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these materials.

Ln3NizRuOg (Ln = La, Nd) oxides (prepared by a solid state metathesis route) adopt a monoclinic (P2;/n)
A;BB'Og double perovskite structure wherein the two independent octahedral 2c and 2d sites are
occupied by Ni?* and (Ni** /3Ru5+2/3) cations, respectively. In contrast to the expected ferromagnetic
behavior, Ln3Ni;RuOg oxides show a spin-glass behavior without long range magnetic order down to 2 K.
These results reveal the importance of competing nearest neighbor (NN), next nearest neighbor (NNN)
and third nearest neighbor (third NN) interactions between the magnetic Ni*>* and Ru’* ions in the
partially ordered double perovskite structure that conspire to thwart the expected ferromagnetic order in

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The versatility of the perovskite structure (ABO3) [1] to accom-
modate multiple substitutions at the B site gives rise to a large
number of derivatives of general formulas such as A,BB'Og and
A3BB’;09. The B and B’ cations in these oxides could be long range
ordered, resulting in several superstructures and novel electronic
properties related thereto [2,3]. The properties of these perovskites
depend on the electronic configuration of the A, B and B’ cations.
Typical examples of A;BB'Og oxides are SroFeMoOg (half-metallic
ferromagnet) [4], LazNiMnOg (near-room temperature ferromag-
netic semiconductor) and Ba,BiBiOg (a charge disproportionated
double perovskite that becomes superconducting on Pb substitu-
tion) [5—7]. In search of new magnetoelectric materials, several
related double perovskites LnyMMnOg (Ln =La = La, Sm, Gd, Dy
and Lu, M = Co, Ni, Fe and Cu) have been investigated in detail in
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recent times [8—14]. Similarly, oxides of A3BB’;09 formula form
ordered (1:2) superstructures, for instance BazZnTa,0g, that finds
applications in microwave telecommunication devices as dielectric
ceramic [15]. Partially ordered A3BB’;0g oxides are also known to
display novel electronic properties. For example, Pb3sMgNb,0g has a
partially ordered structure consisting of Nb and (Nbq;3Mgy;3) 1:1
ordering in the A;,BB'Og double perovskite structure; this material
is a well-known relaxor ferroelectric owing to the partial order/
disorder [16]. LazNi»SbOg is a relaxor - ferromagnet that also pos-
sesses a 1:1 partially ordered A,BB'Og structure, where octahedral B
and B’ sites are occupied by Ni and disordered (Niq/3Sby/3) atoms
respectively [17]. Several triclinic, monoclinic, tetragonal and hex-
agonal perovskite oxides such as LaSr,CrySbOg [18], LaszNiyB'Og
(B'=Nb, Ta) [19,20], SrLayFeCoSbOg [21], Srs3Fe;TeOg [22],
Sr3Fe;WOg and BasFe;WOg [23] have been explored in this direc-
tion. Recently, a spin-glass like behavior has been observed in
Sr3NiSb,0g [24].

Some years ago, we developed a metathesis route for the syn-
thesis of ABO3 and A;BB'Og perovskite oxides starting from Li-
containing rock-salt oxides and appropriate metal chloride/
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Fig. 1. Rietveld refinement of PND patterns obtained for LasNi;RuOg at room tem-
perature (a) and 2 K(b). Observed (red dot), calculated (black line), and difference
(bottom line) profiles are shown. The vertical bars indicate Bragg reflections (|). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

oxychloride [25,26]. We have extended this route now for the
synthesis of new A3BB’;09 oxides of the formula Ln3Ni;RuOg
(Ln=La, Nd), starting from LizNi;RuOg rock salt oxides [27] and
LnOCl (Ln =La, Nd). We determined the crystal structures of the
new nickel-perovskite oxides through powder X-ray diffraction
(PXRD), powder neutron diffraction (PND), selected area electron
diffraction (SAED) and high resolution transmission electron mi-
croscopy (HRTEM), and we have investigated their magnetic
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Fig. 2. Rietveld refinement of PND patterns obtained for Nd3;Ni,RuOg at room tem-
perature (a) and 2K(b). Observed (red dot), calculated (black line), and difference
(bottom line) profiles are shown. The vertical bars indicate Bragg reflections (|). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

properties. The results, reported herein, reveal competing magnetic
interactions between Ni>* and Ru’* in the partially ordered double
perovskite structure, that preclude a magnetic ordering down to
2K.

2. Experimental section
2.1. Synthesis

Ln3Ni;RuOg (Ln = La, Nd) double perovskites were prepared by
the following solid state metathesis reaction:

LisNizRuOg + 3LnOCl — LnsNisRuOg + 3LiCl 1 1)

The precursor materials were prepared by conventional ceramic
method. Stoichiometric quantities of Li;CO3, RuO; and NiC,.
04-2H,0 were reacted at elevated temperatures for several hours
with intermittent grindings to obtain single phase LizNi;RuOg [27].
LnOCI (Ln = La, Nd) were synthesized by reacting Ln,03 (pre-dried
overnight at 900 °C) with an equal quantity of NH4CI at 300, 500
and 900°C for 2—4h at each temperature [28]. The metathesis
synthesis according to reaction (1) was carried out by heating
stoichiometric mixture of the reactants at progressively increasing
temperatures up to 1200 °C in air, with intermittent grinding and
pelletizing until the formation of single phase product. The LiCl,
formed as product, volatilized at the reaction condition (Energy
dispersive X-ray spectroscopy -EDS- did not indicate the presence
of chloride ions).

2.2. Structural and magnetic characterization

Preliminary PXRD patterns were recorded in the 20 range 5—80°
by means of a PANalytical X'pert Diffractometer operating at 45 kV
and 30 mA using Ni-filtered CuKe radiation (A= 1542 A). PXRD
data for Rietveld refinement were recorded employing the same
instrument in the 26 range 10—100°, with step size 0.02° and step

Fig. 3. Crystal structure of Ln3Ni;RuOg (Ln=La, Nd). Blue and green octahedra
represent the [Ni(2c)Og] and [Ru/Ni(2d)Og] units, respectively. Large magenta circles
are the Ln atoms and small red circles are the oxygens. (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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duration of 50s.

PND data were collected at 300K on the high resolution D2B
diffractometer and at 1.5 K using the high intensity diffractometer
D1B, both at the Institute Laue - Langevin (Grenoble, France). 2 g of
each sample were placed in sealed vanadium cans within a He-
cryostat. The diffraction profiles were collected at D2B in the
range 20 = 0—130° with a neutron wavelength of 1.594 A and a
step-width of 0.05°; the patterns collected at D1B were measured
between 26 = 0—120° with a step-width of 0.1° and a neutron wave
length of 2.52A. The temperature dependence of Nd3Ni;RuOg
magnetic reflections was checked between 1.5 K and 190K on the
D1B diffractometer. PXRD data for LnsNi;RuOg was refined by
means of GSAS [29]. Combined Rietveld analysis of the PND and
PXRD data were carried out using the Fullprof Suite program [30].
PXRD patterns were simulated using the program POWDERCELL
[31].

SAED and HRTEM studies were performed with a JEOL JEM
3000F microscope operating at 300 kV (double tilt (+20°) point
resolution 1.7 A), fitted with an EDS microanalysis system (OXFORD
INCA). The samples were ground in n-butyl alcohol and ultrasoni-
cally dispersed. A few drops of the resulting suspension were
deposited in a carbon-coated grid. The atomic ratio of the metals

was determined through EDS analyses finding a good agreement
between analytical and nominal compositions in all the crystals.

Magnetization (M) measurements were performed in a Quan-
tum Design XL Squid magnetometer. The dc magnetic susceptibility
(%) was obtained from dc-M measured in the temperature range
2—300K at 10 mT, after cooling the sample from room temperature
to 2K in a zero field (ZFC) and also after cooling in the measuring
field (FC). The real and imaginary components of ac magnetic
susceptibility (¢’ and " respectively) were obtained from ac-M
measured in the temperature range 2—50K applying an oscil-
lating magnetic field with drive amplitude of 0.35 mTat different
frequencies. The magnetic field dependence of dc-M was measured
at different temperatures in magnetic field strengths up to 5T. The
diamagnetic contribution was subtracted from the calculated molar
magnetic susceptibilities [32].

3. Results and discussion
3.1. Structural characterization

Ln3Ni;RuOg (Ln=La, Nd) oxides are readily synthesized by
metathesis reaction from Li3NiRuOg and LnOCl compounds (1).

Table 1
Structural details for Ln3Ni;RuOg oxides determined from the combined Rietveld refinements of the PND (D2B, room temperature) and PXRD data for Ln = La and Nd.
P2¢/n LasNizRuOg Nd3Ni;RuOg
Parameter PND-XRD PND-XRD
a(A) 5.5702 (3) 5.4299 (2)
b (A) 5.5812 (3) 5.6430 (2)
c(A) 7.8449 (3) 7.7323 (3)
8 (deg) 89.660 (3) 90.02 (2)
Rp 6.78 7.53
Rr 4.23 5.20
Rwp 9.92 441
Ry, 7.52 4.67
Atom site
La/Nd 4e x 0.4863 (4) 0.512 (1)
y 0.4654 (3) 0.5583 (5)
z 0.250 (1) 0.248 (2)
Uiso(A?) 0.15(3) 041 (8)
Ni1/Ru 2d
(0.33/0.67) (%00) Usso(A2) 0.30 (5) 034 (7)
Ni2 2c (0% 0) Uiso(A?) 0.30 (5) 0.34 (7)
o1 4e Xy 0.776 (3) 0.197 (4)
z 0.793 (3) 0.190 (3)
-0.042 (2) —0.041 (3)
Uiso(A?) 0.07 (8) 0.59 (7)
02 4e x 0.701 (3) 0.303 (4)
y 0.298 (4) 0.705 (3)
z —0.034 (2) —0.051 (3)
Uiso(A?) 0.07 (8) 0.59 (7)
03 4e x 0.567 (2) 0.406 (1)
y 0.008 (2) 0.979 (1)
z 0.263 (2) 0.248 (4)
Uiso(A?) 0.07 (8) 0.59 (7)
M site d(M-0)(A) d(M-0)(A)
Nil/Ru 2d 2.09(2)x2 2.00(1)x2
2.02(2)x2 197 (2)x 2
1.95(2)x 2 1.95(2)x 2
A[MOg] 1.44*1073 4.4*107°
Ni2 2c 2.08(2)x2 1.99 (3) x 4
2.03(2)x2 2.02(2)x2
1.90 (2)x 2
A[MOg] 1.26*1073 145104
< M-0-M> (°)
<Nil/Ru—0—Ni2> 01=155.6 (4) 01=1489 (5)
02=1483 (4) 02=1486 (5)
03=153.3(4) 03=1496 (2)
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PXRD patterns reveal the formation of single-phase perovskite-
type products (Fig. S1). Preliminary Rietveld refinements of the
crystal structure from PXRD data (Fig. S2 and Fig. S3), carried out on
the basis of LagNi;SbOg structure model [17], show that both the
Ln3NiRuOg (Ln=La, Nd) oxides adopt the monoclinic (P21/n)
A,BB'Og double perovskite structure with lattice parame-
ters ~ v/2ap x ~ 1/2ap x 2ap, (where aj, is the cubic perovskite lattice
parameter) closely similar to that of LasNi,SbOg, wherein the two
independent octahedral sites (2c) and (2d) are occupied by Ni and
(Niy3Ruy3), respectively. These initial refinements were taken as
starting model for the combined PND and PXRD Rietveld re-
finements. PND data, collected at room temperature in the high
resolution D2B diffractometer, account for an accurate determina-
tion of the oxygen positions meanwhile PXRD data do it for the B-
site cation ordering since neutron scattering lengths for Ru and Ni
(7.03 and 10.3 fm respectively) do not allow to confirm the rock-salt
ordering at the B-site. Fig. 1(a) and Fig. 2(a) show the results for the
Rietveld refinements of the crystal structure from PND data
collected at room temperature for LazNiRuOg and Nd3Ni;RuOg
respectively. Furthermore, the refinement of PND data collected at
low temperatures in D1B diffractometer showed that the structure
is retained down to 2K (see Figs. 1(b) and Fig. 2(b)). Fig. 3 depicts
the crystal structure of Ln3NiRuOg (Ln = La, Nd) compounds and
Table 1 list the structural details obtained for both compounds at
room temperature. The lattice parameters show the expected
lanthanide contraction. Bond lengths and angles obtained from the
Rietveld refinements indicate that both [NiOg] and [Ni/RuOg]
octahedra at 2c and 2d sites are almost regular (Table 1) and the
lanthanide atoms at 4e sites have an 8-fold oxygen coordination as
in other double perovskites with rock salt type ordering [2,3]. The
Rietveld refinements reveal no additional ordering between Ni and
Ru atoms within the 2d position. This atomic distribution and the
long range ordering of the particles were confirmed by SAED and
HRTEM, as discussed below. The <Ni—O—Ru/Ni> angles clearly
deviate in both compounds (see Table 1) from the 180° ideal value,
inducing high tilt angles according to those commonly observed
among A;BB'Og double perovskites crystallizing in the monoclinic

P2q/n space group. It is worth noting that the PND patterns
collected at 2K do not show additional reflections with respect to
those collected at room temperature, evidencing the absence of any
long-range magnetic order in these compounds. Consequently, low
temperature diffraction patterns were easily fitted to the nuclear
structural model obtained from room temperature data.

Fig. 4 (a, b and c) depicts SAED patterns along three different
zone axes of a crystal of Nd3Ni;RuOg. The La-compound presents
similar results. The patterns have been indexed according to the
cubic perovskite structure and show Bragg reflections characteristic
of the perovskite structure and extra reflections at Gy + }4(110)*p,
Gp + 4(001)*p and Gy, + 4(111)*p. The reflections at G, + 4(110)*,
and Gp = %4(001)* do not appear in the SAED pattern of the [-110],
zone axis because they are due to multiple diffraction. Construction
of the reciprocal lattice from SAED along different zone axis in-
dicates that the Ln3NiyRuOg (Ln =La, Nd) oxides have a crystal
structure related to perovskite structure with v/2ap x v/2ap x 2ap
unit cell. Fig. 4 (d and e) shows the HRTEM images and the corre-
sponding Fast Fourier Transformation (FFT) of the [-110], and
[11-1], zone axes. The HRTEM image of the [-110], zone axis shows
contrast differences indicating a periodicity corresponding to 2a,
along the [001];, direction and \/2ap along the [110], direction and
the HRTEM image of the [11-1], zone axis presents contrast dif-
ferences corresponding to a \/2ap periodicity along the [-110], di-
rection. The existence of the significantly strong G, + '%(111)*,
reflection in combination with these contrast differences can be
ascribed to the ordering of the B cations. Similar SAED patterns and
periodicities deduced from contrast differences in HRTEM images
are found in perovskite-systems with rock-salt-type ordering of the
B cations [33,34]. Therefore, these SAED and HRTEM results in Fig. 4
indicate that the B cations are distributed within two positions B
and B' (2c and 2d) in a rock-salt type ordering in both LazNi;RuOg
and Nd3Ni,RuOg oxides. Additional ordering in one of the two
positions (2d), which would originated a larger periodicity, is not
observed even in short-range or domains of the crystals. These
results are consistent with the structure obtained from PXRD and
PND data.

Fig. 4. SAED patterns of a Nd3Ni,RuOq crystal along the (a) [001],, (b) [-110], and (c) [11-1], zone axes; HRTEM images along the (d) [-110], and (e) [11-1], zone axes.
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Fig. 5. Temperature dependence of the ZFC and FC molar magnetic susceptibility of a)
LasNi;RuOg and b) Nd3Ni;RuOq.

3.2. Magnetic behavior

The temperature dependence of the magnetic molar suscepti-
bility (7 ) of Ln3NipRuOg oxides is plotted in Fig. 5. It can be seen that
these oxides are paramagnetic above 100K, obeying a Curie-Weiss
law (= C/(T-0)) over a long temperature range. Table 2 summa-
rizes the magnetic parameters obtained from their fit for both
compounds. The experimental magnetic moments (pexp) agree
with the expected values for Ni** (high spin), Ru>" and Nd3*
oxidation states. In both oxides dominant antiferromagnetic in-
teractions appear to be operative from the negative values of the
Weiss constant (0).

The  vs. T data obtained under ZFC conditions show a
maximum within the temperature range 25—35K (see Fig. 5),
suggesting an antiferromagnetic ordering. However, the divergence
of ZFC and FC curves indicates a more complex behavior, where the

Table 2
Theoretical (litheor) and experimental (Lexp) magnetic moments, Weiss constant ()
and freezing temperature (Tf) obtained for Ln3Ni;RuOg oxides (Ln = La and Nd).

Compound Wtheor (HB) Hexp (MB) 0 (K) Te (K)
LasNi;RuOg 557 5.30 -106 25
NdsNi>RuOg 8.37 8.40 -81 35

cationic disorder within 2d sites and magnetic frustration could
play an important role, as previously reported in some related
perovskites [35—38].

The ZFC and FC magnetic susceptibilities remain coincident
from room temperature down to T~35K for the LasgNi;RuOg com-
pound (Fig. 5(a)). Below that temperature, ZFC x shows a maximum
at 25 K while the FC data increase upon cooling down. However, as
mentioned above, the neutron diffraction data obtained at 2 K (see
Fig. 1(b)) reveals no magnetic contribution, evidenced through the
absence of new reflections or the increase on the intensity of the
nuclear peaks. These results demonstrate that no long-range anti-
ferromagnetic order takes place in this compound and, therefore,
the maximum observed at 25K in the ZFC magnetic susceptibility
measurements must be related to another magnetic phenomenon.
Thus, the variations of the ac magnetic susceptibility (ya.c) both
with temperature and frequency () were measured in order to
determine the origin of that maximum. As it can be observed in
Fig. 6 (top) %’ measured with 0.5 Hz shows a maximum at 25K
(Tmax)- This maximum shifts to higher temperatures and decreases
in magnitude with increasing excitation frequency. The shift,
quantified by the expression ATmax [Tmax A(log ©)] 7}, takes a value
of ~0.033. Furthermore, this frequency-dependent maximum
observed in ' is accompanied by a weak maximum in ", centred
at lower temperatures and also frequency-dependent. These results
are consistent with what is expected for insulating spin glasses
[39].
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Fig. 6. Temperature variation of the 7, at different frequencies (top) and M vs H plot
(bottom) obtained at different temperatures for LazNi;RuOo.
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This magnetic behavior of LasgNi;RuOg is different from that
observed for the isostructural LasNi,SbOg oxide, which develops
ferrimagnetism below 105K as result of the unbalanced spin-up
and spin-down of the two types of Ni** jons located at the 2c
and 2d sites in the crystal structure [17]. In this material, nearest
neighbor (NN) antiferromagnetic Ni**—O—Ni?** interactions
accounted for such behavior (Fig. 7 and Fig. 8) and its net magne-
tization, which reaches 1.5 pg at 2K under a 4T field, is located in
domains but the magnetic order does not persist over distances
long enough to be detected through neutron diffraction. Thus,
La3Ni,SbOg oxide is considered as a relaxor-ferromagnet [17]. In

contrast, LazNi;RuOg shows linear dependence of isothermal dc-M
with the magnetic field (see Fig. 6 (bottom)), and no hysteresis loop
is observed. This feature suggests the absence of a spontaneous
magnetization above or below Tpax, SO the antiferromagnetic in-
teractions are mainly involved in the spin glass-like state. There-
fore, the substitution of the diamagnetic Sb>* for the paramagnetic
Ru®* induces dramatic changes in the magnetic behavior. Indeed,
the presence of Ni?* and Ru®* in LasNi,RuOg introduces different
types of magnetic interactions, which are depicted in Fig. 7. If we
consider the ferromagnetic Ni**— O — Ru®>* NN interaction [40],
one would expect LasNi;RuOg to be stronger ferromagnet than

(b)

Fig. 8. Schematic diagrams showing the interaction pathways over the crystal structure of Ln3Ni;RuOg with the same colour code as that used in Fig. 3 (Ln atoms are deleted for
clarity). White and orange arrows depict the magnetic moments of Ni>* and Ru®*, respectively. Cyan lines symbolize ferromagnetic interactions and pink lines stand for anti-
ferromagnetic ones. a) NN interactions. b) Ru>*—0—O—Ru®* NNN interactions. The double headed arrows in b) represent the frustrated magnetic moments originated as a
consequence of the dominant Ru®*—0—0—Ru’* NNN interactions, favoured by the more appropriated interaction angle, and the subsequent NN interactions Ni>*—O—Ru’*and
Ni?*—0—Ni?*. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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LasNiySbOg (see Fig. 8(a)). However, the experimental results are
different as LagNiyRuOyg is a disordered weak antiferromagnet (see
Fig. 5), whose spins do not magnetically order even at 2K. The re-
sults clearly indicate a complex nature of the magnetic interactions
between Ni?* and Ru”* in this oxide. It is relevant to note here that
although the Ni>*—O—Ru®* NN interaction are weak ferromagnetic
in the perovskite structure, theoretical calculations for LaSrCuRuOg
perovskite point to the likely case of antiferromagnetic coupling of
Cu?* and Ru’™ [41,42]. However, the magnetic behavior found for
LasNipRuOg is irreconcilable with any magnetic interaction
considered for such cations.

The underlying reason for this apparent discrepancy between
the predicted magnetic behavior based on the simple NN super-
exchange interactions and the experimental results lies on the
presence of Ru>"—0—0—Ru’* next nearest neighbor (NNN) anti-
ferromagnetic coupling as dominant interaction versus any other (a
schematic representation of the interactions is depicted in Fig. 7).
Indeed, Fig. 8(b) shows how magnetic frustration arises from such a
scenario and therefore it is consistent with the spin-glass like
behavior observed for LasNi;RuOg at low temperatures. In this
sense, theoretical considerations for LaSrCuRuOg perovskite have
also shown that the Ru’*—0—O—Ru>* NNN antiferromagnetic
coupling (90° interaction) becomes the dominant interaction. The
deviation of Cu>*—O—Ru>* bond angle from the ideal 180° (around
155°), similar to that observed in LnzNi;RuQg oxides (see Table 1),
as well as the presence of Ru>" ions, seem to play an important role
in weakening both the ~180° NN interactions and the
Cu**—0—0—Cu®* NNN interaction [41]. These results may be
invoked to explain the weak antiferromagnetism with no long
range ordering observed for LasNioRuOg, where the Ni**—0—Ru’*
bond angles are in the range 148.3°—155.6°, giving rise to a frus-
trated ground state below 25 K.

The low temperature behavior of Nd3Ni;RuOg oxide is different
from that of the lanthanum derivative. ZFC i shows a maximum at
35K, as it can be observed in Fig. 5(b). This maximum comes from
the magnetic interactions within the Ni/Ru sublattices, similar to
those described for the lanthanum compound. The PND pattern
(see Fig. 2(b)), does not show magnetic peaks, indicating the
absence of long range magnetic ordering down to 2K. The increase
of the ZFC susceptibility below the maximum is due to the para-
magnetic Nd>* contribution, which remains magnetically inde-
pendent without any kind of interaction with the Ni/Ru magnetic
sublattices. Moreover, the downwards deviation observed in the
Curie-Weiss behavior below 90K is mainly due to the crystal field
effect on the splitting of the 419/2 ground term of Nd>* [43]. Below
that temperature, this effect is partially masked by the interactions
among the magnetic cations located at the B sites.

4. Conclusions

New perovskite-type LnsNi;RuOg (Ln=La, Nd) oxides were
prepared by a metathesis reaction of the LisNipRuOg oxide with
LnOCl. The products crystallize in 1:1 double perovskite A;BB'Og
structure with monoclinic P21/n symmetry, where the two octa-
hedral B sites 2c and 2d are occupied by Ni** and (Ni?*13Ru>*3/3)
cations respectively. Both oxides display a spin-glass like weak
antiferromagnetism with no long-range magnetic order down to
2K. The results are rationalized on the basis of the possible
competing magnetic interactions between the octahedral-site
transition metal atoms in the double perovskite structure.
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