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A comprehensive understanding of antiferromagnetism in nanostructures confined in three dimensions
remains elusive. This work addresses this fundamental issue by studying samples of highly crystalline
single-phase NiO nanoparticles of 6, 20, and 34 nm average size, prepared by an optimized two-step
synthesis. All the samples exhibit prominent antiferromagnetic behaviour with an overlapping superpara-
magnetic contribution due to uncompensated spins at the particle surface and at the crystallite boundaries
within the particles, which becomes nearly undetectable for 34 nm particles. Using synchrotron X-ray photo-
emission electron microscopy combined with magnetic linear dichroism, a determination of the antiferro-
magnetic Néel axis was obtained for a subset of individual 34 nm particles. No thermal fluctuations of the Néel
axes are observed at room temperature; instead, they are stochastically aligned along easy directions compati-
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ble with the particle crystal facets resting on the substrate. Consequently, single domain states of two sublat-
tices appear to prevail in this size range, in contrast with a seminal model predicting multi-sublattice arrange-
ments. These findings provide significant insights into antiferromagnetism in nanostructures and open up new
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Introduction

Antiferromagnetic (AF) nanomaterials have attracted signifi-
cant scientific interest due to their remarkable magnetic pro-
perties that diverge significantly from their bulk counterparts.
These unique characteristics arise from finite-size effects,
which disrupt the crystal lattice symmetry, alter the electronic
environment, and modulate magnetic interactions.'® Among
these AF nanosystems, nickel oxide (NiO) nanoparticles (NP)
stand out for their exceptional properties and diverse appli-
cations. Some of the material’s most notable characteristics
include its p-type semiconductor behaviour with a large band
gap of 3.6-4 eV, making it a robust candidate for electronic
devices such as solar cells and capacitors operating at high
temperatures or requiring high efficiency.*” Additionally,
these systems demonstrate outstanding catalytic activity, posi-
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possibilities for data storage based on specific states of Néel axes.

tioning them as promising agents for degrading harmful
gases.®”

Beyond their practical applications, NiO NP are of funda-
mental interest in magnetism due to their unconventional
behaviour at the nanoscale. While bulk NiO is a prototypical
AF with no net magnetic moment, nanosized NiO systems
often exhibit weak ferromagnetism, finite coercivity, and
superparamagnetic-like responses. These deviations are com-
monly attributed to finite-size and surface effects, such as spin
disorder, reduced atomic coordination, and the formation of
Ni vacancies, all of which can destabilize the AF order.® NiO
NP are commonly produced in synthesis processes operating
below 700 °C, a temperature range that fosters increased
oxygen variability and the formation of vacancies in the crystal
lattice.”® The presence of Ni vacancies can shift AF ordering
temperature (Ty) and provoke charge-transfer effects."’
Pioneering investigations by Néel suggested that small NiO NP
could exhibit a weak ferromagnetic signal that yields SPM pro-
perties above a blocking temperature.’” This AF-to-SPM tran-
sition as the particle size decreases was often attributed to an
incomplete compensation between the two AF sublattices.
However, in the 1990s, Kodama et al.'® suggested that the
anomalous magnetic properties found in these systems, such
as significant values of the remnant magnetization and coer-
cive field, could be attributed to the occurrence of multi-sub-
lattice spin arrangements caused by finite-size and surface
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effects associated with the reduced size of the particles and
changes in coordination of surface spins. While this hypoth-
esis is compelling, definitive experimental evidence support-
ing the breakdown of the bulk two-sublattice model in NiO NP
remains elusive.

The challenge in elucidating the magnetism of NiO nano-
structures stems from three primary limitations. Firstly, while
there is abundant literature on the synthesis of pure NiO NP,
the resulting samples often contain additional Ni phases,
most notably metallic Ni, a soft ferromagnet (FM) whose pres-
ence can significantly mask any subtle contribution from
uncompensated spins in NiO NP. The second challenge is the
very limited number of experimental techniques that allow
detecting AF order in nanomaterials. The third complication
arises from the limitations of ensemble measurements, which
average the properties of NiO NP with varying morphologies
and crystalline features, potentially masking individual par-
ticle characteristics.

In addition to optimizing the synthesis to ensure the purity of
the products, chemically specific, magnetically-sensitive, single-
particle measurements have become feasible in recent decades
due to advancements in electron microscopies and synchrotron
radiation facilities.">™” In particular, synchrotron-based X-ray
Photoemission Electron Microscopy (XPEEM) has enabled mag-
netic and chemical characterization at the level of individual
nanoparticles.'®?° Further, combining XPEEM with soft X-ray
Magnetic Linear Dichroism (XMLD) has proven to be an effective
method for characterizing the magnetic domain structures of 3d
transition metal oxides.”"** While previous studies have success-
fully employed XMLD to determine the Néel axis in various bulk
and thin film AF systems, including NiO,*?® LaFeO;*
CuMnAs,?® and other AF materials,>*"*° the determination of the
AF Néel axis in individual nanostructures confined along the
three dimensions has thus far remained unclear.

In this work, we report on the influence of the crystal struc-
ture on three samples of NiO NP with sizes ranging from 6 to
34 nm synthesized using two-step chemical approaches. By
combining standard and advanced characterization tech-
niques, we investigate the morphology, size distribution,
chemical composition, and magnetic properties of these
systems. Notably, we present unprecedented, quantitative
determination of the AF Néel axis in single NP showing the
prevalence of single domain states. Moreover, the study delves
into the role of surface and finite-size effects in determining
magnetic ordering at the nanoscale. This comprehensive ana-
lysis, elucidating the unique AF arrangement at the single-par-
ticle level, offers deeper insights into nanoparticle magnetism,
contributing significantly to the field of magnetic nano-
materials and their potential applications.

Experimental

Materials

Nickel nitrate (Ni(NO;),-6H,0, >98.5% purity, ref. 72252-50G),
nickel acetylacetonate (Ni(acac), 95% purity, ref. 283657-5G).
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Additional reagents include citric acid (HOC(CO,H)
(CH,CO,H),, >99.5% purity, ref. 251275-500G), oleic acid
(CgH;,CH=CH(CH,),COOH, 90% purity, ref. 364525-1L) and
octadecene (CH3(CH,);sCH=CH,, 90% purity, ref. O806-1L).
All reagents were purchased from Sigma Aldrich. The water
was purified using a Millipore Milli-Q lab water system. No
further refinement of the reactants was performed.

Synthesis of NiO NP

NiO NP samples reported in this study were synthesized by
two-step synthesis approaches, as illustrated in Fig. S1 in ESL.{
First, sample NiO6 was prepared by thermal decomposition of
0.27 g (1 mmol) Ni(acac), in 5 mL of 1-octadecene using 1.26 g
(4 mmol) of oleic acid as a surfactant agent.>' This sample was
then subjected to thermal oxidation in air at 350 °C for
48 hours, with a heating rate of 1 °C min™". Second, sample
NiO20 was synthesized via a sol-gel approach using the pro-
cedure described by Y. Wu et al.>* Briefly, 0.7894g (2.7 mmol)
of nickel(m) nitrate and 0.5223 g (2.7 mmol) of citric acid were
separately dissolved in 5 mL of Milli-Q water. The citric acid
solution was added dropwise to the nickel nitrate solution in a
three-neck flask, and the reaction mixture was stirred continu-
ously on a heating plate at 70 °C overnight. The resulting green
gelatinous semi-solid was dried in an oven at 100 °C for
24 hours, and the obtained xerogel was pulverized into a fine
powder using a ceramic mortar. To achieve complete oxi-
dation, the sample was annealed in a muffle furnace under air
at 425 °C for 4 hours, with a heating rate of 1 °C min™". After
cooling to room temperature, the newly formed black powder
was ground again to ensure uniformity. Third, sample NiO30
was prepared following the same sol-gel procedure as NiO20
but with an increased annealing temperature of 475 °C to
promote particle growth.

Structural and macroscopic magnetic characterization

Samples for Transmission Electron Microscopy (TEM) were
prepared by placing 20 pL of a diluted suspension of NiO NP
in hexane, onto a carbon-coated Cu grid and drying for 10 min
at 100 °C. The low-resolution TEM measurements were carried
out using a Tecnai T20 microscope operating at 80 kV, which
also allowed for SAED measurements. In the case of HRTEM
measurements, a JEOL JEM 2010F with a working voltage of
200 kV was used.

Histograms of the size distribution of the NiO NP were
determined by measuring at least 300 particles with Image]
software,* and fitting the results to a log-normal probability
distribution of the form:

1 —In? <§> /(25%)
——e 0 ,
Sv/2nD

where D is the particle diameter, D, stands for the most prob-
able value of D, and S is the standard deviation of the distri-
bution of the logarithm of the reduced diameter D/D,. Dy and
S were determined by fitting experimental histograms
obtained from TEM data to eqn (1).>* The mean particle size

P(D) = (1)

This journal is © The Royal Society of Chemistry 2025
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Drgm and the standard deviation ¢ of the diameter distribution
were computed from eqn (2) and (3), respectively, as follows:

Drpm = Doesz/27 (2)
o = DoeS 2V 1, (3)

Finally, the polydispersity index orsp of the samples was
estimated by dividing the standard deviation by the mean par-
ticle size as orsp = 6/Drem.

The structural characterization of the samples was per-
formed by combining the analysis of High Resolution (HR)-
TEM and Selected Area Electron Diffraction (SAED) patterns.
The interplanar distances (dj;) were calculated using Gatan
Microscopy Suite® software for HRTEM images,>* while
Image] graphical analysis was performed for SAED patterns.
The interplanar SAED distances were determined by measur-
ing the separation between the central spot and the diffraction
spots, followed by converting the reciprocal space distances
into real space values. These results were then compared to
the X’Pert High Score Plus pattern for bulk NiO (Inorganic
Crystal Structure Database, ICSD: 01-071-1179).>

High-Angle Annular Dark-Field Scanning Transmission
Electron Microscopy (HAADF-STEM), Energy-Dispersive X-ray
spectroscopy (EDX), and Electron Energy Loss Spectroscopy
(EELS) were performed using a Titan low-base at the
Laboratorio de Microscopias Avanzadas located in the Instituto
de Nanociencia y Materiales de Aragén (Spain). Both EDX and
EELS spectroscopies were conducted with a spatial resolution
of about 1 nm.

Further characterization of the crystal structure was per-
formed by X-ray Diffraction (XRD) using a PANalytical X’Pert
PRO MPD diffractometer with Cu Ka radiation (A = 1.5418 A),
scanning 26 from 4 to 120° with a step size of 0.026°, and
measuring time of 200 s. Each sample was scanned three
times for a total duration of three hours. The peak positions
were compared with the NiO reference pattern and fitted to
determine the crystallite size Dyxrp by Rietveld analysis using
the FullProf Suite software.>®

The presence of remaining organic compounds in the
samples was evaluated by Thermogravimetric (TG) analysis,
although only results for NiO30 sample are shown in this
work. Samples were heated from 30 to 700 °C with a heating
rate of 10 °C min~' in a nitrogen atmosphere using a
TGA-SDTA 851¢/SF/1100 thermobalance.

X-ray Photoelectron Spectroscopy (XPS) measurements were
conducted using a PHI ESCA-5500 spectrometer with mono-
chromatic Al K, irradiation. The acquired spectra were itera-
tively fitted using a Gaussian-Lorentzian model with MultiPak
software. Surface etching studies were performed with a mona-
tomic Ar ion gun operating at 0.5 keV for 120 min, with XPS
measurements taken every 10 min.

The temperature dependence of the magnetization was
measured under zero-field-cooled (Mzrc) and field-cooled
(Mgc) conditions. For Mzgc, the sample was cooled from 300 K
to 5 K in zero field; a static field of 50 Oe was then applied,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

and magnetization was recorded during warming to 300 K. For
Mrgc, the sample was cooled again to 5 K under 50 Oe, and the
magnetization was recorded during the subsequent warming.
Hysteresis loops M(H) at 5 K and 300 K were measured within
170 kOe. Magnetization measurements were normalized based
on the NiO amount computed from the TG results. From these
curves, we obtained the M,,,,, the coercive field H., and the
remnant magnetization M,. H. and M, were computed as H, =
([H.'] + [H]/2 and M, = ([M;'] + [M;"])/2, respectively, where
H," and H,~ are the intersections of the hysteresis loop with
the positive and negative sides of the H-axis, and M," and M,~
are the analogous intersections with the M-axis.

In the blocked state, the high field region of the hysteresis
loops was analysed to investigate the amount of magnetization
M, caused by unpaired spins within the AF structure. This was
performed by linear extrapolation of the high field region of
M(H) to zero field following the expression:

M(H) = My + yeteH, (4)

where y.¢ stands for the effective magnetic susceptibility of the
antiferromagnet."?

The average magnetic diameter Dy, of sample NiO6 was
computed from the M(H) curve at 300 K, which corresponds to
the SPM regime where interparticle interactions can be neg-
lected. In this regime, M(H) can be fitted to a log-normal dis-
tribution P(m) of Langevin functions L(x) associated with the
SPM behaviour of the particles plus a linear-field term caused
by the effective susceptibility of the AF sublattices and/or the

existence of some residual paramagnetic species.” "’
mH
[mP(m)L| — |dm
M(H,T) = M. WT) |, H (5)
AT [ mP(m)dm At

Here, m is the magnetization of the crystallites that form
the particles, due to the unpaired spins, M is the saturation
magnetization associated with the unpaired spins, kg is the
Boltzmann constant, and y;, is an effective paramagnetic sus-
ceptibility.*® The distribution of the activation magnetic
volumes V;, of the crystallites was computed from the fitted
P(m) considering that m = MVy,. Finally, Dy,,, was estimated
from the average value of V,, assuming spherical shapes for
the activation magnetic volumes.

The existence of unpaired spins coupled with the AF sublat-
tices was further investigated by studying the shift along the
field axis of the hysteresis loops recorded after field cooling
the samples under 10 kOe from room temperature down to
5 K. The shift in the field was defined as H, = (H." + H. )/2.>"

X-ray magnetic linear dichroism measurements of single NiO
NP

To gain insight into the spin orientation of the AF easy axis in
single NiO NP, synchrotron-based XPEEM combined with
XMLD at the Ni L, edges was used.”"*'** XMLD provides one
of the scarce tools to measure the AF order as the X-ray absorp-
tion cross section, dominated by electric dipole terms,
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includes a resonant magnetic contribution in AF materials
proportional to the expectation value of the square of the
atomic magnetic moment m” (see e.g. ref. 22 and 45). The
XMLD contrast depends strongly on the direction of the X-ray
polarization vector with respect to the local AF axes, and in
combination with XPEEM, it enables spatially resolved maps
of the local AF axis orientation down to the nm scale.”* >’

The XMLD measurements were performed at the Surface/
Interface:Microscopy beamline of the Swiss Light Source.*®*
XMLD images and spectra were measured with the 100% line-
arly polarized X-rays impinging at a grazing angle of 16° to the
sample surface. The polarization axis of the E-vector could be
rotated continuously from w = 0° (linear horizontal polarized
light, LH) to @ = 90° (linear vertical polarized light, LV), ie.,
between in-plane and completely out-of-plane configurations.
More details about the experimental geometry are provided in
the following section.

Prior to magnetic imaging, local XAS spectra of the individ-
ual NP were obtained by collecting sequences of XPEEM
images around the Ni L, ; edges using both LH and LV polar-
ized light and analysing the isotropic (nonmagnetic) intensity
(sum of LH and LV spectra) as a function of the photon
energy. The purpose of these measurements was twofold. First,
to verify that the oxidation state of the analysed individual par-
ticles agrees with a single NiO phase, and second, to find out
the relevant energies providing the largest magnetic XMLD
contrast for subsequent imaging.

XPEEM elemental contrast maps of the NiO NP were
obtained by a pixel-wise average of two XPEEM images succes-
sively recorded with LH and LV polarized light at the A and B
positions of the L,-edge (so-called L,,, L,p images, respect-
ively). Typical image acquisition times were about 200 s per
photon helicity, corresponding to 1 s per exposure, averaging
10 exposures per image, and acquiring a total of 20 images.

XMLD images were obtained from the pixel-wise division of
two such elemental contrast images (L,s/L,g) recorded at a
given polarization of the E-vector, w. This procedure ensures
that all contrast mechanisms other than those of magnetic
origin cancel out because they do not depend on the photon
helicity.

For the processing and analysis of the images of both the
local isotropic Absorption Spectroscopy (XAS) and XMLD
images, rectangular boxes of various sizes were used to ensure
the largest and cleanest signal possible for each single NP. It
was found that smaller boxes yielded a larger signal-to-noise-
ratio (SNR), with the optimal SNR achieved for square boxes of
2 x 2 pixels. Note that, since the lateral spatial resolution of
XPEEM is limited to about 30 nm,***® the box size may not
reflect the actual size of the NP, but rather its apparent size, as
the XAS only indicates the regions where the secondary elec-
trons are photoemitted. Further details about these data ana-
lysis considerations and other methodological challenges can
be found in related works.***%4°

To determine the local AF Néel axis from individual particles
out of the XMLD images, it is necessary to understand the
angular dependence of the XMLD contrast on both @ and azi-
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muthal angle y about the sample surface (rotation around z-axis
in Fig. 6(a)). The intensity I of the XMLD signal is given by:

I =1Iy+Icos* a, (6)

where I, is a constant background, I; is a constant scale factor,
a is the angle between the E-vector and the AF axis (see sketch
in Fig. 6(a)), and

cos a = cos o sin 0 sin(¢ + y) + cos 16° sin w cos 0

+ sin 16° sin o sin 0 cos(¢ +7), @
where 0 and ¢ represent the spherical coordinates of the AF
axis. Eqn (6) and (7) were used to fit the experimental data.
The fitting was performed using a custom code developed in
Mathematica.>

The XMLD signal is probed first by changing « at y = 0°,
and subsequently, repeating the XMLD vs. @ scans for
additional selected y values. This approach allows both the in-
plane and out-of-plane components of the AF axis to be
probed and differentiated. In our case, the selected angles
were y = 0° and 47° while o was varied in steps of @ = 10° from
in-plane to out-of-plane (@ = 0° to @ = 90°) with respect to the
sample substrate. Note that the latter polarization is not
exactly perpendicular to the sample due to the incident
grazing angle of 16° (Fig. 6(a)).

The XMLD-XPEEM study described above was carried out
on sample NiO30. The sample was prepared by drop-casting a
diluted suspension of NP onto a silicon wafer. Subsequently, a
thin carbon film was deposited onto the substrate to prevent
charging effects and enhance the SNR of the NP in the XPEEM
measurements. All experiments were performed at room temp-
erature, in the absence of any prior field cooling protocol, and
at zero applied magnetic field.

Results and discussion
Structural insights of NiO NP across various size ranges

The first part of this work was devoted to analysing the struc-
tural properties of the three samples of NiO NP synthesized by
the two-step chemical approaches, as discussed in the
Methods section. The NiO6 sample was synthesized through
the thermal decomposition of Ni(acac), in the presence of
oleic acid, followed by a subsequent calcination process (see
Fig. S1 in the ESI}). Samples NiO20 and NiO30 were syn-
thesized using a sol-gel approach and calcined.*"** Low-
resolution TEM characterization presented in Fig. 1(a and b)
(images for NiO20 not shown) reveals shared structural fea-
tures across all three NiO samples, regardless of particle size.
For example, all samples exhibit a similar faceted platelet-like
shape, attributed to the high temperatures used during calci-
nation, which promote the formation of faceted crystalline
structures. Additionally, the NP tend to agglomerate on the
TEM grid, likely due to the minimal organic coating adhering
to their surfaces, as confirmed by TG analysis of the sample
NiO30 (see Fig. S2 in the ESIf).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Representative low-resolution TEM images of samples (a) NiO6
and (b) NiO30. Panels (c) and (d) correspond to HRTEM images of
samples NiO6 and NiO30, respectively. (e) Log—normal functions rep-
resent the particle size distributions computed by fitting histograms
from low-resolution TEM images for the three samples: NiO6 (black),
NiO20 (red), and NiO30 (blue).

The mean particle size and standard deviation computed
from the particle size distributions (see eqn (1)-(3)) in Fig. 1(e)
are 6 + 1 nm (NiO6), 20 + 4 nm (NiO20), and 34 + 8 nm
(NiO30). These results confirm that the three samples are
monodisperse with polydispersity index orgp values of around
20%.

Particles shown in HRTEM images in Fig. 1(c, d) and S3 in
the ESIT exhibit good crystallinity, either being single crystals
for NiO6 and NiO20 or containing the coexistence of crystal
domains in NiO30 (Fig. 1(d)). Interestingly, HRTEM images for
the NiO NP studied showed either (111) or (200) atomic
planes, suggesting preferential growth along these directions.
These families of planes are the most stable and densely
packed in the fcc crystal structure.®® Consequently, they are the
most energetically favourable for rapid and controlled atomic
growth of NiO NP. Furthermore, the particles showed a plate-
let-like shape with large external facets perpendicular to the
growth planes, which are likely the surfaces on which the par-
ticles rest on the TEM substrate. Since only (111) and (200)
planes are found in HRTEM images, and considering the most
densely packed and typical facets for a cubic crystal, we
inferred that the facets lying on the substrate preferentially
belong to the {220} and/or {200} families. This is because {220}

This journal is © The Royal Society of Chemistry 2025
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facets contain elements perpendicular to both (111) and (200)
atomic planes, while some {200} facets are perpendicular to
the (200) planes. However, considering the high stability of the
(111) planes, we cannot rule out the possibility that {111}
facets may also be present at the substrate interface. This will
be relevant in the single-particle magnetic characterization
section, where the Néel axis of individual particles is deter-
mined from the analysis of combined XMLD and XPEEM data.

The preferential occurrence of these atomic planes was
further corroborated through the study of SAED patterns for all
three samples. These patterns exhibited similar features, con-
sisting of three rings attributed to the (111), (200), and (220)
families of atomic planes (Fig. S4 in the ESIf). The slight
expansion observed in the lattice parameters may be attributed
to the presence of Ni vacancies in the structure, potentially
indicating partial Ni**/Ni**substitution.®'°

HAADF-STEM images also support a faceted platelet-like
shape of the particles. Besides, images reveal a uniform con-
trast across the particles, suggesting a homogeneous compo-
sition and/or a consistent crystalline structure throughout (see
inset to Fig. 2(c) and Fig. S5 in the ESI{). This observation was
further corroborated by EDX analyses of several NP, which
showed similar Ni and O contents within the particles (see
Fig. 2(a and b)). It is important to note that all three samples
exhibited a deficit in Ni content of approximately 15%. This
deficit could be attributed to partial Ni**/Ni** substitution,
potentially influenced by an overrepresentation of oxygen
caused by the sample’s exposure to air.>"°

To complement the compositional analysis, EELS measure-
ments were performed on individual NiO30 NP. The quantifi-
cation of the spectra revealed that, while the particle interior
exhibited stoichiometric Ni-to-O ratio, the particle surface
showed a slight nickel deficiency, resulting in a core-shell-like
compositional structure.

The Ni-to-O ratio was approximately 0.8 : 1 near the surface
and about 1:1 in the interior (see Fig. 2(c) and S6 in the ESIf).
These findings suggest that the slight Ni stoichiometric deficit
primarily originates from surface effects, potentially due to
defects or air-induced oxidation.

XRD spectra (see Fig. 3) for the three NiO samples showed
only the Bragg reflections associated with the fcc structure of
bulk NiO, discarding the presence of any parasitic phase, such
as Ni or Ni,O;. Besides, the peak widths decreased with
increasing values of Dy, as expected for single crystal NP.>?
Rietveld fittings were used to gain insight into some crystallo-
graphic features such as crystalline size and unit cell para-
meter, together with the ion occupancies in the two sublattices
(see Table 1 and Fig. S7 in the ESI{). The unit cell parameter
was within 4.1785(1) and 4.1789(1) A. Note that these values
are slightly larger than the bulk one for stoichiometric NiO
(4.175 A),* in agreement with typical values in nanostructured
NiO, due to finite-size effects and the presence of Ni
vacancies.'® In addition, Dygp obtained for NiO20 and NiO30
samples were very similar to Drgy. The latter suggests that NP
exhibit consistent crystal quality throughout their entire struc-
ture, from the core to the outermost surface, in good agree-
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Fig. 2 Compositional EDX and EELS analyses of NiO30 NP. (a)
Elemental EDX mapping for nickel (Ni K,), revealing homogeneous
nickel distribution throughout the entire NP. (b) Elemental EDX mapping
for oxygen (O K,4) showing a consistent oxygen distribution. (c) EELS
spectra corresponding to the particle interior (red) and surface (blue).
The inset shows a HAADF image displaying the region where the EELS
spectra were recorded.
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Fig. 3 XRD spectra for samples NiO6 (black), NiO20 (red), and NiO30
(blue), along with the expected diffraction pattern of bulk NiO (purple)
according to ICSD 01-071-1179.

ment with the TEM analysis. Interestingly, the NiO6 sample
showed a Dygp value of 9 + 1 nm, which was larger than Drgy
and could be due to the contribution of the largest particles
present in the sample. The Ni occupancy (0.94-0.95) was
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Table 1 Structural features of samples NiO6, NiO20, and NiO30, com-
paring crystalline size by TEM, Dygm, and XRD, Dygrp, unit cell parameter,
and Ni occupancy (normalized to that of O). The values in parentheses
indicate the estimated uncertainty in the least significant digit

Drem ORrsD Dxrp Unitcell Ni
Sample (nm) (%) (nm) parameter (A) occupancy
NiO6  6(1) 17 9 (1) 4.1785(1) 0.94(1)
NiO20  20(4) 20 21(3)  4.1786(1) 0.95(1)
NiO30  34(8) 24 32(5)  4.1789(1) 0.94(1)

slightly lower than the stoichiometric value, what is commonly
found in NiO NP synthesized at temperatures below 700 °C.*>"°
Table 1 summarizes the overall structural features, indicating
that the three samples are composed of particles of high crys-
tallinity and homogeneous composition.

To gain further insight into the structural and chemical
properties of NiO30, XPS measurements were conducted in the
Ni 2p and O 1s core levels. In Fig. 4(a), the main Ni 2p;, peak,
located at 853.7 eV, confirms the presence of Ni*" in the NiO
lattice.>® This peak is accompanied by a secondary Ni 2ps,
component at 855.6 €V, which can be attributed to interactions
of Ni** with non-local oxygen atoms, surface effects, and/or the
presence of Ni*" species, such as NiOOH or Ni,0;.°*°°

(a) Ni 2p
Ni 2p;;,
) Ni 29, Ni,O, // Ni(OH),
S 855.6 eV
o Ni,O, // Ni(OH), NiO
S 873.0 eV
2
‘®
C
2
£
890 880 870 860 850
Binding Energy (eV)
(b) O 1s 529.4 eV
0
'c
S5
<
&
2
‘@
g 531.2 eV
kS
/. Ni-O-Ni
536 534 532 530 528

Binding Energy (eV)
Fig. 4 High-resolution XPS spectra of the Ni 2p (a) and O 1s (b) core

levels in NiO30 NP. The peak in the O 1s core level at 531.2 eV can be
attributed to surface contamination.
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Accordingly, the same two contributions are observed for the
Ni 2py,, core level: (a) the main Ni 2p,,, peak, found at 871.3
eV, arising from the spin-orbit splitting of Ni 2p electrons,
and (b) a secondary component at 873.0 eV. Finally, two satel-
lite peaks, appearing at 860.9 eV for Ni 2p;, and at 879.5 eV
for Ni 2p,,,, respectively, indicate interactions between the
photoelectron and unpaired valence electrons, reflecting the
correlated electronic nature of the material.”®

The O 1s core level, shown in Fig. 4(b), reveals a main peak
centred at 529.4 eV, associated with oxygen ions in the NiO
lattice (Ni-O-Ni bonds). A secondary peak at 531.2 eV suggests
variations in the environment, likely caused by oxygen
vacancies and/or surface interactions with adsorbed atmos-
pheric species, i.e., surface contamination. To investigate the
origin of this secondary peak, etching studies were performed.
As shown in Fig. S8 in the ESI,{ the secondary peak nearly dis-
appears after etching, confirming its origin from surface con-
tamination. Consequently, from XPS spectra, NiO30 NP are
mostly stoichiometric NiO at the bulk of the NP, while some
residual oxidation takes place at the surface.

Quantitative analysis of the XPS data revealed a compo-
sition of 48.1% oxygen, 45.9% nickel, and 6.0% carbon. The
presence of carbon is attributed to minor surface contami-
nation or substrate contributions. This composition indicates
a slight nickel deficiency (Ni: O = 0.954), further corroborating
the structural characterization results.

Macroscopic magnetic characterization of NiO NP ensembles

The dependence of the magnetic properties on crystal size was
studied on the three NiO samples. Table 2 summarizes the
overall magnetic features of the samples, while Fig. S9 in the
ESIfshows the temperature dependence of Mzpc—Mgc curves
measured from 5 to 300 K under H = 50 Oe. Two types of
curves can be distinguished depending on particle size. The
curve for NiO6 NP exhibits typical SPM features, with the Myrc
curve rising gradually until reaching a peak at T}, = 170 K and
then decreasing monotonously towards room temperature.
Additionally, the temperature corresponding to the onset of
irreversibility between the Myzpc—Mgc curves, Ty, is slightly
higher than T, likely due to interparticle interactions. In con-
trast, NiO20 and NiO30 samples show Mzpc—Mgc curves
characteristic of blocked particles, with Tj.. equal to the temp-
erature at which the cooling process was initiated and without
any trace of Tp. These findings are consistent with previous
works on NiO NP, where small 8-9 nm NiO NP displayed T},
well below 200 K, while 20 nm NiO NP remained blocked at
room temperature.”” Notably, the rapid increase in magnetiza-
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tion at low temperatures observed in the NiO30 sample may be
attributed to a minor paramagnetic contribution from residual
Ni-containing species. The ZFC-FC signal in this sample is
approximately three times smaller than that of NiO20 and an
order of magnitude smaller than that of NiO6, suggesting that
similar impurities may be present in all three samples but are
only detectable in NiO30.

Hysteresis loops recorded at 5 K and depicted in Fig. 5
exhibit some common features related to AF order for the
three NiO samples,"* such as irreversibility, small values of
remnant magnetization M, and the maximum magnetization,
M.y less than 1.50 emu g~ '. Additionally, samples show a pro-
gressive breakdown of the AF order as the particle size
decreases, from nearly compensated AF in sample NiO30 with
a coercive field H. ~0.6 kOe at 5 K to a slight FM for sample
NiO6 that exhibits the largest values of both M, and H.. This
suggests that the particle size plays a crucial role in the mag-
netic behaviour of NiO samples. Larger particles tend to
possess higher crystallinity, yielding a nearly complete AF
ordering, while NiO6 NP render a higher proportion of surface
atoms (42%), being more susceptible to structural defects and
lattice distortions that may give rise to unpaired spins break-
ing the AF order.

Hysteresis loops measured at room temperature, and
depicted in the inset of Fig. 5, show small coercivities for the
NiO20 and NiO30 samples and negligible coercivity for the
NiO6 (see Table 2). This suggests a minimal energy barrier for

1k
5
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-80 0 80
H (kOe)
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Fig. 5 Hysteresis loops at 5 K for samples NiO6 (black), NiO20 (red),
and NiO30 (blue) with a maximum field of H = 70 kOe. The inset shows
the corresponding hysteresis loops of the three samples at 300 K, illus-
trating the effect of increased thermal activation on hysteresis.

Table 2 Summary of the magnetic properties of the NiO samples measured at 5 K and 300 K. Values in parentheses indicate the estimated uncer-

tainty in the least significant digit

Monax (5 K) M, (5K) Miax (300 K) M, (300 K) H. (300 K) Hy (300 K)
Sample (emu g™) (emug™) H. (5 K) (kOe) (emu g™) (emug™) (koe) (kOe)
NiO6 1.40(1) 0.13(1) 6.0(1) 1.30(1) 0.00(1) 0.0(1) 9.0(1)
NiO20 1.00(1) 0.10(1) 5.0(1) 0.9(1) 0.00(1) 0.4(1) 7.0(1)
NiO30 0.70(1) 0.00(1) 0.6(1) 0.50(1) 0.00(1) 0.3(1) 0.0(1)
This journal is © The Royal Society of Chemistry 2025 Nanoscale
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the reorientation of uncompensated magnetic moments in the
three samples, consistent with the thermally induced
reduction in magnetic anisotropy characteristic of AF materials
at elevated temperatures.'* The AF ordering of the samples
was further analysed by fitting the high-field region of the hyster-
esis loops to eqn (4) and obtaining the value of the extrapolated
magnetization at zero field, M,. Note that M, can be used to
determine the presence of uncompensated spins and thus
provide a quantitative measure of the deviation from an ideal AF
ordering. For the NiO6 sample we obtained M, = 0.22 + 0.05 emu
¢!, indicating a significant contribution to the magnetization
from a FM component, likely attributable to uncompensated
spins at the particle surface or at structural defects and grain
boundaries, which are more prevalent in the smallest particles. In
contrast, as the particle size increases, M, gradually decreases,
from 0.10 + 0.03 emu g~ for NiO20 to almost zero within the
experimental error 0.02 + 0.05 emu g~ for NiO30. This reduction
indicates a decreasing fraction of uncompensated spins and a
strengthening of the AF ordering with increasing particle size.
Fig. S10 in the ESI{ depicts a fitting of the magnetization as a
function of the magnetic field at 300 K for the NiO6 sample to a
distribution of Langevin functions as described in the Methods
section, demonstrating the SPM behaviour of the uncompensated
magnetization (FM component) of the NP. The magnetic dia-
meter, determined by this procedure as 8.5 + 1.4 nm, is in close
agreement with the crystal size in Table 1.

To close this section, Fig. S11 in the ESI} shows the hysteresis
loops at 5 K recorded after FC the samples under 10 kOe from
room temperature. The shift in these loops, Hj, is found to
decrease progressively with particle size (see Table 2). The most
pronounced shift is observed for the NiO6 sample, likely due to
the coexistence of AF and uncompensated regions within the NP.
In contrast, NiO20 and NiO30 samples show minimal loop shifts
and coercivity, in agreement with the smaller M, values. It is
important to note that non-zero values of H; may not necessarily
indicate a true exchange bias phenomenon. Instead, they could
result from the occurrence of minor loops within the hysteresis
loops, which is a common feature when a magnetic system is not
fully saturated, even under the maximum applied magnetic field
(see the large irreversibility in the hysteresis loops for NiO6 and
NiO20 samples shown in Fig. S11 in ESI{).

This section, in a nutshell, show that the magnetic features
of the NiO samples exhibit a clear dependence on the particle
size. Smaller NiO6 NP display SPM behaviour of the weak FM
component superimposed to the dominant AF behaviour,
while larger NiO20 and NiO30 NP exhibit blocking of that par-
ticle magnetization even at room temperature. Additionally,
H., M., and M, decrease with increasing particle size, as
they are directly related to the progressive reduction of uncom-
pensated spins within the NP, such that NiO30 stands as an
almost perfect AF.

Single-particle magnetic characterization: identification of AF
Néel axes in NiO30 NP

The identification of the AF Néel axis for sample NiO30 was
performed by combining single-particle XAS, XPEEM and
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XMLD. A schematic diagram of experimental geometry, includ-
ing the definition of all relevant angles used in this study, is
shown in Fig. 6(a). A representative example of an elemental-
contrast XPEEM image, collected as described in Methods
section, is shown in Fig. 6(b). The bright spots correspond to
individual NiO particles (some of which are highlighted with
circles and numbers) and occasional dimers or clusters of
close-lying particles (excluded from our analysis, except in the
case of P1). Illustrative examples of isotropic, local Ni L; ,-edge
XAS spectra of single NP for sample NiO30 are shown in
Fig. 6(c) and Fig. S12 in ESL.} The local spectra show a double
peak structure at both L; and L, edges, characteristic for Ni**
in an octahedral crystal field.*>*® Nevertheless, an individual
confirmation of the single-phase NiO nature of each NP was
conducted by comparing the measured local isotropic XAS
spectra with fits to a weighted linear combination of the refer-
ence bulk spectra of both Ni and NiO taken from ref. 24 and
45 (Fig. 6(c) and S12 in the ESIf). The assignment of the oxide
phase is chosen to achieve the best compromise between the
most relevant criteria, namely the L, splitting, the distances
between the main peaks, and the ratio between them, as dis-
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Fig. 6 (a) Schematic diagram illustrating the geometry of the

XMLD-XPEEM experiments, indicating the rotation angles » and y. E rep-
resents the E-vector of the linearly polarized X-rays (depicted also cen-
tered in the particle for clarity). n represents a unitary vector along the
AF Néel axis of the particle (see Fig. S14+ for the possible orientations of
n in NiO), whose spatial orientation is determined by the spherical coor-
dinates (0,¢). (b) Elemental-contrast XPEEM image with particles ana-
lyzed in this study encircled and labeled, P1 to P7. Scale bar corresponds
to 10 pym. (c) Isotropic, local Ni Lz,-edge XAS spectra (blue symbols)
recorded for particle P4 in the XPEEM image shown in panel (b), com-
pared with a fit (black solid line) obtained from a weighted linear combi-
nation of the reference bulk spectra of both Ni (0-10%) and NiO
(90-100%), taken from ref. 24 and 45. The fit indicates compatibility
with a single NiO phase within an error bar of up to 7%.
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cussed in the literature.*"***° It should be emphasized that all
the particles analysed hereafter are compatible with a single
NiO phase within an error bar of up to 7%, as determined
from the local isotropic absorption spectra. Representative
examples of XMLD images, collected as described in the Methods
section, are shown in Fig. 7. All NP exhibit stable magnetic XMLD
contrast at room temperature under zero applied magnetic field.
This observation precludes fluctuations of the AF axis in individ-
ual NP within the time frame of our experiments (up to about
36 hours, including all data scans and geometries), although
complete spin reversals cannot be excluded as they are not detect-
able by XMLD. Furthermore, no variation of the XMLD contrast
was observed within each single particle when comparing signals
extracted from neighbouring boxes of comparable size (2 x 2
pixels), indicating that, within our experimental accuracy (lateral
resolution of about 30 nm),*>*° each NP could correspond to an
AF monodomain state. Considering that the NP are single crystal-
line, as shown in section 3.1, the fact that the size of the nano-
crystals matches that of the XMLD contrast is compatible with
the usual two-sublattice AF order shown by bulk NiO,> thereby
excluding the emergence of a more complex sublattice configur-
ation inside the NP, as discussed in some seminal works."*"?

As explained in the Experimental section, for a given experi-
mental geometry with fixed values of w and y, the contrast in
XMLD images (dissimilar gray levels in Fig. 7) corresponds to

o=0° w = 50° w = 90°
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Fig. 7 Representative XMLD images obtained from the pixel-wise divi-
sion of two elemental contrast (Lpa/L,g) images recorded with E-vector
angle @ = 0° (LH), 50°, and 90° (LV); left, middle, and right columns,
respectively. The in-plane azimuthal angles y = 0° and 47° correspond to
rows (a) and (b), respectively. For ease of comparison, the images in row
(b) have been rotated 47°. Particles studied in this work are encircled
and labeled. Note that bright/dark contrast corresponds to large/small
values of the projection of the E-vector on the AF axis. Scale bar corres-
ponds to 10 ym.
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different Néel axis orientations in each individual NP. In our
case any observed linear dichroic contrast is truly of magnetic
origin, as the material has cubic symmetry and thus, no linear
dichroism associated with crystal fields is expected, as dis-
cussed in different studies.®® In addition, considering that the
particles are drop-cast onto solid substrates for the XPEEM
experiments, no distortion related to strain is expected.
Therefore, the cubic crystal lattice parameters shown both in
Table 1 and Fig. S4(c) in the ESIT should prevail.

An initial qualitative indication of differing AF axis orien-
tations among individual NiO particles is shown in Fig. 7,
which illustrates the change in the XMLD images for y = 0°
and 47° (top and bottom row, respectively) and w = 0°, 50°,
and 90° (left, middle, and right columns, respectively). Note
that a few particles, highlighted with circles, show a large par-
ticle-to-particle XMLD signal variation between images at @ =
0° and @ = 90°, for y = 0°. For example, P4 and P7 show a
strong contrast reversal from dark gray to white, while P2 from
black to light gray, thereby suggesting a strong out-of-plane
component of the AF axis, as opposed to P3 where almost no
change in contrast is observed. Similarly, regarding the in-
plane component of the AF axis, strong XMLD signal variations
are also observed at a fixed w when comparing images for
different y values. For example, at @ = 90°, when comparing
images at y = 0° and y = 47°, P4 and P5 show a strong contrast
reversal from white to gray, while P7 from white to black, indi-
cating that the AF axis has a nonzero in-plane component with
dissimilar orientation among different particles.

For a quantitative analysis, the XMLD contrast was com-
puted as a function of w, in steps of Aw = 10°, for y = 0° and
47° on a total of 8 individual particles, highlighted with circles
in Fig. 6(b) and 7. It should be noted that P1 was treated as
two closely spaced particles, P1a and P1b, as discussed further
below.

According to eqn (6), the XMLD contrast varies as cos’a,
thereby covering all its possible values in the interval 0° < a <
90°. Then, by rotating the E-vector, the out-of-plane com-
ponent of the AF axis within the rotation plane of the polariz-
ation is probed according to eqn (7). Consequently, extrema at
specific w values are expected for each Néel axis orientation
with a non-zero component within the rotation plane,*”
assuming a single domain state. For instance, at y = 0°, par-
ticles with the in-plane component of their AF axis aligned
along the x-axis (¢ = 0°) (as illustrated in Fig. 6(a)) will consist-
ently exhibit extrema in the XMLD contrast corresponding to a
minimum at @ = 0° and a maximum at w = 90°, regardless of
the degree of canting of the AF axis with respect to the z-axis
(angle 0), since cos®a goes as sin’w for ¢ = 0° according to
eqn (7). In contrast, AF axes with ¢ # 0° will display extrema in
XMLD contrast at shifted values of w, which depend in a more
complex manner on 6. Interestingly, a y-rotation of the sample
is equivalent to an effective change of ¢ of the AF axis.
Therefore, this fact can be exploited to unambiguously deter-
mine the orientation of the AF axis by recording the XMLD
signal as a function of w at two sufficiently different values of y
(0° and 47° in our case) and then using eqn (6) to reproduce

Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr01625h

Open Access Article. Published on 10 July 2025. Downloaded on 7/30/2025 6:15:52 AM.

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

(cc)

Paper

both sets of experimental data with a unique set of spherical
coordinates (6,¢).

To simultaneously fit the two sets of experimental data corres-
ponding to each particle, interactive plots were generated by
varying 6 and ¢ in eqn (7) aiming to best match the location of
the extrema in the two experimental curves. The overall curvature
and background of the fitted functions were finely tuned by
adjusting appropriate values of I, and I; constants in eqn (6) for
each curve. The criterion for assessing the goodness of the final
fit involves achieving the best agreement for both the location of
the extrema, while simultaneously preserving the overall quality
and consistency of the shape of the two sets of data for each par-
ticle. It is worth noting that the smaller the value of 6 (ie., the
more out-of-plane the AF axis is), the greater the uncertainty in
the value of ¢ required to obtain acceptable fits to the XMLD
data. Conversely, as 6 approaches the in-plane configuration, the
uncertainty in the determination of ¢ decreases due to the
greater sensitivity to the in-plane components.

Fig. 8 shows the experimental XMLD data (symbols) along
with their corresponding fits to eqn (6) and (7) (solid lines) for
five of the particles shown in Fig. 7 (labelled as P4, P5, P6, and
P1, with P1 treated as two closely spaced particles tagged as Pla
and P1b). The analysis of the remaining three particles (P2, P3,
P7) is shown in Fig. S13 in the ESL{ The fitted values of 6 and ¢,
together with their estimated uncertainties, are listed in Table 3.
A schematic illustration of the experimental Néel axes for the
studied NP is indicated by red arrows in Fig. 9.

An example highlighting the importance of measuring the
angular dependence in both @ and y to unambiguously deter-
mine the orientation of the AF axis can be extracted from
Fig. 8, where two particles, P4 and Pla, which are very similar
at y = 0° (Fig. 8(a) and (g), respectively), exhibit significantly
different behaviour at y = 47° (Fig. 8(b) and (h)), which is due
to distinct values of the in-plane component. In contrast, P5
displays similar behaviour regardless of y (Fig. 8(c) and (d)),
indicating the predominance of an out-of-plane component.

For each particle, the evolution of the XMLD signal was
studied for a set of regions of interest (typically 2 to 4 boxes
per particle, depending on the number of pixels per particle),
each box consisting of 2 x 2 pixels. This analysis had two
objectives. First, to reduce experimental error in the fits, as
some regions may exhibit higher SNR. Second, to assess
whether different boxes may yield distinct fitting results. The
latter case could arise, for example, from the presence of two
closely spaced particles or from a single particle that, despite
being monocrystalline, might exhibit the coexistence of
different AF axes due e.g, to finite-size effects, leading to an
eventual breakdown of the bulk two-sublattice AF model. In
our case, the analysis of the XMLD images in such small
boxes, combined with the fitting procedure, enabled the detec-
tion of slight differences in the AF axis orientation for closely
spaced particles such as Pla and P1b, as shown in Fig. 8(g-j).
Notably, our analysis reveals that experimental XMLD data
from different boxes within each individual particle are in all
cases in agreement with single fitting curves, thereby confirm-
ing the presence of a unique AF axis per particle.
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Fig. 8 Experimental XMLD data (symbols) along with their corres-
ponding fits to eqgn (6) and (7) (blue solid lines) for five of the particles
shown in Fig. 7 (P4, P5, P6 (panels (a—f)), and P1, with P1 treated as two
closely spaced particles labelled as P1a and P1b in panels (g—j)).

Table 3 Experimental Néel axis orientations of a few selected individual
NP from Fig. 7-9, in terms of their spherical coordinates (0, ¢), and
expected O,y values (multiplicity of the directions indicated in parenth-
eses) for the easy directions of the NiO AF structure. The crystal facets
{hkl} on which the NP are likely to be positioned on the surface substrate
are {hkl} = {200} and {220}, as per the TEM-based observations. The
case corresponding to the {111} was also included, just for completeness

‘9{200} 0{220} 30° 9{1 11}
35.3%(4),  (4),54.7°(2), 35.3(4),
0°) ¢ () 65.9°(8)  73.2°(4),90°(2)  65.9°(8)

Pla 85.2(6) 356.5(4) Vv v

P1b 78.6(6) 346 (3) v

P2 45.0(8) 308.5(10)

P3  29.8(8) 240.5(18) +/ v

P4 358(8) 0(5) v v

P5 11.8(5) 331(20)

P6  53.8(5) 303(4) Vv

P7  28(7) 300(20) ¢/ v
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Fig. 9 Schematic illustration of the experimental Néel axis orientations,
indicated by red arrows, for the studied NP, as listed in Table 3. To facili-
tate a 3D perspective, white arrows show the projection of the Néel
axes onto the xy-plane, while black dashed lines are parallel to the x and
Z axes.

As is known, NiO is a collinear antiferromagnet that, in
bulk single crystals and below Ty, has its spins confined into
four equivalent ferromagnetic {111} planes, coupled antiferro-
magnetically to each other. Within each of these planes, the
spins can orient along one of the three (112) directions,
leading to a total of 12 possible spin orientations (see Fig. S14
in the ESIT).°""® Drop-casting deposition should yield a sto-
chastic spatial distribution of particles exhibiting random crys-
tallographic orientations such as those apparently show in
Fig. 9. However, comparative analysis of experimentally deter-
mined interplanar spacings from HRTEM images (Fig. 1 and
Figs. S3 in the ESIf) enabled the identification of the facets
preferentially resting on the substrate surface, namely {200}
and {220}. Consequently, expected values of 6 can be calcu-
lated by projecting the 12 easy directions of the AF structure
along the perpendicular of each of the two families of lying
facets on the sample substrate. The results of this calculation
are compiled in Table 3, indicating the multiplicity of each
angular value in parentheses. Note that a third hypothetical
case corresponding to particles lying on {111} facets was also
included in Table 3 for completeness. As shown in Table 3, it
was found that, within the experimental error bars, 75% of the
particles have their AF axes pointing in directions compatible
with the two preferential facets found from HRTEM images,
with a predominance for AF easy spin directions corres-
ponding to particles lying on the {220} facets. Only two par-
ticles (P2 and P5) show 6 values not compatible with any of the
three facets and only one (Pla) is also compatible with the
{111} facets, within the estimated experimental uncertainties.
While our limited dataset hinders drawing definitive con-
clusions, it can nevertheless be inferred that the random orien-
tation of the AF spin axes prevails. Thus, no discernible prefer-
ential direction of the AF Néel axes, associated with a source of
additional anisotropy energy barrier arising from finite-size
effects, is observed.

Furthermore, the good agreement between the experi-
mentally observed AF spin axes of the NP and some of the
expected spin directions compatible with their preferential
supporting facets, together with the aforementioned fact that
XMLD contrast remains constant across neighbouring pixels
in the individual particles, is an indication that NP of 34 nm
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in average diameter are single AF domains with the usual bulk
two-sublattice ordering. This finding appears to be in contra-
diction with the seminal work of Kodama et al.,"> which pro-
poses the emergence of more complex AF configurations in
NiO NP up to 80 nm in size, featuring 4-, 6-, or 8-sublattice
spin ordering, based on energy minimization atomistic simu-
lations. It is important to note, however, that the anticipated
multiple-sublattice AF phases in NP typically stem from
reduced coordination of their surface spins.'*> Our NP exhibit
high crystallinity extending to their outermost layer and lack of
the weak FM commonly associated with uncompensated spins
at the particle surface. Consequently, our current study cannot
conclusively address this issue.

Conclusions

This work shows the interplay between crystal structure and
magnetic features in three platelet-like shaped NiO NP with
sizes ranging from 6 to 34 nm that were synthesized following
two distinct wet chemistry synthesis approaches. The three
samples show consistent crystal structures and growth direc-
tions along either (111) or (200) atomic planes. Additionally,
compositional studies in single NiO NP discarded the presence
of any minority Ni species, although highlight a slight Ni
deficiency linked to the low temperature during the annealing
step of the syntheses. X-ray diffraction analysis corroborates
these findings, further confirming the single-crystal nature
and the consistent Ni deficiency. The magnetic behaviour of
the samples, as observed through ensemble measurements,
exhibits intriguing size-dependent behaviour. While the smal-
lest NiO6 NP display weak SPM, larger particles tend to show
AF properties much closer to its bulk counterpart. This size-
dependent magnetic behaviour can be attributed to finite-size
and surface effects, together with grain boundaries and struc-
tural defects, degrading the AF ordering and increasing the
relative contribution of unpaired spins to the particle magneti-
zation. All the foregoing becomes less prevalent with a lower
surface-to-volume ratio of the NP.

A single, particle-by-particle analysis of the AF axis orien-
tations for a subset of single-phased, highly crystalline NiO NP
of 34 nm in diameter was performed by synchrotron-based
XPEEM combined with XMLD. Such study on fully three-
dimensional nanoscale AF objects extends previous investi-
gations of the orientations of AF domains in bulk and thin
films of NiO and other AF systems. The detailed evaluation of
the angular dependencies of the magnetic contrast intensity,
as a function of both the rotation of the electric vector of the
polarized light and the sample azimuthal angle, enabled a
quantitative, unambiguous determination of the Néel axes in a
set of individual NP of similar structural, chemical, and mor-
phological characteristics, randomly dispersed onto a non-
magnetic solid substrate. The observed AF axes are robust
against thermal fluctuations at room temperature and seem to
be stochastically distributed along some of the 12 possible
easy directions compatible with both the multiplicity of the AF
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structure of NiO and the fact that particles are likely lying on
the substrate on one of the most plausible crystal facets, {200}
and {220} as from HRTEM images. Contrary to seminal theore-
tical predictions for NiO NP within this size range, our obser-
vations reveal singe domain states without any evidence of a
breakdown in the two-sublattice model. This conclusion, sup-
ported by the homogeneity of the XMLD signal across adjacent
pixels within each NP and the consistency of the fits of the
XMLD data as a function of the E-vector for the two azimuthal
angles, is attributed to the high crystal quality of the particles
up to the outermost layer and to the lack of surface imperfec-
tions resulting in uncompensated disordered spins, in agree-
ment with the absence of a weak ferromagnetic contribution
in the macroscopic magnetic measurements and the single AF
domain state of the particles.

Overall, these findings enrich the comprehension of antifer-
romagnetism in nanostructures confined along the three
dimensions and may pave the way for applications requiring
an efficient reading and writing of information using definite
states of the AF Néel axis. Further work would be necessary to
test the robustness of the observed AF Néel axis orientations
against thermal switching across the Néel temperature.
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