiTiO4 (with p = 0 and 0.1) is only achieved up to a
Ce*" content of 0.1 per formula unit. Two new materials with
compositions Lay ¢0(1)Ceo.10(1)STo30(1)Nioss(2) Ti1.02(2)Os.001) (P
LCSNT102000) and
La; 60(1)Ce0.10(1)Sr0.20(1)Nio.91(2) Ti1.00(2) Os.89(4) (P = 0.1,
LCSNT101010) have been obtained. The combined use of
complementary characterization techniques (SR-HRPD, NPD,
HREM, and XAS) allows concluding that both compounds
present a perovskite-like structure of monoclinic symmetry, with

= 0,
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the same octahedra tilting scheme (a”a”c*) with a high
percentage of antisite defects accompanied by some Ti
overstoichiometry; thus, Ti*" ions occupy Ni** positions to
some extent. The antisite percentage is 31% for LCSNT101010,
which allows the existence of short-range order; on the contrary,
for LCSNT102000, it is as high as 49%, generating a complete
disorder. The adoption of an average monoclinic structure is
attributed to the presence of three distinct cationic species
randomly distributed at the A position; besides, in
LCSNT101010, A-site vacancies exist. To accommodate this
complex situation, an oxygen substructure with sufficient
degrees of freedom is needed to generate up to six distinct
first-coordination spheres around position A (occupied by La**,
Ce*, and Sr** and, in some cases, cation vacancies) and position
B (occupied by Ni** and Ti*). In LCSNT102000, additional
ordering of the A-cations is produced, lowering the symmetry
from P2;/n in LCSNT101010 to P2,.

The two compounds derived by codoping exhibit a more
complex magnetic behavior than the long-range antiferromag-
netic order that appears in the starting compound. There are also
differences between the two derivatives, albeit they are more
subtle. Their magnetic behaviors are linked to the occupation
degree of the titanium sublattice by nickel atoms. These antisite
defects generate a structural disorder between nickel and
titanium high enough to avoid reaching a percolation threshold
value for interconnectivity between Ni atoms of the Ni—O—Ti—
O—Ni type, giving rise to the suppression of long-range
antiferromagnetic order. These antisite defects also allow the
onset of strong superexchange antiferromagnetic Ni—O—Ni
interactions, giving rise to magnetic susceptibility values lower
than those observed for the starting compound at a given
temperature above Ty. This results in a decrease in the effective
magnetic moment of Ni** at room temperature of 17% for
LCSNT101010 and 27% for LCSN'T102000 compared to that
observed for LNT. We propose that superexchange Ni—O—Ti—
O-Ni and Ni—O—Ni antiferromagnetic interactions exist in all
three compounds, so that in LNT, the low number of antisite
defects allows them to be isolated from each other and,
therefore, almost all of the magnetic moments of Ni** are
involved in the Ni—O-Ti—O-Ni interactions. In
LCSNT101010, the number of antisite defects allows their
clustering and the consequent formation of a matrix with a high
Ti/Niratio in which large clusters are embedded. Thus, Ni-O—
Ni interactions are confined within clusters, short-range Ni—O—
Ti—O-Ni interactions will occur in the matrix, and finally, the
magnetic moments of Ni** located at the periphery of the
clusters will be simultaneously involved in both types of
interactions. In LCSNT102000, the increased number of
antisite defects increases the number of Ni—O—Ni interactions
at the expense of decreasing the number of Ni—O—Ti—O-Ni
interactions in the matrix and thus decreasing the number of
Ni** magnetic moments involved in both types of interactions.
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