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Structural disorder and magnetic correlations driven by oxygen doping in Nd;NiQO4,s (6 ~ 0.11)
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We investigated the influence of oxygen overstoichiometry on apical oxygen disorder and magnetic cor-
relations in Nd;NiOy4s (8§ ~ 0.11) in the temperature range of 2-300 K by means of synchrotron x-ray
powder diffraction, neutron single-crystal and powder diffraction studies, combined with macroscopic magnetic
measurements. In the investigated temperature range, the compound crystallizes in a tetragonal commensurate
structure with a P4,/ncm space group with excess oxygen atoms occupying the 4b (34 Y V4) interstitial
sites, coordinated by four apical oxygen atoms. Large and anisotropic thermal displacement parameters are
found for equatorial and apical oxygen atoms, which are strongly reduced on an absolute scale compared
to the Nd;NiOy,3 phase. Maximum entropy analysis of the neutron single-crystal diffraction data uncovered
anharmonic contributions to the displacement parameters of the apical oxygen atoms, toward the nearest vacant
4b interstitial site, related to the phonon-assisted oxygen diffusion mechanism. Macroscopic magnetization
measurements and neutron powder diffraction studies reveal long-range antiferromagnetic ordering of the Ni
sublattice at Ty ~ 53 K with a weak ferromagnetic component along the ¢ axis, while the long-range magnetic
ordering of the Nd sublattice occurs below 10 K. Temperature-dependent neutron diffraction patterns show the
appearance of a commensurate magnetic order at 7Ty with the propagation vector k = (100) and the emergence of
an additional incommensurate phase below 30 K, while both phases coexist at 2 K. The commensurate magnetic
structure is best described by the P4, /nc¢’'m’ Shubnikov space group. Refined magnetic moments of the Ni and
Nd sites at 2 K are 1.144(76) and 1.632(52) pp, respectively. A possible origin of the incommensurate phase is

discussed and a tentative magnetic phase diagram is proposed.
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I. INTRODUCTION

Perovskite-type layered rare-earth Ruddlesden-Popper
nickelates with the chemical formula Ln;NiOgis (Ln =
La, Pr, Nd) exhibit high oxygen mobility down to moderate
temperatures [1-5]. Therefore, they are promising materials
for technological devices such as solid oxide fuel cells, oxy-
gen membranes, sensors, etc. [6-9]. They are also a special
class of materials into which oxygen ions can be intercalated
reversibly even at ambient temperature using electrochemical
methods [10,11], and the oxygen overstoichiometry (§) can
be tuned between 0 < 6 < 0.25. The crystal structure of these
compounds consists of NiO, layers, which are interspersed
between Ln,0, rocksalt-type layers along the long axis (¢
axis) of the unit cell (Fig. 1). Intercalated extra oxygen
atoms are located inside the rocksalt layer in a tetrahedral
site, coordinated by four apical oxygen atoms (O,p) of two
adjacent NiOg octahedral layers. In these materials, oxygen
diffusion proceeds at already moderate temperatures via the
apical and vacant interstitial oxygen sites, triggered by low-
energy phonon modes [12—-15]. In this context, large and
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anharmonic thermal displacement factors were found for
apical oxygen atoms of Pr,NiO4;s and its Nd homologue
towards the [110] direction at room temperature with respect
to the average tetragonal F4/mmm unit cell [16]. These
displacements of the apical oxygen atoms are induced by
the presence of interstitial oxygen atoms, creating specific
low-energy phonon modes, triggering oxygen diffusion down
to ambient temperature [12,13,17]. The presence of interstitial
oxygen atoms is important, as it yields a symmetric increase
of the Oy (Oyp )4 tetrahedra, shifting the O,, atoms towards
adjacent vacant interstitial sites, thus creating a shallow en-
ergy diffusion pathway between apical and interstitial oxygen
sites [16]. This highly anisotropic oxygen diffusion process
is essentially different from the thermally activated classical
hopping process with more isotropic character, for which
elevated energy barriers for oxygen diffusion are difficult to
overcome at ambient temperature [15].

Our present work focuses on the Nd;NiO415 compound,
with the aim not only to better understand the underlying
oxygen diffusion mechanism as a function of § but also to
correlate to changes of the physical properties, i.e., changes

©2019 American Physical Society
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FIG. 1. (a) Perspective view of the tetragonal unit cell of Nd,NiO, ;; in the P4,/ncm space group, showing two distinct tetrahedral sites
4b (3/4, 1/4, 1/4) (red spheres) and 4e (1/4, 1/4, z ~ 1/4) (blue spheres) accessible for extra oxygen atoms, while only the 4b Wyckoff site
with point symmetry 4 is occupied and the 4e tetrahedral site with point symmetry 2.mm being entirely empty. Note that on average only Y2
excess oxygen atom is present per unit cell, i.e., only 11% of 4b sites are filled in Nd,NiOy 1;. (b) [110]/[001] projection of NiOg octahedral
layer at z = 0.5 showing specifically the NiOs octahedron tilt pattern about the [110] axis. (c) [100]/[010] projection of the two Ojy(Ogp)a
tetrahedrons with Wyckoff positions 4e and 4b showing inhaling and exhaling behavior of the empty (pink) and occupied (yellow) tetrahedra,

respectively.

in the magnetic properties with oxygen and thus hole doping
concentration. The structural phase diagram of Nd;NiOys
as a function of § is complex, as previously revealed by x-
ray and neutron diffraction studies [10,18-26]. Stoichiometric
Nd;NiOy o adopts at 300 K the low-temperature orthorhombic
(LTO) phase, with Bmab space group. The structural dis-
tortion associated with the LTO phase involves systematic
canting of the NiOg octahedron around the crystallographic b
axis. A first-order structural phase transition occurs on cooling
at 130 K from the LTO phase towards a low-temperature
tetragonal (LTT) phase with P4,/ncm space group [25]. The
tilting axis of the NiOg octahedra changes from the [100]
towards the [110] direction. Contradictory observations are,
however, reported regarding the crystal structure of moder-
ately oxygen-doped phases [10,18,19,22]. A biphasic model
(Fmmm + Pccn) was proposed for 0.1 < § < 0.15, while an
orthorhombic Pccn phase is reported for 0.067 < 6 < 0.10
[18]. In another study, a two-phase structural model (Bmab +
I14/mmm) for 6 < 0.07 and a single tetragonal /4/mmm phase
with § = 0.07 was reported [21]. Just recently, a single-phase
tetragonal P4,/ncm crystal structure is proposed for the ho-
mologous Pr,NiOy4,s phase at room temperature for 0.07 <
6 < 0.1 based on in situ neutron powder diffraction measure-
ments during electrochemical oxidation/reduction [10].

In this work we focus on the LTT phase of Nd;NiOys
with § ~ 0.11, rendering formally %4 of the Ni atoms in a
three-valent oxidation state. This is not only interesting in
terms of related electronic properties, but also with respect to
the tetragonal symmetry, which is usually observed for much
lower & only. Structural analysis is carried out combining

high-resolution x-ray powder diffraction studies with high-
resolution neutron powder diffraction in the temperature range
of 2-300 K. In addition, we report on high-resolution single-
crystal neutron diffraction studies to explore the influence
of additional oxygen atoms on an apical oxygen disorder
scenario in Nd;NiQOy ;; at ambient and low temperatures.
Undoped Nd;NiO4 shows G-type antiferromagnetic order
of Ni** below Ty = 320K with a propagation vector k =
(100), with oriented spins parallel to the a axis [25]. In the
LTT phase below 130 K, the spin direction of Ni?* changes
toward the [110] direction with a weak ferromagnetic compo-
nent along the ¢ axis. Furthermore, polarization of the Nd3*
ions occurs at temperatures as high as 70 K while coopera-
tive long-range antiferromagnetic ordering of the Nd** ions
takes place below 8 K. Incorporation of additional oxygen
atoms frustrates antiferromagnetic superexchange interaction
and destroys the long-range commensurate magnetic order
at larger doping concentration. Consequently, the oxidized
Nd;NiOy4 23 phase does not possess any static magnetic or-
der down to 1.5 K [22,24]. Complex spin ordering schemes
are reported for oxygen-doped La;NiO4.s phases [27-31]
in which the magnetic order changes from commensurate
Néel type to incommensurate stripe order at § ~ 0.116 [32].
However, a clear understanding on the subtle changes in
magnetic interactions induced by small changes of § is still
lacking for the Ln,NiOy4, s phases (Ln = Pr, Nd). In addition,
anomalous suppression of superconductivity and evidence for
static stripe order associated with the unique lattice distor-
tion of LTT structure has been discovered in a crystal of
La; 6.,Ndo4Sr,CuO4 with x = 0.12 [33]. Therefore, in this
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work, we explore the magnetic properties of the moderately
oxygen-doped LTT phase of Nd;NiO44s with § ~ 0.11 by
means of neutron powder diffraction measurements coupled
with macroscopic magnetic studies.

II. EXPERIMENTAL METHODS

Polycrystalline samples were prepared by the classical
solid-state reaction route at high temperature starting from
stoichiometric Nd,O3 and NiO powders (99.9% purity, Alfa
Aesar). Nd,O; was annealed in air at 1173 K overnight to
remove any hydroxide traces prior to the synthesis. Mixed
starting materials were finely ground and calcined for 12 h at
1523 K in air. This step was repeated twice with intermediate
grinding and pelletizing. When prepared under air at high tem-
perature, the overall  value in the as-grown powder sample
is ~0.22-0.25 [29]. Therefore, the final powder sample with
reduced oxygen nonstoichiometry was achieved by reduction
of the as-prepared sample in vacuum (1073 mbar) at 1073 K
for 48 h.

The overall oxygen content was determined by thermo-
gravimetric analysis in 5%-H, /95%-He gas atmosphere in the
temperature range of 300—1250 K (see Fig. S-1 in the Supple-
mental Material at [34]). The measurement was carried out on
a NETZSCH STA 449C analyzer equipped with PFEIFFER
VACUUM ThermoStar mass spectrometer. The sample was
fully decomposed into Nd, O3 and metallic Ni at high temper-
ature. From the weight loss, the average § value in the reduced
powder sample was determined to be 0.11(2). In the follow-
ing, we designated the corresponding sample as Nd;NiOy ;.

Synchrotron x-ray powder diffraction (SXRPD) measure-
ments were performed at different temperatures in between 5
and 300 K at the Material Sciences (MS) beamline X04SA
at the Swiss Light Source of the Paul Scherrer Institute
(PSI), Switzerland [35]. Measurements were performed with
a nominal photon energy of 17.5 keV. The exact wave-
length [A = 0.6208(1);%] and instrumental resolution param-
eters were determined from a standard LaB¢ powder (NIST),
measured under identical experimental conditions. Data were
collected in the range of 3° < 20 < 120° with a step size
of 0.0036°. Samples were filled into a thin glass capillary
of 0.3 mm diameter and cooled with liquid He in a Janis
cryostat. During data collection, the sample was continuously
rotated to reduce the effect of preferred orientation. Neutron
powder diffraction (NPD) patterns were collected at variable
temperatures on the thermal neutron diffractometer HRPT
[A = 1.4940(2) A] [36] and on the cold neutron diffractometer
DMC [A = 2.4586(3)/0%] [37,38] at PSI. The powder sample
was mounted using a thin-walled vanadium can of diameter
8 mm. The sample was cooled in a top-loading He* cryostat
achieving temperatures down to 1.7 K. All powder patterns
were analyzed by Rietveld method using the FULLPROF SUITE
program [39].

The dc magnetic susceptibility (both zero-field-cooled and
field-cooled) measurements were performed as a function of
temperature during the slow heating of the sample from 2 to
320 K with an applied magnetic field of 1 Tesla using the mag-
netic property measurement system (MPMS) at Laboratory
for Scientific Developments and Novel Materials (LDM), PSIL.
Isothermal magnetization measurements were performed as a

function of applied magnetic field with decreasing fields from
9 T using the physical property measurement system (PPMS)
at LDM, PSI.

The single-crystal sample was grown from the
corresponding powder rods as described elsewhere [40].
A small section (~200 mg) was cut and separately reduced in
vacuum as previously described for the powder sample.
Single-crystal neutron diffraction measurements were
performed on the hot-neutron four-circle diffractometer
HEIDi (equipped with a point detector) at the Heinz Maier-
Leibnitz Zentrum (MLZ) at the FRM-II reactor in Garching,
Germany [41]. A short wavelength [A =0.793(1)/°%] was
used for data collection up to high-momentum transfers
(g =sin0/x~0.9 10\_1). P-type reflections of (—hkl) and
(hkl) type were measured covering two quadrants of the
Ewald sphere. Integrated intensities of totally 1291 and 1121
structural Bragg reflections were collected at 300 and 55 K,
respectively. Least-squares refinements of the single-crystal
data were carried out using the JANA2006 software package
[42]. Nuclear densities were reconstructed in real space
through the maximum entropy method (MEM) [43,44] via
the DYSNOMIA program [45] using the limited-memory
Broyden-Fletcher-Goldfarb-Shanno  (BFGS) optimization
algorithm [46]. Crystal structure and nuclear density maps
were visualized with the VESTA software suite [47,48].

III. RESULTS AND DISCUSSION

A. Crystal structure and oxygen disorder

The room-temperature SXRPD pattern of Nd;NiOy; is
shown in Fig. 2(a) along with the Rietveld refinement profile
in the tetragonal LTT-type structure model. The powder pat-
tern is composed of sharp structural Bragg peaks indicating
good crystalline quality of the sample. The refinement reflects
the single-phase nature of the sample without any detectable
impurity. The lattice parameters are found to be a =b =
5.46200(2) A, ¢ = 12.20517(9) A at 300 K. No splitting of
(hOl)/(0kl)-type Bragg reflections was detected down to 5 K
(see Fig. S-2 in the Supplemental Material at [34]) within
the high resolution of our synchrotron data, indicating the
LTT-type crystal structure in the entire temperature range of
2-300 K. In the LTT model, Nd, Ni, Ogp, Ocqi, Ocq2, and
Ojne atoms occupy 8i (x x z), 4d (0 0 0), 8i (x x 2), 4a
(3/41/4 0), 4e (1/4 1/4 z), and 4b (3/4 1/4 1/4) Wyck-
off sites, respectively. The refined room-temperature crystal
structure is visualized in Fig. 1. Structural and thermal param-
eters obtained with Rietveld refinements are summarized in
Table S-1 and corresponding NPD patterns along with Ri-
etveld refinement profiles are presented in Fig. S-3 of the
Supplemental Material [34]. Note that on average only 11%
of all 4b sites are occupied by interstitial oxygen atoms in
Nd;NiOy 11, approximately corresponding to %2 excess oxy-
gen atom per unit cell. The LTT-type crystal structure is
characterized by a systematic tilting of the NiOg octahedron
around the [110] direction. The tilt angle «; is defined by the
angle between the ¢ axis and the respective shift of the Oy,
as presented in Fig. 1(b). Extracted values of «; at 300 and
2 K are 9.3° and 9.6°, respectively. For the corresponding
LTT structure of stoichiometric Nd,NiOy4 o [25,49], the re-
spective tilt angle was found to be 10.3° at 2 K. The LTT-type
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FIG. 2. Observed (red circles), calculated (black line), and difference (blue continuous line) patterns resulting from Rietveld analysis of
(a) SXRPD data collected at 300 K and (b) neutron diffraction data collected on DMC at 2 K for Nd,NiOy ;. For the low-temperature neutron
data, the upper and lower rows of ticks indicate the positions of structural and magnetic Bragg reflections, respectively. The difference curve
is on the same scale but shifted down for clear visualization. The inset of panel (a) shows the temperature evolution of the unit-cell volume
determined with SXRPD data. Filled circles are experimental data points, and the solid line is a fit with the Debye model [Eq. (1)]. The inset
of panel (b) shows the intensity of the (103) reflection showing only a magnetic contribution, indicating the magnetic ordering of the Nd site
between 2 and 10 K. Solid lines are only a guide to the eye. The position of a strong (101) magnetic peak, essentially related to magnetic

intensities for the Ni atoms, is also marked.

tilt pattern generates two different sets of equatorial oxygen
atoms, Oq; atoms at the basal plane while Oy atoms are
slightly displaced along the ¢ axis. Such a displacement of
O.q atoms, further characterized by the angle «, lifts the cen-
ter of inversion between the two in-plane magnetic Ni** ions
that consequently induces an antisymmetric Dzyaloshinskii-
Moriya (DM) interaction. The spin canting resulting from
the DM interactions gives rise to the weak ferromagnetic
properties in the LTT structure of Nd;NiOy4,;; below the mag-
netic ordering temperature, as discussed with macroscopic
magnetization measurements in the next section. Refined
values of o, at 300 and 2 K are 7.7° and 8.4°, while for
stoichiometric Nd;NiQy, it is found to be 10.5° at 2 K.
It is at first sight surprising to find the LTT-type structure
for the Nd;NiOy4 1 compound, since no significant disorder
is introduced in the long-range NiOg octahedron tilting pat-
tern by such a considerable amount of interstitial oxygens.
Furthermore, no superstructure reflections were observed in
the x-ray powder diffraction patterns down to 2 K, indicating
the absence of long-range ordering of excess oxygen atoms
in the investigated temperature range. This observation is in
strong contrast with that reported for isostructural La;NiOg
in which one-dimensional (1D) ordering of excess oxygens is
observed for similar concentrations [33].

The temperature dependence of the unit-cell volume [inset
of Fig. 2(a)] is fitted with a quasiharmonic Debye model [50]

[Eq. (D]:

T\’ o i
VIT)=Vo+A- | — -T/
®D 0 e —1

where A and V; are constants and ®p is the Debye tempera-
ture, indicating the thermal expansion to be mainly dominated
by phonon contributions. The Debye temperature could be
fitted to ®p = 414(41) K, in agreement with that reported for
other K, NiF,-type nickelates [44].

dx, (1)

For a more detailed structural analysis, especially in view
of a precise analysis of the apical oxygen displacements,
least-squares refinements of single-crystal neutron diffraction
were performed. Results are summarized in Table I and are
in good agreement with those obtained from the powder
diffraction data. The § value in the single crystal is refined to
be 0.097(10). A detailed inspection of the apical oxygen atoms
yields an occupancy corresponding to an overall apical site
stoichiometry of 1.80(1) at ambient and 1.71(2) at 55 K, i.e.,
10% and 15% less than the stoichiometric occupation, while
at the same time the occupancies for the equatorial oxygen
atoms correspond very closely to the ideal stoichiometry. The
presumed understoichiometry is, however, not real but an
artefact related to strong and anharmonic distortions of the Oy,
which can no longer be described in a harmonic approach.

The crystal structure using harmonic displacement factors
(probability 85%) is visualized in Fig. 1, while a more sophis-
ticated data analysis using the maximum entropy method is
given in Figs. 3(a)-3(e), also comparing to the NPD data. The
refinement given in Table I is used for phasing the respective
intensities for the maximum entropy analysis. It thus becomes
clear that all apical oxygen atoms are strongly displaced from
their equilibrium positions in a way to allow a symmetrical
expansion of the Oy (O, )4 tetrahedra, yielding an increased
Oini-Ogyp distance of 2.76 Aat55K, compared to only 2.15 A
when using the average structural model as presented in Fig. 1.
The as-obtained real Ojp-O,, distance of 2.76 A corresponds
very well to the expected O-O distance, taking into account an
0% ionic radius of 1.4 A according to Shannon [51]. These
findings also indicate strong displacements of Oy, in the [110]
direction inside the rocksalt layer, favoring an easy oxygen
diffusion pathway between apical and vacant interstitial sites,
in agreement with a theoretically predicted push-pull diffu-
sion mechanism reported in [14,52]. From a methodological
aspect, it is also interesting to state that only high-resolution
diffraction data up to 0.9 A" allowed visualization of such
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TABLE I. Least-squares refinement results of single-crystal neu-
tron diffraction data obtained for the Nd,NiO,;; compound on
HEiDi at MLZ/FRM II using a wavelength of 0.793(1) A up to

. o —1 . .

sin O /A = 0.9 A . Refinements were carried out in P4,/ncm
. . .22

space group. Displacement parameters Uj; are givenin A”.

Temperature 300 K 55K
a=b A) 5.4597(5) 5.4498(2)
c A) 12.2027(4) 12.1536(6)
Ni (4d) (000) Occ. 1 1
U =Uy, 0.0045(3) 0.0032(5)
Us; 0.0132(5) 0.0073(6)
U, —0.0006(2) —0.0005(2)
Ui =Usxp 0.00049(18) 0.0003(2)
Nd (8i) (xx 2) Occ. 2 2
X 0.98967(15), 0.98904(19),
Z 0.36133(7) 0.36146(8)
Uy =Uy, 0.0105(4) 0.0070(5)
Uss 0.0064(4) 0.0027(6)
U, 0.0015(2) 0.0011(3)
Ui =Uxp 0.00035(17) 0.0007(2)
Oy (8i) (xx2) Occ. 1.800(15) 1.710(18)
X 0.0413(3), 0.0421(4),
z 0.17706(12) 0.17681(18)
U =Uy, 0.0287(7) 0.0200(9)
Us; 0.0078(7) 0.0060(9)
Uiy —0.0097(8) —0.0071(9)
Ui = U 0.0005(3) 0.0000(3)
Ocq1 (4a) (34 Y4 0) Occ. 0.96(1) 0.95(2)
Uy =Uy, 0.0060(5) 0.0054(7)
Usz 0.0325(10) 0.0270(12)
U, 0.0020(5) 0.0001(5)
Ocq2 (4e) (Y Y4 2) Occ 1.005(15) 1.04(2)
z 0.97828(13) 0.97690(17)
Uy =Uy, 0.0073(5) 0.0030(7)
Us; 0.0174(7) 0.0112(9)
U, —0.0029(5) 0.0016(5)
Oine (4b) (34 Y4 V) Occ. 0.097(10) 0.057(14)
Usso 0.014(3) 0.008(8)
No. of reflections All 1290 1121
Unique 670 470
R, (%) 5.37 6.54
wR,, (%) 7.76 10.46
Rerage (%) 2.31 2.02

important structural details, which do not emerge from the

NPD data, obtained up to 0.66 A only. It is noteworthy that
a similar disorder scenario of the apical oxygen atoms has
been reported for PryNiOy4 g9 at room temperature [10] from
single-crystal neutron diffraction studies, suggesting this type
of disorder to be a general feature commonly occurring in
K NiFy-type oxides [53,54]. However, related O, displace-
ments become much more obvious in Nd;NiOy 1, probably
related to the lower ionic radius of Nd>* (1.163 A compared to
1.179 A for Pr3* in IX-fold coordination). The same argument
can also be taken to explain the different transition tem-

peratures for the orthorhombic-to-tetragonal phase transition
comparing Pr,NiOy4 23 and Nd,;NiOy »3, being 638 and 1003
K, respectively. Figure 3(f) represents a 1D cut through the nu-
clear density maps of apical oxygen atoms, showing precisely
the temperature dependence of the apical oxygen disorder.
Two localized nuclear density lobes, separated by a distance
of 0.621 A from the apical oxygen center along the [110] di-
rection, are clearly evident at 55 K. These two nuclear density
lobes behave like splitted apical sites at 55 K. However, with
increasing temperature, a clear overlap of nuclear densities of
these two lobes with the center occurs, suggesting movements
related to the libration mode of NiOg octahedra and onset of a
phonon-assisted oxygen diffusion process at 300 K.

B. Magnetic properties
1. Macroscopic magnetization

DC magnetic susceptibility (x = M/H) curves were
recorded both in zero-field-cooled (ZFC) and field-cooled
(FC) configurations in the temperature range of 2-320 K with
1-T magnetic field. Inverse magnetic susceptibility curves are
presented in Fig. 4(a). An anomaly is observed in both curves
around the magnetic ordering temperature 7y related to the
long-range antiferromagnetic ordering of the Ni sublattice.
The magnetic ordering temperature 7y is found to be 53 K
from the dx ~'/dT curve as shown in the inset of Fig. 4(a).
Thus, additional oxygen doping largely suppresses 7Ty as it
is reduced from 330 K in Nd,NiO4 [55,56] to 53 K in
Nd;NiOy ;1. However, we did not find any evidence of long-
range magnetic ordering of the Nd sublattice in the suscepti-
bility data. Above 150 K, a linear fit of x ~' as a function of
temperature was made to the following Curie-Weiss law:

x(T) = xo+ @)

T—-0

From the least-squares fitting, we extract peg = 5.35 ug,
which in the complete ionic approximation leads to
Weir (Ni site) = 1.46 g, taking Nd*T as a free ion (3.63 up)
in this temperature range. The reduced value of the effective
magnetic moment for the Ni site is formally due to the
presence of either Ni** (3d”) or Ni ions in 3d® configuration,
which is (3d8L), where L is an O 2p hole. The Curie-
Weiss temperature of ® = —36 K indicates predominant an-
tiferromagnetic exchange interactions at low temperature in
Nd;NiOy ;. The temperature-independent term, yo, is found
tobe 1.3 x 1073 emumol~'. A temperature-independent con-
tribution can be due to a combination of Pauli paramagnetism,
Van Vleck paramagnetism, and core diamagnetism. As our
sample is nonmetallic, the Pauli paramagnetic contribution is
expected to be very small and the core diamagnetic contribu-
tion is estimated to be ~ — 0.1 x 1073 emumol~!. Therefore,
the temperature-independent term is mainly dominated by the
Van Vleck contribution resulting from crystal field levels of
Nd** and from Ni** ions.

Figure 4(b) shows several isothermal magnetization curves
measured between 2 and 60 K as a function of magnetic
field between O and 9-T. In the high-temperature range (T >
60 K), magnetization curves have a linear field dependence
with no remanence at all, as expected for the paramagnetic
region. However, a small spontaneous magnetization starts to
appear at around 50 K, showing typical features of a weak
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FIG. 3. MEM reconstructions of Nd;NiOy4;; obtained from single-crystal neutron diffraction. (a) Nuclear density isosurfaces of apical
and interstitial oxygen atoms at 300 K. Anisotropic thermal ellipsoids of apical oxygen atoms are also shown. The anharmonic contribution
to the shifts of apical oxygen atoms toward nearest 4b interstitial oxygen atoms in the (a, b) plane is clearly evident. (b) 2a x 2b projection
of nuclear density maps obtained by high-resolution neutron powder diffraction data at ambient and (c), (d) by high-resolution single-crystal
neutron diffraction data at 55- and 300-K, respectively. Cuts were made along the ¢ axis in the range of 0.16 < z < 0.34. The tetragonal
P-centered unit cell is marked with a dashed square. Positions of apical and interstitial oxygen atoms along the ¢ axis are indicated. (e)
[110]/[001] projection cut along the [110] direction in the range of —0.25 < z < 0.25 showing the oxygen diffusion O,p-Ojy-O,, pathway
(white dashes) along the [110] direction obtained with single-crystal neutron diffraction data at 300 K. NiOg octahedra are indicated by white
dotted lines. All color maps are plotted on the same scale as shown in (e). (f) Scattering densities of the apical oxygen atoms at different
temperatures. Line cuts were made at 55- and 300-K data through the apical oxygen atom along the [110] direction, and the partial split
positions of O,, atoms are clearly evident at 55 K.
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FIG. 4. (a) Inverse dc magnetic susceptibility curves measured as a function of temperature for the Nd,NiO,;; powder sample in zero-
field-cooled (ZFC, black closed circles) and field-cooled (FC, red open squares) configurations. The magnetic ordering temperature of the
Ni sublattice is marked with an arrow around 53 K. The inset shows the first-order temperature derivative of inverse magnetic susceptibility
illustrating a sharp magnetic transition at around 53 K. (b) Isothermal magnetization curves measured as a function of applied magnetic field
between 0 and 9 Tesla recorded below 60 K for Nd,NiO,4 ;; powder sample. Note the appearance of a small ferromagnetic component in the
magnetization curves below 50 K.
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FIG. 5. (a) Temperature dependence of My(T"), deduced from
isothermal magnetization data of Nd;NiO, ;. Néel temperature Ty
is marked with an arrow. The inset presents the ferromagnetic
hysteresis loop of Nd;NiOy 1, recorded at 2 K. (b) My(T) vs xu
curve as discussed in the text. A linear fit is made between 10 and
40 K to extract the ferromagnetic component My;" and the internal
magnetic field H,°.

ferromagnet. No signature of a magnetic-field-induced mag-
netic transition was observed at low temperature as found in
the undoped sample [55]. It is worth noting that the magneti-
zation curve shows no indication of magnetic saturation even
at 2 K with a 9-T magnetic field. However, M-H curves be-
come nonlinear below 10 K, which possibly indicates a mag-
netic contribution of Nd** below this temperature. Magnetic
ordering of the Nd sublattice is further confirmed by NPD data
as discussed in the next section. The isothermal magnetization
curves (M-H) can be represented by the following equation
[55]:

M(Hy, T) = Mo(T) + xair (T )Ha, 3)

where x4;(T) is the high-field differential susceptibility, H,
the applied magnetic field, and M, (T ) the extrapolated spon-
taneous magnetization. Linear fits were made in the 0-3 T
region so that the extrapolated spontaneous magnetization is
close to the remanence at each temperature. The temperature
dependence of My(T) is shown in Fig. 5(a). My(T') starts to
depart from zero just below 50 K and smoothly increases
down to 25 K followed by a strong increase down to 2 K. Sim-
ilar behavior of My(T) in undoped Nd,NiO4 was described
by the evolution of the weak ferromagnetic component of
the Ni’* magnetic moments along the ¢ axis [55]. Further-
more, this weak ferromagnetic component polarizes the Nd**
magnetic moments (through the Nd-Ni interactions), which
contribute to the observed increase of the spontaneous mag-
netization. The full ferromagnetic hysteresis curve obtained
at 2 K is shown in Fig. 5(b), where it is evident that the
remanence magnetization (~4.94 emu/g) and coercive field
(~0.3T) are strongly decreased with oxygen doping. As for
undoped Nd;NiOy [55], the remanence is ~15 emu/g and the
coercive field is higher than 1 T at 4.5 K. The reduction of
the coercive field could be associated with the decrease in
magnetocrystalline anisotropy upon additional oxygen dop-
ing. The internal field acting on the Nd** ions due to the Ni**
ferromagnetic component is evaluated using Eq. (4) [55],

M(T) = Mxi® + xair (T)H, “4)

where H; is the internal field induced by the weak ferro-
magnetic component of Ni** magnetic moments and My;" is
the ferromagnetic component of magnetization from the Ni

sublattice. This relation is depicted in Fig. 5(b), where a linear
dependence between M(T) and x4;r(T) in the temperature
range from 7 = 40K down to 7 = 10K is evident. From
the slope and intercept, we get My;® = —0.08(4) up/f.u. and
H® = 1.12(8) T. In the next section, with a group theoretical
analysis, we show that the weak ferromagnetic component
of magnetization (My;®) points towards the crystallographic
c axis. Therefore, the internal magnetic field H;° acting on
Nd** induced by this ferromagnetic component also points
towards the crystallographic ¢ axis. The negative sign of
My;° indicates that the Nd-Ni interaction is antiferromagnetic.
A similar scenario is also observed in undoped Nd;NiOy4
(MNiO = —0.36 LLB/f.u. and Hio =5.26Tin NdzNiO4_Q) [55],
although these values are strongly reduced with oxygen dop-
ing. Strong reduction of the ferromagnetic component in the
oxygen-doped sample can be attributed to the decrease of
the DM interactions between in-plane nearest-neighbor Ni’*
ions. To a first approximation, the spin Hamiltonian can be
described by [55]

H o= Jnioni Y SVSN + Ty Y SNSN
NN NNN

+Dxini SN x SN+ Jnani »_SNSNL (5)
NN NN

where all the sums are extended to nearest neighbors, except
for the second one which is extended to next nearest neigh-
bors. Jnini and Dy;.ni stand for the in-plane symmetric and
antisymmetric DM Ni-Ni superexchange interactions, respec-
tively. J{; n; stands for the magnetic interactions between two
adjacent NiO, planes along the c¢ axis, while Jng.ni is the
isotropic symmetric antiferromagnetic Nd-Ni superexchange
coupling constant [cf. Fig. 6(b)]. In Eq. (5), the magne-
tocrystalline anisotropy and Nd-Nd superexchange terms are
ignored for simplification. In a first-order approximation, the
magnitude of the DM interaction is directly proportional to
the displacement of Oy, atoms from the basal plane, i.e., it
largely depends on the angle o, as shown in Fig. 1(b) and
further outlined in Fig. 6(c). Rietveld refinements of NPD
data of Nd;NiO4; revealed that «, is decreased by 2° at
2 K compared to the Nd;NiOy4, which is consistent with
the observed decrease in the magnitude of the ferromagnetic
component. Therefore, our NPD and magnetization data re-
veals a strong modification in the DM interactions, allowing
a spin canting, through the subtle change in the tilting pattern
of NiOg octahedra of LTT structure with oxygen doping in
LnyNiOg44s compounds.

2. Magnetic structure

Temperature-dependent NPD data reveals the appearance
of commensurate superstructure reflections below 50 K.
These reflections can be indexed with a propagation vector
k = (100) with respect to the tetragonal chemical unit cell.
These reflections are related to the long-range magnetic or-
dering of the Ni sublattice. Figure 6(a) shows the variation
of the integrated intensity of (101) magnetic reflection with
temperature. The (101) magnetic reflection is predominantly
related to contributions of Ni magnetic moments. Therefore,
the temperature evolution of (101) magnetic reflection con-
firms the onset of magnetic ordering of the Ni sublattice at
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FIG. 6. (a) Temperature evolution of integrated intensities of the (101) magnetic reflection (left side scale) and four intense incommensurate
magnetic reflections (right side scale, IC1 to IC4) are plotted for the Nd,NiO, ;; compound obtained with the NPD data. The vertical dashed
line shows the temperature at which incommensurate reflections start to appear. (b) Commensurate antiferromagnetic structure of Nd;NiOy 1
compound in P4,/nc’'m’ Shubnikov space group. Only the Ni and Nd magnetic sites are shown. Ferromagnetic components of Ni and Nd
moments along the ¢ axis are not shown for simplification. The in-plane antiferromagnetic superexchange Jyi.ni occurs through Ni-Ogq-Ni
bonds. The out-of-plane nearest-neighbor Ni-Ni superexchange interaction Jy; y; occurs through bridging Nd, O,p, and Oy, atoms. The Jyi-ng
superexchange interaction goes through the apical site. (c) Breaking of the rotational symmetry regarding the Ni-Ni axis due to the displacement
of Ocq atoms from the basal plane which allows the antisymmetric exchange interaction. Consequently, a weak ferromagnetic component
appears parallel to the ¢ axis in the LTT phase. The superexchange angle (¢) and distance (d) are also shown.

around 50 K, in agreement with our dc magnetic susceptibility
data. The concave upward shape of the integrated intensity of
the (101) reflection indicates that the magnetic moment for
the Ni is not saturated, even at 2 K. The magnetic ordering
of the Nd sublattice below 10 K is confirmed from the
temperature evolution of NPD patterns as plotted in Fig. 7.
The (103) magnetic reflection mainly arises from the magnetic
ordering of the Nd sublattice. We note that the (103) magnetic
reflection is overlapped with the (112) nuclear Bragg peak
as shown in Fig. 7. However, the nuclear structure factor
of the (112) reflection is close to zero, and any structural
transition at low temperature is excluded from our SXRPD
data. Therefore, the sharp increase in the intensity of the (103)
reflection between 2 and 10 K in the NPD data, as presented in
the inset of Fig. 2(b), clearly suggests the magnetic ordering
of the Nd sublattice. Another indication of Nd** ordering
can be inferred from the substantial increase in intensities lof
magnetic reflections at higher Q (=4 sinf/x ~2.51A ),
where the magnetic form factor of Ni** is low. Additional
incommensurate superstructure reflections are also observed
in the NPD data below 30 K. Potential origins of these
incommensurate reflections are discussed in the next section.

We now discuss the commensurate magnetic structure of
Nd;NiOy ;1. The possible magnetic structures compatible
with the P4,/ncm space group allowed by the (100)

propagation vector are obtained by applying representation
theory using the program BASIREPS included in the FULLPROF
SUITE program; the results are presented in the Appendix. All
the symmetry operations related to the P4, /ncm space group
are listed in Table II while irreducible representations (IRs)
of the space group with k = (100) are shown in Table III.
After checking all of the possible magnetic modes obtained
with representation analysis [cf. Table V], the ferromagnetic
component allowed for Ni or Nd sites is valid only in the
one-dimensional I'; magnetic mode, corresponding to the
Shubnikov space group P4, /nc’'m’.

The neutron diffraction pattern collected at 2 K on DMC
was used to determine the commensurate magnetic structure.
The NPD data was refined using the I'; magnetic model
combining with the LTT structural model. The observed and
calculated diffraction profiles are presented in Fig. 2(b), and
the resulting magnetic structure is visualized in Fig. 6(b).
Refined magnetic parameters are listed in Table S-I of the
Supplemental Material [34]. In the I'; magnetic mode, the
spin direction in the basal plane coincides with the [110]
tilt axis of the NiOg octahedron of the LTT phase. Ni** and
Nd** moments are slightly canted away from the basal plane
towards the ¢ axis to produce an effective ferromagnetic com-
ponent. However, because of its small value, we were unable
to refine the c-axis component of the magnetic moment with
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FIG. 7. Temperature evolution of NPD patterns collected on
DMC at SINQ, PSI [A = 2.4586(3) A] indicating the appearance of
magnetic order around 50 K. Only the low-g regime up to 0.25 A
is presented. Nuclear Bragg peaks are indicated by tick marks in the
upper row while the lower row represents magnetic Bragg peaks with
a (100) propagation vector. Indices of nuclear and commensurate
magnetic reflections are given. Positions of four incommensurate
reflections are shown by arrows. The inset shows the difference
pattern obtained by subtracting 50-K data from 5-K data for XRPD
(black circles) and subtracting 50-K data from 2-K data for NPD
(red circles), emphasizing the magnetic origin of the incommensurate
reflections.

our NPD data. Its existence (~0.08 ppg/formula unit) was,
however, unambiguously determined by means of isothermal
magnetization measurements as discussed in the previous
section. Refined ordered magnetic moments of Ni and Nd
sites are 1.14(8) up and 1.63(5) up at 2 K, respectively. The
refined magnetic moments of the Ni** and Nd** ions are
respectively 28% and 50% smaller than the values reported for
the stoichiometric compound (the ordered magnetic moment
of the Ni** is 1.59 up and of the Nd** is 3.2 up at 1.5 K)
[25]. Please note that both Ni>* and Nd3* ions are far from
magnetic saturation even at 2 K in Nd;NiOy 1, as visible
with the integrated intensity of the (101) magnetic peak in
Fig. 6(a). A possible explanation of reduced magnetic moment
for the Ni site could be deduced by considering the location of
injected holes in the magnetic lattice due to oxygen doping. If
the holes are Ni-site centered (that is, Ni 3d”), as in the case

of site-centered stripes in La;NiOy44 s [29,57], the presence of
Ni** ions will reduce the saturated moment of the Ni site.
However, if the holes are bond centered (that is, Ni 3d 8L), ie.,
occupying one of the equatorial oxygen sites, as is the case
for bond-centered stripes in La;NiOy4 5 [29], the excess holes
located at the oxygen sites cause a ferromagnetic coupling
between the neighboring Ni>* spins, which is in competition
with the normal antiferromagnetic superexchange interaction.
The resulting frustration will also reduce the ordered moment
of the Ni site. In contrast, the reduction of the Nd** magnetic
moment is mainly due to changes in the crystalline electric
field on the rare-earth site as a consequence of double nega-
tively charged Oj,, ions in tetrahedral sites. These interstitial
oxygen atoms strongly perturb the crystal-field levels of Nd3+
ions. Even if a quantitative estimation of this effect is out of
the scope of this work, important changes of the crystal-field
splitting of the J multiplet of the Nd3+ are expected which can
affect the saturation value of the Nd3* magnetic moment.

In this context, it is important to point out the influence
of the observed structural changes due to the oxygen overstoi-
chiometry on magnetic superexchange interaction parameters,
i.e., JniNi, the intraplane symmetric antiferromagnetic Ni-Ni
superexchange interaction [see Fig. 6(b)], and J'nj.nj, the in-
terplane Ni-Ni superexchange interaction [see Fig. 6(b)]. The
JNiNi interaction predominantly depends on two parameters:
the superexchange angle (¢) and the superexchange distance
(d) [see Fig. 6(c)]. The tilting angle of NiOg octahedron
decreases with oxygen doping; therefore ¢ changes from 158°
to 163° and dni-peq2 changes from 1.9668(6) A to 1.9514(7)
A at 2 K. With these values, however, a relative increase
in Jynini of 6% is expected on switching from Nd;NiOy to
Nd;NiQy ;. Three-dimensional (3D) magnetic order appears
mainly because of the interplane magnetic interaction J{; ;>
which essentially depends on the Ni-O,, bond length and
the distance between two nearest interplane apical oxygen
atoms (O,p-Oyp) through which superexchange occurs. The
expansion of the rocksalt (Nd-O,,) layer and the change in
the Ni-O,, bond length (only increased by 0.002 Aat2K)is
not significant due to incorporation of excess oxygen atoms.
Therefore, only a negligible change in J'xini parameter is
expected on switching from Nd;NiO4 to Nd;NiOy j;. It is
evident that structural changes associated with oxygen doping
cannot explain the observed reduction in 3D magnetic proper-
ties completely. Therefore, with our NPD study, we reveal that
antiferromagnetic Jyin; and J'nin; interactions are mainly

TABLE II. Symmetry operators of space group P4,/ncm showing explicitly the rotational part, IT notation as listed in the International

Tables of Crystallography.

Symbol IT notation Symbol IT notation

g1 1 g9 —10,0,0

g 21/4,1/4,2 g0 n(1/2,1/2,0)x,y,0

83 2(0,1/2,0) 0,y,1/4 gn cx,1/4,2

84 2(1/2,0,0)x,1/2,1/4 g2 cl/4,y,z

8s 2(1/2,1/2,0) x, x,0 813 mx,—x+1/2,z

g6 2(—1/2,1/2,0) x, —x +1/2,0 814 mx,x,z

87 4-(0,0,1/2) 1/4,1/4,z 815 —4- —1/4,1/4,z; —1/4,1/4,1
8s 4+ (0,0,1/2) 1/4,1/4,z 816 —441/4,—1/4,z; 1/4,—1/4,1
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TABLE III. Irreducible representations of the space group P4, /ncm with k = (1 0 0). The final column gives the magnetic space group of

each 1D IR in the Belov-Neronova-Smirnova notation.

L g 53 8 8 & 86 87 88 89 g1 g g2 813 814 gis  &s MS.G
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 P4, /ncm
2 1 1 1 1 1 1 1 1 -1 —1 —1 -1 —1 -1 -1 —1 P4y /n'c'm’
3 1 1 1 1 -1 —1 —1 —1 1 1 1 1 —1 —1 —1 —1 P4’2/ncm’
4 1 1 1 1 -1 —1 —1 —1 -1 —1 —1 -1 1 1 1 1 P4, /n'c'm
5 1 1 -1 —1 1 1 —1 -1 1 1 -1 -1 1 1 -1 —1 P4’2/nc’m
6 1 1 -1 —1 1 1 —1 -1 -1 —1 1 1 —1 —1 1 1 P4’2/n’cm’
7 1 1 -1 —1 -1 —1 1 1 1 1 —1 -1 -1 -1 1 1 P4y /nc'm’
8 1 1 -1 —1 -1 —1 1 1 -1 —1 1 1 1 1 -1 —1 P4y /n'cm
9 1 0 -1 0 1 0 -1 0 0 1 0 -1 0 -1 0 1 -1 0 1 0 -1 0 1 0 0 -1 0 1 0 1 0 -1 _

0 1 0o -1 0 -1 0O 1 1 0 -1 0 1 0 -1 0 0 -1 0 1 0 1 0 -1 -1 0 1 0 -1 0 1 O
10 1 0 -1 0 1 0O -1 0 0 1 0 -1 0 -1 0 1 1 0 —1 0 1 0O -1 0 0 1 0 -1 0 -1 0 1 _

0 1 0O -1 0 -1 o 1 1 0 -1 0 1 0 -1 0 0 1 0O -1 0 -1 0 1 1 0 -1 0 1 0 -1 0

influenced by the incorporated disorder in the magnetic lattice
due to injected holes and not directly related to the interstitial
oxygen atoms themselves like in the doped cuprates.

In addition to the commensurate magnetic reflections,
additional weak incommensurate reflections are observed at
T < 30K. One potential origin of these incommensurate
reflections could arise from a 2D/3D ordering of excess
oxygen atoms, as previously reported for oxygen-intercalated
Ruddlesden-Popper type cuprates, nickelates, and cobalts
[16,30,33,54,58]. However, the ordering temperature of ex-
cess oxygen atoms in these compounds had usually been
found to be close to 300 K. Therefore, the appearance of
these incommensurate reflections in our data is likely not

due to such oxygen ordering taking place at 30 K. A closer
inspection reveals that they have intensities only in the low-g
regime of the NPD data. Furthermore, these reflections are not
present in our synchrotron XRPD data (see the inset of Fig. 7),
strongly suggesting a magnetic origin. The positions of these
incommensurate reflections, however, could not be related to
wave vectors associated with stripe magnetic order as reported
for oxygen-intercalated La;NiO44s compounds [32]. They are
supposed to be related to the magnetic ordering of the Ni’**,
Ni**, and Nd** spins. In Fig. 6(a) the integrated intensities
of four intense incommensurate reflections as a function of
temperature are outlined as observed from the NPD data. The
fact that the second and third incommensurate magnetic peaks

TABLE IV. Basis vectors corresponding to the Ni and Nd atoms. The notation for the direction is [e, e, e.]; e, is parallel to the c axis, and
e, and e, are in the basal plane parallel to the a and b axis, respectively.

IRs Basis vectors Nil, Nd] Niz, Nd2 Ni3, Nd3 Ni4, Nd4 Nd5 Nd@ Nd7 ng
I v,! [110] [110] [110] [110] [110] [110] [110] [110]
r, V,! [110] [110] [110] [170] [110] [110] [110] [110]
V,2 [001] [001] [001] [001] [001] [001] [001] [001]
r, V,! [110] 110] [110] [170] [110] [110] [110] [170]
V32 [001] [001] [001] [001] [001] [001] [001] [001]
r, v,! [170] [110] [110] [110] [170] [110] [110] [110]
Is V5! [170] [110] [110] [110] [110] [170] [110] [110]
s V! [110] [110] [110] [110] [110] [110] [110] [170]
V2 [00 1] [001] [001] [00 1] [001] [001] [001] [001]
I'; \'Z% [110] [110] [110] [110] [110] [110] [110] [110]
\Z% [001] [001] [001] [001] [001] [001] [001] [001]
Iy V! [170] [110] [110] [110] [170] [110] [110] [110]
Iy V! [100] [100] [100] [100] [100] [100] [100] [100]
Vo? [010] [010] [010] [010] [010] [010] [010] [010]
Vo3 [001] [001] [001] [00 1] [001] [001] [001] [001]
Vot [010] [010] [010] [010] [010] [010] [010] [010]
Vo® [T00] [100] [100] [100] [100] [100] [100] [100]
Vo [001] [001] [001] [001] [001] [001] [001] [001]
T Vio! [100] [100] [100] [100] [100] [100] [100] [100]
Vio? [010] [010] [010] [010] [010] [010] [010] [010]
Vio? [001] [001] [001] [001] [001] [001] [001] [001]
Vit [010] [010] [070] [0710] [010] [010] [070] [070]
Vio® [100] [100] [100] [100] [100] [100] [100] [100]
Vit [001] [001] [001] [001] [001] [001] [001] [001]
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appear below, whereas the first and fourth magnetic reflections
appear above 10 K, is most probably related to Nd3* and
Ni%* /Ni** ordering, respectively. A quantitative analysis of
the incommensurate magnetic phase is, however, beyond this
powder diffraction work. A more dedicated single-crystal
neutron diffraction study combined with neutron polarization
analysis is required to uncover the incommensurate phase
detected in oxygen overstoichiometric Nd,NiOy j;.

IV. CONCLUSIONS

The subtle modifications in the crystal structure and mag-
netic properties as a function of oxygen content (§) in
Ruddlesden-Popper K,;NiF,-type nickelates are not yet fully
understood. In this context, we have addressed the influence
of oxygen overstoichiometry § on the crystal structure and
magnetic properties of Nd;NiOy j; in the temperature range
of 2-300 K. We revealed that for Nd;NiOy j; the extra oxygen
atoms selectively occupy the regular interstitial 46 Wyckoff
position with site symmetry 4 only. Thereby only one-half
out of four tetrahedral sites is statistically occupied to 11%.
Occupied tetrahedra show a repulsive Ojp-O,, interaction,
leading to a symmetrical increase of the Oy (O,p )4 tetrahedra,
while the Ojp-O,p distance reaches 2.76 A instead of 2.15 A
when taking into account the average structure. Oxygen diffu-
sion along the [110] direction thus involves important local
distortions of the respective tetrahedral sites, resembling a
successively in- and exhaling behavior of the empty and occu-
pied tetrahedra along the diffusion pathway. It is evident that
such a mechanism is far from a rigid Oy (O,p)4 configuration
but that the associated structural changes of the tetrahedral
sites during oxygen diffusion that considerably reduce any
oxygen mobility in the P4, /ncm phase compared to the disor-
dered parent phase at high temperatures in F'4/mmm, where
all tetrahedra become dynamically activated and structurally
equivalent. Moreover, strong anharmonic displacements of the
apical oxygen atoms towards the nearest vacant interstitial
sites are observed, induced by the presence of interstitial oxy-
gen atoms. Such anharmonic behavior of the apical oxygens
was interpreted to be an important prerequisite for a phonon-
assisted oxygen diffusion mechanism in K,;NiF, oxides close
to room temperature.

The oxygen overstoichiometry, more precisely, the
incorporated holes (~1 hole per one unit cell in Nd;NiOy 11),
strongly modify the 3D magnetic properties of Nd;NiOy 1
system. The Ni sublattice orders antiferromagnetically at
53 K, showing a weak ferromagnetic component along the
¢ axis, while Nd sublattice orders only below 10 K. The
magnetic structure at 2 K is, however, far more complex and
consists of a commensurate phase with propagation vector
(100) and an incommensurate phase. The incommensurate
phase appears below 30 K and is different to what is
previously associated with stripe- or checkerboard-type spin
ordering. We assume that the incommensurate phase is likely
to be related with the long-range ordering of the Nd3*, Ni’*,
and Ni*T spins in the oxygen-doped Nd,NiO, 1, phase and
sensitively modulated by the charge transfer, i.e., the oxygen
stoichiometry and ordering.
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APPENDIX: POSSIBLE MAGNETIC STRUCTURES BASED
ON GROUP THEORY

The possible magnetic structures compatible with crystal
symmetry are obtained by applying the representation theory.
The little group Gy is a subset of symmetry elements within
the paramagnetic space group Gy (P4, /ncm), which leaves the
propagation wave vector invariant under the unitary trans-
formation matrix M. In the present case for k = (100), the
little group contains all elements of Gy, which are listed in
Table II. It is convenient to transform the representation of Gy
into irreducible representations (IRs) which are orthogonal to
one another. The character table of Gy is shown in Table III.
The magnetic representation at the Ni and Nd sites can be
decomposed into a direct sum of irreducible representations
as follows:

Pmag(Ni) = 1" + 2I'3 + 15 + 217 + 3T o
Fag(Nd) = 1T + 200 + 2I'3 + 1Ty + 1I's + 2T
+2I'7 4+ 1T'g + 307y + 3T

All IRs are one-dimensional, except I'g and I"yo, which are
two-dimensional. The spin distribution of the jth atom can be
expressed as the Fourier transform of the linear combination
of basis vectors, such that for a single propagation wave
vector k,

S; = ZC,,V,,@‘”‘" + c.c.,
n

where the coefficients C, can, in general, be complex. There
are four Ni (0 0 0) atoms and eight Nd (x x z) atoms within
the primitive unit cell. They are Ni; (0 0 0), Ni, (1/2 1/2
0), Ni3 (0 1/2 1/2), and Nig (1/2 0 1/2). Nd atoms are Nd,
(x, x, 2), Ndp (—x+1/2, —x+1/2, z), Nd3 (—x, x + 1/2,
—z4+1/2),Ndy (x+1/2, —=x+ 1, —z+ 1/2), Nds (x + 1/2,
x+1/2, —=z), Ndg (—x, —x+ 1, —z), Nd7 (x, —x+1/2,
z+ 1/2), and Ndg (—x + 1/2, x, z + 1/2). The basis vectors
belonging to each irreducible representation are presented in
Table IV.
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