Open Access Article. Published on 11 January 2022. Downloaded on 6/15/2026 11:01:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Dalton

Transactions

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Dalton Trans., 2022, 51,
2278

Received 22nd October 2021,
Accepted 8th January 2022

DOI: 10.1039/d1dt03571a

rsc.li/dalton

Introduction

Magnetic dynamics and ordering in electron correlated oxides

On the magnetic structure and magnetic
behaviour of the most distorted member of the
series of RNiOs perovskites (R = Lu)¥

Federico Serrano-Sanchez,? Maria Teresa Fernandez-Diaz,® José Luis Martinez (22
and José Antonio Alonso

The crystal structure of LUNiOz perovskite has been examined below RT and across Ty = 125 K by neutron
powder diffraction. In this temperature region (2—298 K), well below the metal—insulator transition this oxide
exhibits at Ty = 599 K, this material is insulating and characterized by a partial charge disproportionation of
the Ni valence. In the perovskite structure, defined in the monoclinic P2;/n space group, there are two
inequivalent Ni sites located in alternating octahedra of different sizes. The structural analysis with high-
resolution techniques (1 = 1.594 A) unveils a subtle increase of the charge disproportionation as temperature
decreases, reaching ¢ = 0.34 at 2 K. The magnetic structure has been investigated from low-T NPD pat-
terns collected with a larger wavelength (A = 2.52 A). Magnetic peaks are observed below Ty; they can be
indexed with a propagation vector k = (%, 0, %), as previously observed in other RNiO3 perovskites for the Ni
sublattice. Among the three possible solutions for the magnetic structure, the first one is discarded since it
would correspond to a full charge ordering (NiZ* + Ni**), with magnetic moments only on Ni?* ions, not
compatible with the structural findings assessing a partial charge disproportionation. The best agreement is
found for a non-collinear model with two different moments in Nil and Ni2 sites, 1.4(1) pg, and m 0.7(1) pg
at 2 K, the ordered magnetic moments lying on the a—c plane. This is similar to that found for YNiOs. In
complement, the magnetic and thermal properties of LUNiOz have been investigated. AC susceptibility
curves exhibit a clear peak centered at Ty = 125 K, corresponding to the establishment of the Ni antiferro-
magnetic structure. This is corroborated by DC susceptibility and specific heat measurements.
Magnetization vs. field measurements confirm that the system is antiferromagnetic down to 2 K, without
any further magnetic change. This linear behavior is also observed in the paramagnetic regime (T > Ty).

Néel temperature (Ty)*® and subsequent ordering of the mag-
netic rare-earths. This system displays several properties suit-
able for applications, as in optical switches,” superlattices,'®**

show multiple physical phenomena that have attracted the
attention of the scientific community for years, as they could
contribute to new spintronics devices to surpass current elec-
tronics limitations."™ In particular, electron correlations and
magnetic interactions in RNiO; perovskites are both respon-
sible for the paradigmatic metal to insulator (MI) transition
these oxides undergo as a function of temperature and the
rare-earth size, and the low-temperature antiferromagnetic
phases due to Ni spin ordering below an antiferromagnetic
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fuel cells'® or memory devices."® These fascinating perovskite
oxides were first described by Demazeau in 1971," who pre-
pared the whole series (R = La---Lu) under hydrostatic press-
ures of 6 GPa to stabilize trivalent Ni cations. The MI tran-
sitions were not described until 20 years later,>” given the
difficulties inherent to their synthesis. Later on, the associated
structural transitions were thoroughly studied for different
rare-earth derivatives, trying to clarify the structure-properties
interplay.">™'® The rare-earth cation R*" radii determine the
distortion of the ideal perovskite structure, which turns into a
MI transition temperature (Ty;) and Ty evolution across the
rare-earth series. As such, the less-distorted member LaNiO;
shows a metallic behavior in all the stability temperature
range, and no antiferromagnetic phase is observed at low
temperatures. By contrast, for the subsequent members, the
Ty increases from PrNiO; (Tyy = 130 K) to LuNiO; (Tyy =

This journal is © The Royal Society of Chemistry 2022
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599 K) and the Tx shows a monotonic variation. The nature of
the electronic transition has been systematically studied by
spectroscopic and  diffraction  techniques.”®?®  Charge
disproportionation™®?*?® and charge ordering are the
main mechanisms proposed to explain charge localization in
the insulating regime, as the smaller rare-earth derivatives (R =
Y, Dy — Lu) display a concomitant transition from the more
regular perovskite high-temperature orthorhombic (Pbnm)
structure to the low-temperature insulating monoclinic (P24/n)
structure, which shows an alternating breathing-like distortion
of the NiOg octahedral arrangement. However, for larger rare-
earths RNiO; (R = Pr — Gd) a non-periodic charge ordering
has been observed.”**'*? This model, also called bond-dispro-
portionation, has been linked to a small or negative charge
transfer gap®® and a strong electron-lattice coupling.>***

The AFM magnetic ordering has been ascribed to spin inter-
actions of the Ni sublattice with an unusual propagation vector of
k = (4, 0, 1), with alternating ferromagnetic interactions in the
strong covalent bonding across Ni and O atoms. Another proposed
magnetic structure would be described with k = (3, 1, 1), in which
contiguous Ni spins are arranged almost orthogonal to each other,
depicting a 90° spin spiral magnetic order.>**° As well, the
different structural distortion resulting from the R*" cation radii
alter the magnetic transition temperature due to the variation of
the superexchange Ni-O-Ni angle. Even though Ty matches Tyn
for the larger (R = Pr, Nd) members, for the smaller rare-earths (R
= Sm, Lu) Ty < Ty, which indicates that the magnetic transition is
not directly coupled to the MI electronic transition. One particular
example is HoNiO;, which has shown long magnetic ordering of
the rare-earth decoupled to the magnetic moment of Ni atoms.""
Meanwhile, magnetic studies of LaNiO; single crystals confirms
that there is no intrinsic long-range magnetic ordering in this
material”> and RMN experiments on TINiO; displayed a new mag-
netic phase, still uncharted in other derivatives.* Recently, site-
selective contributions of the two different Ni positions in NdNiO;
were measured by resonant inelastic X-ray scattering (RIXS), yield-
ing a model based on a strong competition between ferromagnetic
double-exchange and antiferromagnetic superexchange inter-
actions.”” Moreover, it was predicted that materials with simul-
taneous charge ordering and magnetism would show ferroelectri-
city with a large polarization, as in the AFM phase of RNiO;.****
However, the ferroelectric polarization is determined by the
exact magnetic structure, and therefore, further investigation is
required.

In the present contribution we describe a high-resolution
NPD study for the smallest rare-earth cation, R = Lu, for which
the magnetic structure and some magnetic significant details
were still lacking. LuNiOj; is an excellent system where to inves-
tigate the magnetic arrangement of Ni** spins, taking advan-
tage of the non-magnetic character of the Lu partner, showing,
in the other side, a considerably more distorted crystal struc-
ture with narrower super-exchange angles than YNiO;. A
specific heat study across Ty is essential to determine the
temperature of establishment of the long-range ordering of the
Ni sublattice, in complement to magnetic susceptibility and
magnetization measurements.

29,30
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Experimental section

LuNiO; perovskite oxide was prepared at high hydrostatic
pressure, from stoichiometric mixtures of analytical grade Ni
(OH), (99%, Aldrich Chemical Company Inc.) and Lu,Oj
(99.9%, Alfa Aesar, Karlsruhe, Germany). They were ground in
an agate mortar with 30% KClO, (>99.5%, Fluka Chemika,
Buchs, Switzerland), incorporated to provide an in situ high-
oxygen pressure, in order to promote the oxidation of nickel to
Ni**, The precursor mixture was introduced into gold capsules
of 5 mm diameter. These capsules were set in graphite cylin-
ders acting as heaters, with Pyrex sleeves acting as pressure
medium. The final pressure was applied in cold; the tempera-
ture was increased at 20 °C min~" up to 900 °C. Pressurization
and depressurization rates were 2 GPa h™'. After the heating
period (20 min), the samples were rapidly cooled (100 °C s™)
and then the pressure was slowly released. Therefore, the high-
pressure products were quenched to a metastable state, where
they were kinetically stable for long times. The KCI resulting
from the decomposition of KClO, and traces of Lu,0; and NiO
was (partially) eliminated by washing the resulting powder in
a diluted HNO; solution at 60 °C. The samples were then dried
at 150 °C for 1 h in air.

The nature of the resulting powder was assessed by labora-
tory X-ray diffraction (XRD) in a Bruker-AXS D8 diffractometer
(40 kv, 30 mA), with Cu Ka radiation (1 = 1.5418 A). NPD pat-
terns were collected at the high-resolution D2B neutron diffr-
actometer of ILL-Grenoble. Although only a relatively small
amount of sample was obtained from the high-pressure experi-
ments (about 0.5 g), good quality patterns could be collected
with the high-flux mode and a counting time of 4 h. A wave-
length of 1.594 A was selected from a Ge monochromator. A
room temperature (RT, 298 K) pattern was collected, and then
additional patterns at 175 K, 80 K and 2 K were recorded in
the same diffractometer. For the investigation of the establish-
ment of the Ni ordering, an additional sequential NPD pat-
terns were acquired in the 2-150 K interval at the D1B multide-
tector diffractometer, with A = 2.52 A.

Magnetic susceptibility was measured in a SQUID
Magnetometer from Quantum Design (QD, USA) model
MPMS-5S in the range of 1.8 K till 400 K and magnetic fields
up to 5 T. Complementary data on magnetization at high mag-
netic fields (14 T) and AC magnetic susceptibility were per-
formed in a VSM and AC options of the PPMS system from QD.
Heat capacity measurement in the range 1.8 K up to 300 K at
different applied external magnetic fields (up to 9 T) was
measured in the PPMS system with a heat pulse method.

Results & discussion
Low-temperature crystal structures

LuNiO; oxide was obtained as a well-crystallized polycrystalline
powder. The XRD diffraction pattern is given in ref. 45. The MI
transition was reported to take place at 599 K.*> A previous
NPD study established that its perovskite structure, at RT, can
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Fig. 1 (a) View of the LuNiOs crystal structure, illustrating the alterna-

tion of NilOg (brown) and Ni2Og¢ (grey) octahedra. (b) Rietveld plot of
LuNiOs at 175 K, above the AFM regime. The second and third series of
Bragg peaks correspond to minor NiO and Lu,Os impurities,
respectively.

be defined in the monoclinic P2,/n space group, since at this
temperature the insulating state is well established, and
characterized by a charge-disproportionation phenomenon. In
P2,/n, Ni atoms occupy two independent crystallographic sites
with slightly different charge, 3 + § and 3 — §, in such a way
that there are alternating small and large octahedra, respect-
ively, along the 3 directions of the crystal (Fig. 1a).

A NPD pattern was collected at RT, to confirm previous
findings, and the Rietveld plot is displayed in Fig. S1 (ESIf),
illustrating the quality of the fit. The crystal structure was also
refined from the NPD patterns collected at 175 K (Fig. 1b), just
above the establishment of the antiferromagnetic structure,
and at 80 K and 2 K, already in the antiferromagnetic phase
(as described below, Ty = 125 K for LuNiOj3). The Rietveld plots
from high-resolution NPD data at those temperatures are also
included in the ESIf (Fig. S2 and S3). In all cases, the struc-
tures can be refined in the monoclinic P2,/n space group; no
structural phase transitions are detected in the 2-298 K temp-
erature range. The structural parameters at 2, 80, 175 and
298 K are included in Table 1. The unit-cell parameters a and ¢
decrease as expected from the thermal contraction (Fig. 2),
whereas b exhibits a non-monotonic evolution, with a change
of tendency at about the magnetic ordering temperature,
perhaps driven by a magnetostriction phenomenon. The
monoclinic # angle (inset of Fig. 2) increases upon cooling,
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Table 1 Structural parameters of the LUNiOs in the 2—-298 K tempera-
ture range, determined from NPD data with 1 = 1.594 A

LuNiO;, P2,/n

T (K) 2 80 175 298

a(A) 5.10437(8) 5.10774(6) 5.10974(7) 5.11184(7)
b (A) 5.49716(8) 5.50056(6) 5.50096(6) 5.49937(6)
c(A) 7.3252(1) 7.33125(7) 7.33757(8) 7.34130(9)
V(A% 205.540(5) 205.974(4) 206.247(4) 206.377(4)
Q) 90.182(1) 90.1821(9) 90.1733(9) 90.158(1)
R4e(xyz)

X 0.9797(5) 0.9766(5) 0.9774(5) 0.9778(4)
Y 0.0791(2) 0.0785(3) 0.0787(3) 0.0774(2)
Z 0.2513(6) 0.2502(5) 0.2499(5) 0.2509(5)
Biso (A%) 0.09(4) 0.25(5) 0.35(5) 0.30(4)
Ol4e(xyz)

X 0.1111(4) 0.1103(5) 0.1099(5) 0.1092(4)
Y 0.4618(4) 0.4627(4) 0.4622(4) 0.4624(4)
z 0.2433(4) 0.2450(4) 0.2445(4) 0.2459(4)
Biso (A?) 0.06(4) 0.38(5) 0.42(6) 0.30(5)
024e(xyz)

X 0.6943(6) 0.6944(5) 0.6949(6) 0.6967(5)
Y 0.3094(8) 0.3109(7) 0.3101(7) 0.3102(7)
Z 0.0520(4) 0.0536(4) 0.0539(4) 0.0541(4)
Biso (A?) 0.02(5) 0.39(6) 0.41(6) 0.24(5)

03 4e(xyz)

X 0.1812(6) 0.1835(6) 0.1840(6) 0.1811(5)
Y 0.2005(7) 0.2029(6) 0.2019(7) 0.1991(7)
z 0.9421(5) 0.9441(5) 0.9435(5) 0.9442(4)
Biso (A?) 0.14(6) 0.48(6) 0.37(7) 0.24(5)
Ni1 2d (3 0 0)

Biso (A?) 0.10(5) 0.25(6) 0.17(6) 0.21(5)
Ni2 2¢ (5 0 3)

Biso (A%) 0.00(5) 0.34(6) 0.28(6) 0.13(5)
Agreement factors

Ry (%) 4.34 3.39 3.31 7.63

Rp, (%) 8.85 13.4 13.9 12.3

Ryp (%) 9.65 11.5 12.0 11.5

Rexp (%) 431 10.36 10.46 7.62

Ve 5.01 1.24 1.31 2.29

defining a somewhat more distorted structure, and is stable
below 80 K. The thermal evolution obtained in a sequential
acquisition in the 2-140 K range in the D1B diffractometer is
included in the ESI} (Fig. S4).

It is interesting to unveil the evolution of the charge dispro-
portionation effect upon cooling down the LuNiO; perovskite.
This can be evaluated from the Ni-O distances of the two
Ni1Og and Ni20g octahedra. The phenomenological Brown’s
bond valence model estimates the formal valence of a bond
from the measured bond lengths for each central atom, v; =
Xs;, si = exp[(ro — ri)/B]. For the pair Ni-O, r, = 1.686; B = 0.37.
The calculated valences for Nil and Ni2 are listed in Table 2
for the different temperatures. The valences are significantly
lower than 3+ for Nil and higher than 3+ for Ni2.
Consequently, the appearance of two alternating Ni states with
3 — 6§ and 3 + &' valences give evidence of a charge dispropor-
tionation phenomenon associated with the insulating
phase, as described before'>'®?#2%% for pure RNiO; perovs-
kites. The distortion of the NiOg octahedra (44) is comparable
for both Ni1 and Ni2 sites (Table 2), and vary within the inter-
val 0.5-1.6 x 10~* In order to evaluate the evolution of the
degree of disproportionation, we defined Je¢ = (6 + §')/2, which

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Thermal variation of the unit-cell parameters and unit-cell volume of LuNiOs, determined from NPD data (high-resolution D2B diffract-
ometer, A = 1.594 A). The inset shows the evolution of the monoclinic f angle. The standard deviations are smaller than the size of the symbols.

Table 2 Average Ni—-O bond distances ((Ni—O)), calculated Ni valence, distortion factor and S defined as the average difference Ni valence from

the nominal valence of 3+

T (K) (Ni1-O) (Ni2-0O) Ni1 valence Ni2 valence Ag x 107" (NiOg)1 Ag x 107" (NiOg)2 Sett

2 1.997(1) 1.912(1) 2.59(1) 3.27(1) 0.519 1.488 0.34(1)
80 1.995(1) 1.913(1) 2.605(9) 3.25(1) 1.20 0.65 0.322(9)
175 1.995(1) 1.915(1) 2.605(9) 3.24(1) 0.88 0.99 0.318(9)
295 1.995(1) 1.917(1) 2.612(9) 3.22(1) 1.622 0.805 0.30(1)

is also included in Table 2. As shown in Fig. 3a, the difference
between (Ni1-O) and (Ni2-O) subtly increases upon cooling
down, implying a progressive enhancement of the charge dis-
proportionation . as temperature decreases (Fig. 3b). This
effect had already been described above RT, in the temperature
range RT < T < Ty where the sample is still insulating, display-
ing a progressive fading of the charge disproportionation upon
heating, with an abrupt collapse immediately below Ty The
present results indicate that this observation also plays below
RT, although in a softer way.

Magnetic structures

The sequential NPD patterns collected at D1B multidetector
diffractometer (4 = 2.52 A) for LuNiO; show the appearance of
magnetic reflections in the low-angle region, below a critical
temperature of 130 K. In fact, this is slightly above the Ty of
125 K determined by magnetic and specific heat measure-
ments, described below, which just signals some error in the
temperature determination in the cryostat coupled to the
neutron diffractometer.

This journal is © The Royal Society of Chemistry 2022

To solve the magnetic structure we start by establishing the
indexation of the extra reflections to determine the propa-
gation vector of the magnetic ordering. We observe that all the
small reflections of magnetic origin can be indexed consider-
ing a commensurate magnetic unit cell given by (2a, b, 2¢) of
the room temperature structural unit cell, implying a propa-
gation vector k = (3, 0, 1). This is the same propagation vector
found in all the previously studied nickelates besides the
ordering of the rare earth in HoNiO;, where Ho sublattice
shows k = (0, 0, 0) as propagation vector.

To determine the possible magnetic structures compatible
with the symmetry of the monoclinic space group P2,/n and a
propagation vector k = (4, 0, 1), we have followed the representa-
tion analysis based on group theory described by Bertaut®®
and detailed in ref. 39.

In the insulating phase (space group P2,/n), Ni ions are
split in two independent sites Nil and Ni2 occupying the posi-
tions (%, 0, 0) and (0, 3, 0), respectively. Their associated mag-
netic structure can be considered then as composed of two
independent sublattices: one with m, in (3, 0, 0) and m, in (0,

Dalton Trans., 2022, 51, 2278-2286 | 2281


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1dt03571a

Open Access Article. Published on 11 January 2022. Downloaded on 6/15/2026 11:01:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
T T T . ; I I
2.00 A _
¥
S R
<
A [ LuNi1 v LuN |
o 7 |
zZ
\"
1.92 |
e °
g
a)
1.90 . . . I I | )
0 50 100 150 200 250 200
T (K)
040 I I ' T T T T
0.38 4 _
0.36 4 _
0.34 4 }\ _
= ~~
> -
“ ™~ -
0.32 ] 1 |
0.28 4 _
b)
026 I I ' T T T T
0 50 100 150 200 250 300

T(K)

Fig. 3 (a) Temperature variation of the average (Nil-O) and (Ni2—-O)
octahedral distances, from NPD data, and (b) thermal evolution of the
charge disproportionation degree in LUNiOs.

1, 3); the other with m; in (0, 1, 0) and m, in (}, 0, 3). The basic
functions for both sites are the following:

Site 1. IRrep(2): Myy — Moy, Myy + Myy, Myz — Mo,

IRrep(4): Myy + Moy, Myy — Moy, My, + Mo,
Site 2. IRrep(1): Mz, — My, Mgy + My, Mzz — My,
IRrep(3): Mgy + My, Mgy — My, M3, + My,

After checking all the possible combinations, we obtain the
best refinement when considering the basis function my, +
Moy, Myy — My, My, + My, for the first sublattice and mg, + myy,
M3, — Mgy, M3, + My, for the second one. Like in the case of
YNiO;*® and HoNiO; at 10 K,*!
model with moments lying in the a—c plane is the most simple
to fit satisfactorily the observed magnetic reflections, but it is
by no means, unique. We observe a triple degeneracy; three

we observe that a collinear

models of magnetic arrangements can explain our diffraction
data, in all cases with the magnetic moments in the a—c plane.
The first one is that considering a complete charge ordering of
the Ni ions with Ni1 sites hosting high spin Ni** ions and Ni2
sites occupied by Ni** and zero moment ions. This solution is
nevertheless inconsistent with the structural data, which indi-
cates a maximum charge disproportionation of S = 0.34 at
2 K. The second possible result is the mentioned collinear

2282 | Dalton Trans., 2022, 51, 2278-2286
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model, but with different moments for Nil and Ni2 sites, result-
ing from the charge disproportionation between the two Ni sites
subsequent to the oxygen-breathing mode. The third ordering
consists on a non-collinear magnetic structure that can be
described as (1, + Myy, 0, My, + m,,) for Nil site and (mz, + My,
0, —ms, — my,) for Ni2 site and which is represented in Fig. 4a.
In spite of very subtle differences between the three models, we
found a somewhat best agreement with the non-collinear order-
ing and the less suitable seems to be the one consisting of mag-
netic Ni**, and non-magnetic Ni** ions. Unfortunately, these
minor differences remain within the accuracy range.

The refinement at the lowest measured temperature, 2 K,
gives for the collinear magnetic structure

m (Ni1) = [1.3(1),0,0.9(0.2)]
m (Ni2) = [0.46(7),0,0.33(6)]
with resulting values of magnetic moments m (Ni1) = 1.6(1) ug,
and m (Ni2) = 0.6(1) ug.
And for the non-collinear magnetic structure
m (Ni1) = [1.00(8),0,1.03(8)]
m (Ni2) = [0.48(4),0, —0.49(4)]
and values of magnetic moments m (Nil) = 1.4(1) ug, and m
(Ni2) = 0.7(1) pg.
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Fig. 4 (a) Magnetic structure of LUNiO3 at 2 K. (b) Rietveld refinement

from NPD data at 2 K. The first tick marks correspond to the position of
the structural reflections of LuNiOs and the second series corresponds
to the magnetic reflections.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Temperature evolution of the ordered magnetic moments on
the Nil and Ni2 sites. A regular evolution is observed in all the tempera-
ture range from 2 K up to the ordering temperature, Ty.

The agreement between the measured and calculated
neutron powder-diffraction patterns at 2 K, for the non-colli-
near model, is displayed in Fig. 4b.

Fig. 5 displays the thermal evolution of the refined mag-
netic moments on both Nil and Ni2 positions. We do not
identify any change in the position of the magnetic reflections
or in their relative intensity up to the Néel temperature, as
observed in Fig. 5, assessing the stability of the described mag-
netic ordering in all the temperature range.

Magnetic and thermal properties

The AC magnetic susceptibility for LuNiO; is presented in
Fig. 6. A clear peak in the y’ susceptibility, almost independent
of the excitation frequency, is observed at Ty = 125 K, indicat-
ing the ordering of the Ni sublattice. The DC magnetic suscep-
tibility shows a similar peak around the same ordering temp-
erature. The temperature dependence of the inverse suscepti-
bility (inset Fig. 6) presents a linear behavior, corresponding to
a paramagnetic moment of 4.2 ug per Ni atom, with strong
antiferromagnetic interactions, as indicated by a @y = —631 K.
The paramagnetic moment is close to the one expected for
Ni** spin only (3.9 ug).

The field dependence of magnetization is presented in
Fig. 6b for LuNiO; up to an external magnetic field of 7 T. In
this particular case, only the nickel sublattice is ordered (T =
125 K), and the system is antiferromagnetic down to 2 K,
without any further magnetic change. This mostly linear be-
havior is also observed in the paramagnetic regime (7 > Ty);
however the slight curvature observed at 2 K is probably
related to the complex non-collinear magnetic structure, as
discussed above.

The DC magnetic susceptibility for LuNiO; is displayed in
Fig. 7. The measurement was performed under a magnetic
field of 100 Oe in the whole temperature range. A cusp is
observed at Ty = 125 K, corresponding to the onset for anti-
ferromagnetic ordering of the Ni sublattice, in excellent agree-
ment with the observation in AC susceptibility.

Fig. 8 displays the temperature dependence of the specific
heat for LuNiO; at different external magnetic fields. The data

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) AC magnetic susceptibility for LUuNiOs at different frequen-
cies. The inset shows the inverse DC magnetic susceptibility in the para-
magnetic regime (above Ty). (b) Field dependence of magnetization at
1.8 K for LUNiOs.
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Fig. 7 Temperature dependence of the dc magnetic susceptibility for
LuNiOsz, under an applied field of 100 Oe.

of specific heat shows a clear transition (lambda type) at Ty =
125 K, corresponding to the antiferromagnetic long-range
order of the Ni sublattice, completely in agreement with the
magnetic susceptibility and neutron diffraction data. In order
to remove the contribution to the specific heat coming from
the phonon vibrations in this temperature range, we simulated
the lattice contribution to the C, by three harmonic oscillators
centered in frequencies equivalent to 200 K, 550 K and 910 K
(Fig. 8b). After the subtraction of the calculation coming from
the 3 harmonic oscillators, the obtained (AC/T)y,g should be
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Fig. 8 (a) Temperature dependence of the specific heat for LUNiO3 per-

ovskite. The inset shows the magnetic part of the specific heat (AC/
Tmag) at different applied magnetic fields, around Ty = 125 K. (b)
Calculation of the lattice contribution, simulated as 3 harmonic oscil-
lators centered a frequencies equivalent to 200 K, 550 K and 910 K.

related only to the AF phase transition. The data are presented
as an inset in Fig. 8a, with a clear lambda-type anomaly, which
is rather independent on the applied external magnetic field
(up to 9 T), as expected for AF ordering. The calculation pre-
sented in Fig. 8b is valid in the range of temperature higher
than 60-80 K, where the electronic and Schottky-type contri-
butions to the specific heat are negligible.

The integration of the C/Ty.g Will give the change on the
magnetic entropy associated with the AF ordering transition of
the nickel sublattice. In principle, Ni*" ions correspond to § =
3/2. The maximum magnetic entropy associated with the
ordering of the Ni** ions will be AS = 2R In(2S + 1). Under this
simple estimation, AS = 2RIn 4 = 23.05 ] mol™" K. However,
the experimental value obtained in Fig. 9 is only 1.2 J mol™*
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Fig. 9 Change in the magnetic entropy associated with the transition
temperature in LUNiOs.
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K™', which is far below the expected value for the complete
ordering of the Ni*" sub-lattice.

Conclusions

High-resolution NPD data collected for LuNiO; in the 2-298 K
temperature range, in the insulating regime, demonstrate that
the crystal structure of this perovskite oxide stabilizes a charge
disproportionation implying a separation of two kinds of
(NiOg) octahedra (large Ni1Og and small Ni2Og) described in a
pseudo-orthorhombic unit cell characterized by a subtle mono-
clinic distortion (f ~ 90.182(1)° at 2 K) in the P2,/n space
group. The degree of charge disproportionation, estimated by
the bond-valence model from the average (Ni1-O) and (Ni2-
O) distances, slightly increases upon cooling down from RT to
2 K, ongoing with the trend already observed above RT, always
in the insulating state (T < Ty = 599 K). Magnetic suscepti-
bility (AC, DC) together with specific heat measurements indi-
cate the onset of antiferromagnetic ordering (7y) to happen at
125 K. The strongly negative Weiss temperature Oy, = —631 K
already indicates the presence of strong antiferromagnetic
interactions. Indeed, the low-T NPD patterns exhibit the
appearance of magnetic peaks below Ty, yielding a fully devel-
oped magnetic structure at 2 K, involving the Ni spins. After
evaluating the different solutions given by the group theory,
the best fit corresponds to a non-collinear arrangement of Ni
moments, lying on the a—c plane, with sizably larger moment
values for Nil supporting a 3 — & charge than for Ni2 (associ-
ated with 3 + § charge), which is fully consistent with the struc-
tural determination of a partial charge disproportionation for
this perovskite.
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