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Abstract 

The chemical and magnetic properties of NiO nanoparticles (NP) have been studied 

with single-particle sensitivity by means of synchrotron-based, polarization dependent 

X-ray absorption spectroscopy using photoemission electron microscopy around the 

Ni L3,2 edges. Three samples of NP in a size range of 40-120 nm were synthesized by 

thermal decomposition and subsequent calcination processes. The analysis of the 

local X-ray absorption spectra of tens of individual NP indicates a strong dependence 

of their Ni oxidation state with the calcination protocol of each sample. Additional 

electron-microscopy-based images and spectra of few individual NP as well as other 

standard macroscopic data are in very good agreement with these experimental 

findings. These results showcase the relevance of combining standard and advanced 

single-particle studies to gain further insight into the understanding and control of 

electronic and magnetic phenomena at the nanoscale. 

Keywords: X-ray absorption spectroscopy, X-ray photoemission electron microscopy, 

antiferromagnetic nanoparticles, single-particle characterization, Nickel oxide. 

1. Introduction 

Nanoscale magnets show unusual magnetic behavior when compared to their bulk 

counterpart, mostly due to surface/interface and finite size effects, including symmetry 

breaking, modified electronic environment, and magnetic correlations and 
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interactions.1 The great potential of those emergent nanoscale properties for their 

application in diverse areas has attracted thorough investigations for decades. 

Nevertheless, even with the advanced and forefront characterization techniques 

currently available to study magnetic nanoparticles (NP), neither a quantitative 

understanding nor a control of their size-dependent properties has been fully achieved. 

Most experiments focus on integrated measurements of large ensembles, and thus, 

yield averages of the NP properties that are strongly dependent on their morphology 

(size and shape distributions), chemical composition (oxidation states), crystallinity, 

magnetic interactions, and/or defect configuration, which could mask more complex 

single-particle properties within the ensembles. It is, therefore, crucial to count with 

probes of the magnetism of individual NP.  

Few experimental techniques are nowadays available, and suitable, to study the 

magnetic structure in isolated or interacting NP, such as microSQUID magnetometry 

and electron holography.2 Recent advances on X-ray magnetic spectromicroscopy 

techniques at synchrotron radiation facilities have established X-ray photoemission 

electron microscopy (PEEM) as one of the best suited techniques to investigate the 

magnetic properties and chemical composition of individual NP under ultrahigh 

vacuum conditions.3-5 This is a non-invasive, element-specific technique providing 

quantitative information about the chemical composition, electronic structure, and 

magnetism of individual NP.6-11 Being a full-field imaging technique, X-ray PEEM 

probes simultaneously several individual NP in large ensembles, giving direct insight 

into the distribution of the magnetic properties in typical samples. Furthermore, X-ray 

PEEM offers a great advantage over other experimental techniques, which is the 

possibility of not only examining the properties of ferromagnetically ordered systems, 

but also accessing magnetic information of antiferromagnetically ordered ones. Thus, 

we have exploited this aspect by analyzing, with single-particle sensitivity, the 

chemical and magnetic properties of three samples of NiO NP in a size range of 40-

120 nm, synthesized by thermal decomposition and subsequent calcination 

processes, focusing on the impact of the latter. The interest of studying NiO NP lies in 

their relevant physical features when compared to the bulk materials, such as charge-

transfer effects and interesting antiferromagnetic (AF) spin structure.12 By combining 

PEEM with X-ray magnetic linear dichroism (XMLD) around the Ni L3,2 edges we 

access information about the AF order within individual NiO particles. Moreover, the 
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magnetic and chemical properties of the NP were directly correlated with their 

structural characterization by combination of X-ray PEEM spectromicroscopy with 

atomic resolution transmission electron microscopy (TEM). This work highlights the 

importance of combining standard and advanced characterization techniques to delve 

into magnetic phenomena of AF NP, making a significant contribution to the field of 

nanomaterials and their applications. 

2. Methods 

2. 1. Preparation of the NiO NP 

Three samples of NiO NP with sizes between 40 and 120 nm were prepared by 

thermal decomposition and subsequent calcination processes. Sample A was 

synthesized by a high-temperature decomposition method using 1 mmol of Ni(acac)2, 

and 4 mmol of oleic acid in 5 ml of benzyl-ether, modifying a conventional synthesis 

method described elsewhere.13 First, the reaction mixture was degassed at 100 ºC for 

30 minutes. Then, argon gas was introduced, and the mixture was heated to 220 ºC 

with vigorous stirring for 120 minutes. After this, the solution was subjected to reflux at 

a rate of 9.5 ºC/min for 60 minutes. Upon completion of the reflux, the solution was 

cooled to room temperature and transferred to a centrifugation tube with a 3:1 mixture 

of acetone and toluene. The mixture was then centrifuged at 9000g to remove the 

organic residues. This washing process was repeated twice to ensure thorough 

cleaning. The resulting black solid was dried using compressed nitrogen gas and then 

redispersed in 5 ml of toluene. Finally, sample A was stored at 5 ºC until further thermal 

treatment. 

Samples B and C were obtained from a two-step thermal treatment process performed 

on a fraction of sample A. A first portion was heated to 450ºC for 72 hours under 

atmospheric conditions, resulting in sample B. To produce sample C, an additional 

thermal treatment was applied on a portion of sample B, involving heating the sample 

to 700ºC for 72 hours in atmospheric conditions. 

2.2. Structural and macroscopic magnetic characterization  

Samples for TEM inspection were prepared by dropping 20 µL of a diluted suspension 

in toluene onto a carbon-coated Cu grid, followed by drying under vacuum conditions. 

TEM characterization was conducted using a JEOL JEM 2010F operating at a working 

voltage of 200 kV. Histograms of the size distribution of the samples were determined 
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by measuring at least 300 particles with ImageJ software14 and fitting the results to a 

log-normal probability distribution of the form: 

𝑃(𝐷) = !
"√$%&

𝑒' ()
!* ""#

+ /.$"!/                                                                                   (1) 

where 𝐷	is the particle diameter, 𝐷0 stands for the most probable value of 𝐷, and S is 

the standard deviation of the distribution of the logarithm of the reduced diameter 

𝐷/𝐷0. 𝐷0 and 𝑆 were determined by fitting experimental histograms obtained from TEM 

data to Eq. 1.15 The mean particle size 𝐷𝑇𝐸𝑀 and the standard deviation 𝜎 of the 

diameter distribution were computed from Eq. 2 and Eq.3, respectively, as follows: 

𝐷123 = 𝐷0 𝑒"
!/$                                                                                                      (2) 

𝜎 = 𝐷0 𝑒"
!/$ 45$!'!                                                                                                   (3) 

Finally, the polydispersity index σ6"& of the samples was estimated by dividing the 

standard deviation by the mean particle size σ6"& = 𝜎/𝐷𝑇𝐸𝑀.  

The chemical composition of individual particles was analyzed by electron energy loss 

spectroscopy (EELS), with a spatial resolution of approximately 1 nm. This analysis 

was performed with a JEOL JEM 2010F operating in scanning TEM mode. 

The structural characterization of the samples was performed by combining high-

resolution TEM (HRTEM) and selected area electron diffraction (SAED) analysis. The 

interplanar distances (𝑑789) were calculated using Gatan Microscopy Suite® software 

for HRTEM images,16 while ImageJ graphical analysis was employed for SAED 

patterns.14 The interplanar SAED distances were calculated by measuring the 

separation between the central spot and the diffraction spots and converting the 

reciprocal space distances into real space ones. These results were then compared 

to the pattern generated by the X’Pert High Score Plus software for bulk Ni and NiO 

compounds, referring to the Inorganic Crystal Structure Database entries for NiO 

(PDF#71-1179) and elemental Ni (PDF#00-001-1260). 

Further characterization of the crystal structure was performed by X-ray diffraction 

(XRD) using a PANalytical X’Pert PRO MPD diffractometer with Cu Kα radiation (l = 

1.5418 Å), scanning 2θ from 4 to 120º with a step size of 0.026º, and measuring time 

of 200 seconds. The positions of the peaks were compared to the above-mentioned 
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Ni and NiO reference patterns and fitted to determine the crystallite size, DXRD, by 

Rietveld analysis by the FullProf Suite software.17 

The macroscopic characterization of the samples was performed by recording 

hysteresis loops at 5 K and 300 K, applying a maximum magnetic field of ±70 kOe with 

a Quantum Design MPMS XL SQUID magnetometer. These measurements yielded 

the magnetization at the maximum field (±70 kOe), 	𝑀:;<, the coercive field, 𝐻=, and 

the remanent magnetization, 𝑀>, which were computed as 𝐻= = ([𝐻=?] + [𝐻='])/2	and 

𝑀> 	= 	 (|𝑀>
?| 	+ |𝑀>

'|)/2, respectively, where 𝐻=?	and 𝐻='	are the intercept values of the 

hysteresis loop with the positive and negative sides of the 𝐻-axis and 𝑀>
?	and	𝑀>

'	are 

analogous intercept values of the hysteresis loop with the 𝑀-axis. 

2.3. X-ray spectromicroscopy of single NP 

X-ray PEEM spectromicroscopy was performed in the PEEM station at the 

Surface/Interface: Microscopy (SIM) beamline of the Swiss Light Source, Paul 

Scherrer Institut, Switzerland8 and at the SPEEM station of the UE49/PGMa beamline 

of the synchrotron radiation source BESSY II of the Helmholtz-Zentrum Berlin.18 The 

base pressure of the microscopes was below 10-10 mbar and all experiments were 

carried out at room temperature around the Ni L3,2 edges. The NiO samples for the 

PEEM experiments were prepared by drop-casting a dilute solution onto a silicon wafer 

with lithographic markers. Subsequently, a thin carbon film was deposited onto the 

substrate to reduce charging and enhance the signal-to-noise ratio of the NP in the 

PEEM measurements. 

The X-ray PEEM technique provides a full-field magnified image of the emitted 

secondary photoelectrons8 with a probing depth of a few nm at the Ni L3,2 edges,19 

which allows for spatial mapping of the absorption of the particles. X-ray absorption 

spectroscopy (XAS) measurements consisted of recording sequences of PEEM 

images using vertically or horizontally linearly polarized light, by scanning the photon 

energy around the Ni L3,2 edges. To extract the local, isotropic XAS spectra (sum of 

horizontal and vertical polarization) for individual particles, alignment between all 

images in the stack for every energy was performed with a routine of ImageJ 

software.14 Despite efforts in applying the optimal correction in the alignment, drifts 

below two pixels in x- and y-axes were unavoidable due to the low elemental contrast 
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between the particles and the background signal, even more pronounced for the 

smallest particles. Consequently, a particle-by-particle background correction was 

applied given the non-similar emission and absorption characteristics of the different 

background zones.  

For the processing and analysis of the images, particles with boxes of different sizes 

that adapted to their dimension in order to get the biggest and cleanest signal possible 

were selected. A box is defined as a rectangular-shaped area in the image. Some 

astigmatism effects are present on the images as asymmetrical halos, which are more 

evident for the largest particles. Note that the lateral spatial resolution of X-ray PEEM 

is limited, on the order of 30 nm, so the box size may not refer to the actual size of the 

NP, but the apparent one, as the XAS just indicates the regions where the electrons 

are emitted. In sample A, a total of 100 particles were selected, whereas in samples B 

and C only around 10 or less were analyzed. The number of particles analyzed is still 

sufficient to hold conclusive results about their chemical composition, even more than 

in other single-particle measurements techniques, such as HRTEM or EELS, by which 

often only a few NP are probed. 

XAS spectra arise from the absorbed X-rays by core electrons of Ni atoms in the NP 

and provides information about the oxidation states and local atomic structure around 

them. Local XAS spectra were obtained by extracting the mean intensity of each box 

for every energy and dividing it by the background signal. The background of every 

particle is measured with the same box dimensions at a neighboring area without 

particles. Further details of this process can be found in Refs. [9,10]. In samples B and 

C, the XAS local spectra showed a monotonically decaying absorption with increasing 

energy due to the small signal of the NP, current decay and self-irradiation effects, 

among other possible reasons. These artefacts are not unusual in XAS-based 

measurements and have been corrected with a polynomial fit of the background curve. 

Normalization of the XAS curves for sample A was performed by scaling conveniently 

to 0 at the pre-edge L3 and to 1 at the post-edge L2. Due to the slope correction 

performed for samples B and C, such a normalization procedure was not possible in 

this case.  

To quantify the amount of metallic Ni and NiO present in selected individual particles 

for samples A and B, the local isotropic XAS spectra were fitted to a weighted linear 
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combination of reference bulk spectra of Ni and NiO taken from Ref. [12]. Further 

details of the process on which this analysis is based are given in Refs. [9,10]. The 

XMLD signal was calculated as the difference between spectra taken with vertical and 

horizontal linearly polarized light. While not on the scope of the present work, XMLD 

also yields information of magnetic ordering, being especially useful to probe AF order, 

as it is sensitive to the AF spin axis orientation through its proportionality to the 

expectation value of the square of the atomic magnetic moment ⟨𝑚$⟩	(see e.g., Refs. 

[12, 19]). 

3. Results and discussion 

Figure 1 depicts the overall structural properties of the samples obtained from TEM, 

which reveal two distinct particle morphologies depending on the thermal treatment. 

Sample A exhibits spherical particles with an average diameter of 36 nm and some 

faceting, suggesting preferential growth along the {111} and {220} planes. This is a 

common effect in oleic acid-assisted thermal decomposition for metal oxide materials 

containing cubic crystal structures like Ni or NiO.20 On the contrary, sample C shows 

irregular, cluster-like structures with an average size of roughly 120 nm. This 

morphology suggests a coalescence process during thermal treatment probably due 

to the long period of exposition at the high temperature of 700 ºC. Note that sample B 

exhibits a morphology nearly identical to sample A, with an average size of about 33 

nm, implying a negligible impact of the thermal treatment of this sample on the particle 

morphology. Histograms of the size distribution for all samples can be found in Fig. S1 

of the Supplementary Information.  
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Figure 1. TEM characterization of samples A (top panel), B (middle panel), and C (bottom panel). (a), 

(d) and (g) Low-magnification TEM images showing agglomerates consisting of several tens of 
particles. (b), (e) and (h) Corresponding SAED patterns revealing the coexistence of Ni and NiO planes 

for samples A and B, and only interplanar distances typical of NiO for sample C. (c), (f) and (i) HRTEM 

images with detailed views of single particles and their crystallographic planes. 

SAED analysis, shown in Fig. 1, suggests the presence of both Ni and NiO phases for 

samples A and B, whereas sample C exhibits only interplanar distances attributed to 

NiO. Interestingly, High-Angle Annular Dark Field (HDAAF) imaging of a few particles 

for samples A and C, depicted in Fig. 2, rules out the presence of core-shell structures. 

This observation is further supported by HRTEM analysis included in Fig. 1, which 

reveals that the samples contain particles with defective crystal quality and multiple 

crystal planes, but no evidence of core-shell nanostructures. These findings suggest 

that the particles are formed by different crystallographic domains of either Ni and/or 

NiO phases. 
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Figure 2.  TEM and HAADF images of samples A (top panels) and C (bottom panels). (a) Bright field 

TEM image of sample A showing an agglomerate of 9 particles. (b) Corresponding HAADF image of 

sample A highlighting the uniform contrast of the particles. (c) Bright field TEM image of sample C 
displaying irregular, cluster-like structures. (d) Corresponding HAADF image of sample C. Notice the 

difference in scale bars in both cases, as NP in sample C are bigger than those in sample A. 

To gain further insight into the atomic composition of sample A, EELS mapping of a 

few particles was performed, which is shown in Fig. 3. The compositional Ni and O 

maps display a homogenous distribution of both elements, with a % mass ratio of 

approximately 80% and 20% for Ni and O, respectively. This suggests that sample A 

is primarily formed of Ni particles containing a slight amount of oxygen.  
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Figure 3. Compositional analysis of sample A using EELS mapping. (a) Spectrum image showing the 
spatial drift and beam positioning. (b) Ni L3-edge relative composition map showing the distribution of 

Ni within the sample. (c) O K-edge relative composition map displaying the distribution of oxygen within 

the same area. (d) Line scan profile along the dashed line in images displayed in (a) and (b), showing 

the relative percentages of Ni (black line) and O (blue line) across the particle.  

XRD analysis, shown in Fig. 4(a), reveals the presence of two phases in sample A, 

i.e., Ni and NiO, while sample C displays a pattern corresponding only to NiO, in good 

agreement with results from SAED. Besides, Rietveld refinement of the XRD data 

reveals a significant discrepancy between DXRD and DTEM for both samples, probably 

due to their polycrystalline nature, as observed with HRTEM. Quantitative 

compositional analysis of XRD data reveals a composition for sample A of 

approximately 85(5)% Ni with 15(5)% NiO, while sample C is entirely formed of NiO.  
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Figure 4. (a) XRD patterns of samples A and C, depicting the main diffraction peaks of Ni and NiO 

phases. (b) Hysteresis loops at 5 K within a field range of ±70 kOe for samples A and C. The inset 

details the low magnetic field region. 

A summary of the main parameters extracted from the structural characterization for 

samples A and C are listed in Tab. 1. The structural properties of the samples have 

consequences in their magnetic behavior, as observed in the hysteresis loops 

recorded at 5 K for samples A and C, shown in Figure 4(b). Relevant magnetic 

parameters extracted from this macroscopic magnetometry are also listed in Tab. 1. 

The hysteresis loops of sample A exhibit typical ferromagnetic behavior, with a square-

like curve indicative of ferromagnetic Ni.21 The curve also shows a rapid magnetic 

response to the applied field, saturating at a field around 4.5 kOe (see inset in Fig. 4). 

Interestingly, 𝑀:;< = 25	 emu/g at 5 K  is approximately half that of its bulk counterpart, 

suggesting the presence of crystal defects and/or antiferromagnetic phases within the 

particles.8 Sample C, on the other hand, shows typical AF behavior [see red curve in 

Fig. 4(b)], characterized by a linear response to the applied magnetic field, and near-

zero 𝑀:;<, 𝐻=, and 𝑀>
𝑀:;<
9 (indicating minimal net magnetization). 
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Table 1. Structural and magnetic parameters for samples A and C. 𝑀:;< = 𝑀(𝐻 =

70	kOe).  

Sam
ple 

Morpholog
y 

DTEM 

(nm) ± 
σ 

σR

SD 

Main 
compositio

n 

DXRD (nm) ± 
σ 

Mmax at 5K 
(emu/g) 

Mr/Mmax 
at 5K 

Hc (5K) 
(kOe) 

Mmax at 
300K 

(emu/g
) 

Mr/Mmax 
at 300K 

Hc 
(300K

) 

A 
Faceted 

round shape 
36 ± 7 19 Ni 

10 ± 1 (Ni), 

3± 1 (NiO) 
25 ± 1 

0.32 ± 

0.02 

0.3 ± 

0.1 
22± 1 0.14 (2) 

0.1 ± 

0.05 

C irregular 
117 ± 

21 
18 NiO 13 ± 2 0.4± 0.1 0 0 

0.3± 

0.1 
0 0 

 

The chemical composition and electronic structure of individual NP in the samples 

were analyzed by synchrotron-based, polarization-dependent soft X-ray absorption 

spectromicroscopy using PEEM. Representative examples of elemental-contrast X-

ray PEEM images for all samples are shown in Fig.  5. Note that the differences in the 

overall image appearance between the three samples in Fig. 5 is an indication of the 

charging effects that challenge the analysis of the local spectra, as will be discussed 

below. 

Representative examples of the isotropic, local XAS spectra obtained for selected 

particles on all samples are shown in Fig. 6. We identify the L3 (~853 eV) and L2 (~871 

eV) edges of metallic Ni or NiO phases. A signature of the NiO phase is the edge 

splitting effect at the L3,2 peaks, namely: at the Ni L3, a shoulder (855.3 ± 0.1 eV) is 

observed, whereas the Ni L2 edge exhibits a double peak feature (marked as A and B 

dashed lines in Fig. 6). Such a difference between the spectra for metallic Ni and NiO 

is due to the available final states in each case, being only two for elemental Ni, 

whereas multiplet effects yield more allowed transitions between the initial and final 

states in the case of NiO. 
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Figure 5. Elemental contrast X-ray PEEM images measured with linear polarization from sample (a) A, 

(b) B, and (c) C at the Ni L3 edge, recorded with fields of view of 50 µm ((a) and (b)) and 20 µm, 

respectively). Yellow circles in all panels highlight some of the particles analyzed. Perpendicular lines 

on the images, which are more evident in (c), are artifacts of the detector used to record them.  

 

 

Figure 6. Normalized isotropic XAS spectra (symbols) from the selected particles highlighted in Fig. 5 

of sample A (top panel), B (middle panel), and C (bottom panel) compared to the best-weighted fits from 

the Ni and NiO standards (solid black lines, Refs. [10, 19]).  Dashed lines mark the position of peaks A 

and B around the L2 edge, characteristic of NiO. 
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Considering the well-defined features observed at the Ni L2,3 edges for metallic Ni and 

NiO, a criterion to distinguish each phase on the samples was defined, based on the 

L2 splitting, the distances between the main peaks, and the ratio between them. The 

distance was computed using the position of peak A of the L2 edge (L2A,) instead of the 

average energy of L2A and peak B (L2B), as the latter was barely noticeable for most 

particles. Besides, the position of L2A, is fixed and very similar for both metallic Ni and 

NiO, thus it is a reliable reference photon energy value. We obtained from the standard 

spectra a distance of 17.4 ± 0.3 eV for NiO and 17.8 ± 0.2 eV for Ni.  

From this analysis, particles of sample A resulted to be rather pure Ni, with 90% to 

100% Ni, with an uncertainty of around 5%. This result is in very good agreement with 

the structural characterization performed on this sample by TEM, SAED, EELS, and 

XRD described above. Despite the presence of a small shoulder in L3, as is typical of 

NiO, it was clear there was little oxide content due to the non-edge-splitting at the L2 

edge, as observed in Fig. 6. Nevertheless, XAS spectra for some particles in this 

sample exhibited a small splitting at the L2. This, together with the apparent absence 

of the Ni 6 eV satellite feature, which was a common feature in all of our spectra, point 

towards the presence of some oxide phase. The mean distance between L3 and L2A 

for those particles was 17.3 ± 0.4 eV, which was compatible with the presence of both 

Ni and NiO phases. Therefore, our results suggest sample A is composed mostly of 

metallic Ni particles, with other NP with varying Ni/NiO composition, in agreement with 

what was observed by HRTEM and SAED.  

Samples B and C turned out to be more oxidized, as evidenced by the shape of L2 

peak, as observed in Fig. 6. In this case, the intensity of the L3 peak and the L3:L2A 

ratio is lower than expected, likely due to charging effects.22 The mean distance 

between peaks was 17.4 ± 0.4, which is compatible with both phases. As these spectra 

had to be corrected for the decaying absorption with energy, the flat areas at the pre-

edge L3, the post-edge L2, and between these two edges may be artificially enhanced 

and thus, do not fit so well to the reference spectra at these zones. Charging effects 

in the sample could also lead to higher intensity values, like in the L3 shoulder. Despite 

this, we focused our interpretation on the L2 shape and concluded that particles in 

sample B had between 15% and 30% of metallic Ni, with an uncertainty of 12%. Fits 

for sample C reveal that, according to our criterion, particles are composed of pure 

NiO within an error bar of around 10%.   
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Notice that the fits and the sample spectra do not seem to match perfectly, which is 

more evident for sample A, mainly because of the height difference between the 

reference and the sample peaks. This does not affect our analysis, since here we only 

focus on relative differences in spectral shape and proportionality, and not on 

quantifying the number of 2p to 3d transitions associated with the X-ray absorption 

process. 

The XMLD signal was obtained by subtracting the signals of the two different 

polarization stacks. In this case, the background signal was measured with boxes of 

different shapes and sizes and located at various distances from the particle, as to 

improve the spectral quality for each polarization. XMLD results for selected particles 

on all samples are shown in Fig. 7. Although there are some hints of a dichroic signal 

in all cases, no apparent correlation with the amount of NiO in the sample was found.  

Whereas the isotropic XAS analysis indicated a predominance of the NiO phase for 

samples B and C, the resulting XMLD spectra were highly influenced by current decay 

and energy-dependent charging effects. In addition, the polynomial correction of the 

XAS spectra described above was not always successful as some of the spectra could 

not be properly normalized. All these issues resulted in noticeable noise and 

broadening of the XMLD signal for all particles analyzed, therefore, XMLD results are 

not conclusive.  

It is important to remark that the low signal in all these analyzed NP have a very small 

signal-to-noise ratio, difficult to process and normalize properly. Moreover, we must 

bear in mind that the expected XMLD signal for these NP is very small, as the one for 

bulk NiO is <10%.23 On top of that, we cannot rule out the possible existence of groups 

of nanocrystal grains with different AF axis orientations yielding an averaged signal 

where information about AF ordering would be hidden.  
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Figure 7. Comparison of XAS spectra ((a), (c) and (e)) with both linear polarizations, together with the 
resulting XMLD ((b), (d) and (f)), as obtained by subtracting the polarized signals, for the selected 

particles highlighted in Fig. 5 for samples A (a), B (b), and C(c), respectively. Insets display the expected 

XMLD signal for reference NiO thin films, as reported in Ref. [23].  

To overcome the latter issue, further analysis could comprise XMLD-PEEM 

measurements with increased data statistics at larger magnifications, different 

orientations of the X-ray linear polarization vector, and a systematic azimuthal sample 

angular dependence, so that different AF spin easy axis orientations between 

individual NiO NP would be probed. 

 

CONCLUSIONS 

We have performed a thorough analysis of the chemical and magnetic properties of 

individual NiO NP of about 40-120 nm in size, from three different samples, prepared 

by wet chemical methods. Standard electron-microscopy-based techniques of 

(HR)TEM, SAED and EELS, macroscopic XRD and SQUID magnetometry were 

combined with advanced single-particle characterization by synchrotron-based X-ray 

spectromicroscopy using PEEM to gain relevant information on the oxidation state, 

crystal phases, and magnetic order in the samples.  These analyses evidence a strong 

dependence of the oxidation state of the individual NP with the oxidation protocol of 

each sample: while sample A shows a prevalence of the metallic Ni phase, samples B 
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and C show a predominance of the NiO phase. Obtaining unambiguous XMLD spectra 

would require improvements in data quality.  
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Figure S1. Size distributions for three different NiO samples measured by TEM. (a) Sample A, (b) 

sample B, and (c) Sample C. Solid black lines correspond to the respective fit to a normal distribution. 

 


