http://pubs.rsc.org/en/content/articlehtm|/2014/nr/c3nr03961g

DOI: 10.1039/C3NR03961G (Paper) Nanoscale, 2014, 6, 457-465

Interplay between microstructure and magnetism in NiO nanoparticles: breakdown of the
antiferromagnetic ordert

N. Rinaldi-Montes *°, P. Gorria °, D. Martinez-Blanco °, A. B. Fuertes ’, L. Fernandez

Barquin ¢, J. Rodriguez Fernandez ¢, I. de Pedro ¢, M. L. Fdez-Gubieda ¢ J. Alonso “, L. Olivi ¢, G.
Aquilanti ¢ and J. A. Blanco °

“Departamento de Fisica, Facultad de Ciencias, Universidad de Oviedo, Calvo Sotelo s/n, 33007,
Oviedo, Spain. E-mail: nataliarin@gmail.com

®Instituto Nacional del Carbén (CSIC), Apartado 73, 33080, Oviedo, Spain

‘CITIMAC, Facultad de Ciencias, Universidad de Cantabria, 39005, Santander, Spain

YUniv. Basque Country, EHU, Dept. Elect & Elect. and BCMaterials, E — 48080, Bilbao, Spain
®Sincrotrone Trieste S.C.p.A., S.S. 14 Km 163.5, 34149 Basovizza, Trieste, Italy

Received 30th July 2013, Accepted 2nd October 2013

First published on the web 9th October 2013

The possibility of tuning the magnetic behaviour of nanostructured 3d transition metal oxides
has opened up the path for extensive research activity in the nanoscale world. In this work we
report on how the antiferromagnetism of a bulk material can be broken when reducing its size
under a given threshold. We combined X-ray diffraction, high-resolution transmission electron
microscopy, extended X-ray absorption fine structure and magnetic measurements in order to
describe the influence of the microstructure and morphology on the magnetic behaviour of
NiO nanoparticles (NPs) with sizes ranging from 2.5 to 9 nm. The present findings reveal that
size effects induce surface spin frustration which competes with the expected
antiferromagnetic (AFM) order, typical of bulk NiO, giving rise to a threshold size for the AFM
phase to nucleate. Ni** magnetic moments in 2.5 nm NPs seem to be in a spin glass (SG) state,
whereas larger NPs are formed by an uncompensated AFM core with a net magnetic moment
surrounded by a SG shell. The coupling at the core—shell interface leads to an exchange bias
effect manifested at low temperature as horizontal shifts of the hysteresis loop (~1 kOe) and a
coercivity enhancement (~0.2 kOe).

Introduction

The steadily increasing interest in magnetic nanoparticles (NPs) over the past decade has been
motivated by the unusual size-dependent magnetic behaviours and by their numerous
applications in modern nano-electronics, magnetic separation or biomedical areas.*~ The
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growing research activity in this field has been propelled by the development of new chemical
routes that allowed the synthesis of NPs with tuneable size distributions and being embedded
in different insulating matrices.=2 It is worth noting that NPs of the same material and similar
size but synthetized using different fabrication routes show a strong dependence of the

magnetic properties on the morphology, microstructure or the nature of the
1,8,10,13

matrix. Moreover, 3d metal oxide NPs with different core—shell morphologies are also

good candidates for a number of applications due to the possibility of tuning the magnetic
2,4,13-15

response and/or the coating with a functional layer. Therefore, a comprehensive study
combining advanced structural characterization techniques and meticulous magnetic
measurements is needed to elucidate the microstructure—magnetism interplay at the

nanoscale.

Nickel oxide (NiO) has been under extensive research for decades due to its importance in
numerous technological applications (i.e., catalysis, batteries, ceramics, etc.). Nowadays,
nanosized NiO particles have generated a renewed interest because the combination of their

unique properties (i.e., high surface area, short diffusional paths, exceptional magnetic

properties, etc.) opens an avenue for their use in fields as diverse as catalysis,*~* anodic

23,24

electrochromism,@capacitors,é smart windows,? fuel and solar cells or

biosensors.2 Specially intense research effort is being made to combine NiO with graphene in

26,27

order to develop highly functional energy storage systems?>% and electrochemical sensors.2

From a magnetic standpoint, bulk NiO is an antiferromagnetic (AFM) material with a Néel
temperature (Ty) of ~523 K. An intriguing aspect is that when the size of magnetic materials is

reduced down to the nanometric scale they start to exhibit a magnetic behaviour that may
7,12,17,29

differ markedly from their massive counterparts. If the crystallite size is reduced, the
ratio between surface and volume atoms increases and the surface coordination number is
modified. Frequently, the presence of defects and broken bonds is detected not only for the
atoms sitting at the surface but also in the first submerged layers. The magnetic structure of
materials with a negative exchange coupling between magnetic sublattices (antiferromagnetic,
AFM, and ferrimagnetic, FMI, in general) is particularly sensitive to this local periodicity-
breaking.2>2* Low temperature high net magnetic moment and hysteresis,>=*2 together with
training and exchange bias (EB) effects**4” have been reported as unusual features in NiO NPs.
This anomalous magnetic scenario has been modelled in different ways. Kodama first
proposed a theoretical multi-sublattice structure based on Monte Carlo

calculations.® Recently, several experimental works have considered that each NP would be
formed by a spin—glass (SG) shell strongly coupled to the AFM core. The core—shell morphology

is also consistent with the reported presence of two peaks in the zero-field-cooling
35-38,40-42,44

magnetization curve.

Unfortunately, previous works on NiO NPs were limited to focus either on the structure of the

48— . . . —47 . .
NPs®=22 or on their magnetic behaviour.2= Moreover, studies covering both aspects are

scarce and mainly devoted to the defect structure at the surface of NPs of a given size.2=2 This
neglects other structural possibilities to explain the general trend and, what is more, the use of
a single sample refrains the establishment of NP size effects on the magnetism of the system,

only possible through a systematic study of a series of samples with different size distributions.

Consequently, our conviction is that microstructure and magnetic properties are so intimately
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linked at the nanoscale that only a joint analysis combining experimental techniques can
provide a global approach. In order to achieve this purpose, we have prepared three samples
with controlled sizes (2.5, 4 and 9 nm); characterized their crystal structure and microstructure
by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM) and X-
ray absorption spectroscopy (XAS); and studied the magnetic properties through the
temperature and magnetic field dependences of the magnetization.

Experimental
Preparation of the materials

A commercial activated carbon (AC) was used as a nano-template for the synthesis of NiO NPs.
The AC material, supplied by Osaka Gas (Japan), has a large Brunauer—Emmett—Teller (BET)
surface area of 2350 m? g™, a high pore volume of 1.47 cm® g* and porosity made up of
mesopores of up to 67 nm in diameter (~2.5 nm in average). The synthetic method is based
on a pyrolysis process that takes place within the restricted volume formed by the AC porosity.
In a typical fabrication procedure, 1 g of AC was impregnated with a solution formed by 1 g
nickel(ll) nitrate hexahydrate in 4 mL of ethanol. The impregnated sample was vacuum dried at
323 K for several hours and subsequently heat-treated in N, atmosphere or air up to the fixed
temperature. In the case of the S1 sample, the heat treatment was carried out under N, up to
573 K and kept at this temperature for 1 h. Under these conditions, Ni salt decomposed into
NiO and the obtained sample consisted of very small NiO aggregates inserted into a carbon
matrix, which constituted 80 wt%. If the temperature is increased, NiO will reduce by means of
carbon and Ni NPs will be formed. Samples S2 and S3, were obtained by heat treatment in air
at 573 K for 3 h and at 673 K for 1 h, respectively. By following this later path, NiO nucleates
forming larger NPs as the heating temperature increases and, at the same time, the
gasification of the carbon matrix occurs (C + O, - CO,), which is promoted by the catalytic
action of NiO NPs. In the case of the S3 sample, the carbon matrix was completely removed,
while the S2 sample still contains around 25 wt% of carbon as deduced from thermo-
gravimetric analysis.

Characterization methods

The crystalline structure of the samples was investigated by means of room temperature X-ray
powder diffraction (XRD). The patterns were collected on a Philips X'Pert PRO MPD
diffractometer operating at 45 kV and 40 mA, equipped with a germanium Johansson
monochromator that provides Cu Ka; radiation (A = 1.5406 A), and a PIXcel solid angle
detector.

High-resolution TEM (HRTEM) images were recorded on a JEOL-JEM-2100F microscope (200
kV). The samples were prepared by sprinkling a small amount of powder over ethanol and then
several drops of this solution were deposited onto carbon films, which were placed on copper
grids. In order to determine the size distribution of each sample, around 10 000 NPs were
counted, using the PSA macro for ImagelJ,>* and modelled with a lognormal distribution fit.

X-Ray absorption fine structure (XAFS) spectroscopy technique probes the local environment
surrounding the absorbing atom. XAFS experiment is both local, due to the short (~10 A) mean
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free path of the photoelectron, and essentially instantaneous, given that the lifetime of the
hole in the atomic core is only on the order of 10™° to 10 s. The room temperature Ni K-
edge XANES (X-ray absorption near-edge structure) and EXAFS (extended X-ray absorption fine
structure) spectra were obtained in transmission mode, at the XAS beamline at Elettra-
Sincrotrone Trieste (ltaly) using standard ionization chambers for the detection of intensities.
Ni metal foil spectrum was also recorded simultaneously to calibrate the energy. In order to
achieve the best signal-to-noise ratio, the powdered samples were deposited homogeneously
onto a Kapton tape and layers were added until the desired transmission value was obtained.
The absorption spectra were analysed according to standard procedures using IFFEFIT
package.® Data reduction, background removal and normalization were carried out using the
Athena software and the spectra were modelled using Artemis, ATOMS and FEFF6 software.®

The M(T) and M(H) curves were measured using a Quantum Design PPMS-9T magnetometer.
First, the sample was cooled in zero-field (ZFC) from 300 K down to 2 K. Then a magnetic field
(Happi) was applied and kept constant, and afterward the Mz(T) curve was measured by
increasing the temperature from 2 K to 300 K. Finally, the M;c(T) curve was recorded while
cooling the sample starting from 300 K down to 2 K. The magnetization vs. applied magnetic
field cycles, M(H), was measured between -85 and 85 kOe at low (2 K) and room (300 K)
temperatures. In order to study the EB effect, the sample under a constant applied magnetic
field (H.oo) of 10 kOe was cooled down from 300 to 2 K. After that, a M(H) cycle was recorded
between -85 and 85 kOe. The EB field (Hg:) was defined as the horizontal shift of the central
point of the loop measured at a given H,,, relative to the H.,, = 0 loop, i.e., Hes =

—(Hc1 +He)/2, where He, and He, are the left and right coercive fields.

Results and discussion
Structural characterization

X-Ray diffraction. The XRD patterns (Fig. 1) of S1, S2 and S3 samples were fitted using the
FullProf package,®® based on the Rietveld method,*’providing the cell parameters (o) and
the average size of the NPs as the most significant parameters (see Table 1). The R-weighted
pattern (Ry,), which is a reliable indicator of the goodness of the calculation, was close to 7%,
offering good agreement between the experimental data and the fit. XRD data were modelled
according to a rocksalt Fm3m crystal structure because, even if NiO experiences rhombohedral
distortion (~0.1%) below the Néel temperature (TV'°y ~ 523 K), it is within the error of the
present structural analysis.2® In samples S1 and S2 we have also used an amorphous
contribution due to the scattering coming from the porous carbon matrix. The mean NP
diameters estimated for S1, S2 and S3 were 2(1), 5(1) and 10(1) nm (the numbers in
parentheses correspond to a measure of the degree of anisotropy, not to the estimated error),
respectively. This finding is in good agreement with the broadening of diffraction peaks as the
size of the NPs is reduced due to a lower number of diffracting crystalline planes. The value of
the cell parameter obtained for both S2 and S3 was 4.18(1) A, very close to the reported value
for bulk NiO (a”"*yio = 4.178 A).22 On the other hand, aygp was found to be 4.22(1) A in the
smallest NPs (S1). The lattice expansion experienced by the NPs of 2.5 nm and its effect on the
interatomic distances will be further explored by means of EXAFS measurements.


http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#cit55
http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#cit55
http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#fig1
http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#cit56
http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#cit57
http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#tab1
http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#cit58
http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#cit59

log I (arb. units)

%‘W—-‘-"“’ e e Y s

T 0 80 10 120 140

28 (degrees)
Fig. 1 X-Ray diffraction patterns of S1 (a), S2 (b) and S3 (c) samples, displa:
the logarithmic scale. Points (solid line) are the observed counts (calculate
Rietveld refinement). The curve at the bottom of each figure is the differe
pattern given by /,,s — I The small vertical marks indicate the angular po

of the allowed Bragg positions (see text for details).

Table 1 Experimental conditions used during the sample fabrication process and structural
magnitudes obtained from the HRTEM images and from the fitting of the XRD patterns. The
apparent crystallite size obtained directly from the Rietveld fit was correlated with the real
particle size by multiplying it by a 4/3 factor.222* Note that the numbers in parentheses for the
NP size correspond to the standard deviation (TEM) and to a measure of the degree of
anisotropy (XRD), respectively, not to the estimated error

Synthesis parameters HRTEM XRD
Sample code Atmosphere Temperature (K) Time (h) NP size (nm) NP si:
s1 N, 573 1 2.5(0.6) 2(1)
S2 Air 573 3 4(1) 5(1)

s3 Air 673 1 9(2) 10(1)



http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#cit60
http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2014/NR/c3nr03961g/c3nr03961g-f1_hi-res.gif

Transmission electron microscopy. The size, shape and aggregation state of the NiO NPs were
investigated by means of HRTEM (Fig. 2). From the lognormal distribution fit of the size
histogram the average diameters of the approximately spherical NPs were found to be 2.5, 4
and 9 nm, for S1, S2 and S3, respectively (Fig. S1 in ESIt). These results are in good agreement
with XRD measurements (see Table 1). Fig. 2a—c show that NiO NPs in sample S1 were well
dispersed in the carbon matrix so that NiO represents only 20 wt%. NiO NPs in S2 (Fig. 2d—e)
and S3 (Fig. 2f) were aggregated and presented a perfectFm?m crystalline structure (see
selected area electron diffraction [SAED] pattern in a 200 nm? region in Fig. 2g and the
crystalline planes in Fig. 2h—i). During the synthesis process the carbon matrix had been almost
completely gasified so that the weight percentages of NiO were 75% and 100% in S2 and S3,
respectively. In order to confirm the chemical composition of the samples energy-dispersive X-
ray spectroscopy (EDX) measurements were performed, providing a Ni : O atomicratioof1:1
in all the investigated regions.
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Fig. 2 (a—f) HRTEM images of S1 (a—c), S2 (d and e) and S3 (f). The right up
insets of (a), (d) and (f) contain the SAED patterns of the corresponding sa
(g) SAED pattern in a 200 nm? region, showing (111), (200), (220) and (311
rings. (h and i) Interplanar (200) and (111) distances of the crystal structur
NiO NPs belonging to S3.

X-Ray absorption spectroscopy. The XANES part of the spectra, which is related to the
electronic structure, is identical for the three samples and matches that of bulk NiO (Fig. 3a),
thus indicating that the Ni ions are in a Ni** valence state. The extended parts of the spectra
(EXAFS), x(k), give structural information around the Ni atom. According to the k*-weighted x(k)
function (Fig. 3b), there is a significant reduction of the intensity as the size of the NiO NPs
decreases from 9 nm (S3) down to 2.5 nm (S1). The Fourier transform, FT(R), of the k*-
weighted EXAFS spectra (using a Hanning window function in the k-range 3 < k < 15 A™)
presents well-defined peaks up to 6 A. The two main contributions are observed in the R-range
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0.5<R<3A, centred at ~1.7 A and ~2.6 A, corresponding to the Ni—O and Ni-Ni pairs in the
NiO rocksalt crystal structure, respectively (see Fig. 3c). A decrease of the second peak's

amplitude is clearly observed as the size of the nanoparticle reduces, while the first peak's

amplitude remains almost unchanged.

Norm. absorption coefficient (arb. un.)
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Fig. 3 Room temperature X-ray absorption spectra at the Ni K-edge for S1
S2 (red) and S3 (green) samples. (a) XANES region. The spectra of the sam
are plotted together with a bulk NiO foil (black). (b) k*-weightedy(k)
experimental EXAFS spectra and (c) their Fourier transform moduli, | FT(R
experimental data (dots) and fitted (solid line); note that only the first Ni-
Ni—Ni coordination shells (0.5 A < R < 3 A) have been fitted (see text for de
(d) Inverse Fourier transform of FT, k’x*(k), for the two first peaks, data (c
and fit (lines).

In order to get quantitative information about the local structure around the Ni atoms, the

inverse Fourier transform of the two main peaks, 0.5 A<R<3A, (Fig. 3d) was fitted to the

well-known EXAFS function:>2
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(-’*'. Sy’ } F.(k) .
X{k}=EITCHp[—EfTI. K Jexp[-2R /A(K)]sin 24, + ,(k)]
i
where R; is the mean distance between the absorber atom and the i-th scattering
neighbour, N; is the coordination number and o/ is the mean square displacement of the
Gaussian pair distribution function or Debye—Waller factor. The backscattering amplitude and
phase functions, Fi(k) and @;(k), the photoelectron mean free path, A(k), and the empirical

parameter, So%, associated with many body losses were obtained from the FEFF6 code.

The quantitative results of the fits, performed in the k-range 3.5 < k < 15 A™, considering only
Ni—O and Ni—Ni single-scattering events, are reported inTable 2. While the number of
neighbours that constitute the first shell (Nyi_o ~ 6 in all samples) does not change as
compared to the bulk NiO, the average coordination number of the second shell (that
corresponds to the Ni—Ni pair) decreases from 11 to 9.6 as the particle size is reduced.

Table 2 Average coordination numbers (N), interatomic distance (R) and Debye—Waller factors
(6°) for samples S1, S2 and S3, compared with standard bulk NiO values

1% shell (Ni-O) 2" shell (Ni-Ni)
Sample code N R (A) o?(A?) N
s1 6.2(6) 2.07(1) 0.009(2) 9.6(4)
52 6.0(4) 2.07(1) 0.007(1) 10.0(2)
s3 5.8(6) 2.08(1) 0.006(1) 11.0(3)
Bulk NiO 6.0(1) 2.09(1) 0.006(1) 12.0(1)

The evolution of the coordination number is in good agreement with the amplitude reduction
observed in the second peak of the Fourier transform. The decrease of the average
coordination number with particle size was already found in previous EXAFS studies in

NPs*42£2 3nd is due to the fact that surface Ni atoms are undercoordinated and that the
recorded EXAFS signal is the average over all the Ni absorbing centres. In the present samples
the ratio of surface to bulk atoms strongly increases when reducing the size from 9 nm (S3) to
2.5 nm (S1). Considering as “surface atoms” those located in a one-unit-cell-thick outer layer,
they represent only ~25% in S3 and ~50% in S2, but the percentage increases up to ~70% in
S1. These results are in good agreement with the expected reduction of the coordination
number due to the cluster size (see, for example, Calvin et al.2 and Fig. $3 in the ESIt).

Regarding the interatomic distance, we found that the Ni—O bond length remains constant in
the three samples (Ryi_o = 2.07 A) and also coincides with the one obtained from the bulk
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sample. On the other hand, the Ni—Ni pair distance experiences a pronounced relaxation only
in the S1 sample (Ryi_ni = 2.985 A). This expansion leads to a cell parameter of 4.22 A (a = V2Ry.
ni), Which is in good agreement with the aforementioned results obtained from XRD analysis.

Finally, the Debye—Waller factor, ¢°, is k-dependent and its damping effect is more noticeable
in high-k oscillations. The ¢® can be understood as a superposition of dynamic (o4%) and static
(0.%) terms. The o4” factor is temperature-dependent and should not change appreciably
between samples, since all the EXAFS spectra were recorded at 300 K. So the increase

of o with decreasing particle size is ascribed to the static term, which indicates a higher
structural disorder in good agreement with the lack of coordination of the Ni atoms located at
the surface.

Summarizing the results extracted from the XAS analysis, it has been proved that NPs are
affected by surface effects as the particle size decreases, this feature being especially
pronounced in smaller NPs (S1), whereas larger ones (S3) exhibit almost bulk-like behaviour.
Surface effects consist of average undercoordination, bond relaxation and static disorder and
should be understood as arising from the breaking of the periodicity that the lattice
experiences at the boundary of the particle. No evidence of crystallinity loss can be deduced
from EXAFS data.

Magnetic characterization

The temperature dependence of the magnetization was investigated in ZFC and FC regimes
under an applied magnetic field of 1 kOe (Fig. 4a—c). The Mz(T) curves of samples S2 and S3
reveal identical features, and three characteristic temperatures of the system, i.e.

T;, Ts and T,,, can be identified: (i) a low temperature sharp peak at 7°% ~ 6.2 K and 7% ~ 6.7 K;
(i) a broad maximum centred at T°%; ~ 53 K and T°°; ~ 145 K; and (iii) a splitting temperature
between My¢(T) and Mg(T) curves at 7. ~91Kand T, ~ 270 K. The same qualitative
behaviour was observed in the curves measured at 0.1 kOe (Fig. S4 in the ESIT). This
phenomenology in NiO NPs can be understood through a core—shell model.22 Then, each
particle would be formed by: (i) an AFM ordered core with uncompensated magnetic
sublattices (giving rise to a net magnetic moment) due to the reduction in the number of
exchange coupled moments caused by finite size effects; and (ii) a magnetically disordered
shell, which thermally fluctuates as a SG-like system 228404244
magnetically ordered cores will exhibit SPM behaviour above a certain temperature. When the

In this context, the

particle size is not monodispersed there is a distribution in the anisotropy energy barriers, and
the NP magnetic moments become blocked progressively, each one at a blocking

temperature T, ~ KV/25ksg, as explained by the Néel-Brown model for uniaxial and non-
interacting NPs. In our case, Ty is usually associated with the mean value of T, and T, is the
irreversible temperature, which determines the highest value for the T, in the system. The
latter explains why in S2 and S3 both T; and T, increase as the particle size is raised. On the
other hand, T; would correspond to the temperature for the SG-like freezing of the surface
spins due to a disordered magnetic moment arrangement. In order to support this assumption,
low temperature (2-20 K) AC susceptibility measurements were carried out at five different
frequencies (f) between 1 Hz and 1 kHz. The preliminary data analysis of the frequency shift
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of T; give values between 0.03 and 0.06 for the Q parameter [Q = AT¢/T: A(logy, f)], which are
within the expected range for SG (0.004-0.06) rather than that for SPM (0.1-0.3) systems.®
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Fig. 4 Magnetic characterization. (a—c) M(T) curves in the ZFC (green circle
FC (grey diamonds) regimes measured for S1 (a), S2 (b) and S3 (c) under a
applied magnetic field of 1 kOe. Inset in (a) highlights a detail of the low
temperature region, evidencing a peak in the ZFC curve. (d—f) M(H) curve:
measured in ZFC conditions at 2 (blue squares) and 300 (red circles) K for
samples S1 (d), S2 (e) and S3 (f). Insets show an enlarged view of the cent
part of the ZFC loop at 2 K together with the same loop measured after cc



http://pubs.rsc.org/en/content/articlehtml/2014/nr/c3nr03961g#cit64
http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2014/NR/c3nr03961g/c3nr03961g-f4_hi-res.gif

the sample from 300 K under an external field of H.,, = 10 kOe (green tria

evidencing that no exchange bias is detected in S1, whereas S2 and S3

experience the loop shift and coercivity enhancement which typically indi

existence of the exchange bias effect. Upper left NP schematic pictures sh

the SG phase that fully forms S1, while S2 and S2 have a core—shell morpt

The S1 sample exhibits markedly different behaviour with respect to S2 and S3 samples.

Only T4 ~ 3 Kand T, ~ 15 K can be identified in the ZFC and FC curves, whereas there is not
any maximum that could be ascribed to a blocking temperature (Tg). The latter seems to
suggest that, while in S2 and S3 the disordered region is limited to the surface shell, in S1 the
NPs are so small that all the spins in the particle are influenced by surface effects and a
magnetically-ordered core is not formed (see NP schematic pictures in Fig. 4d—f). The fact that
sample S1 is more affected by size effects than S2 and S3 is in good agreement with EXAFS
results. In the case of S1, the non-coincidence of T°% and T, would arise from the fact that
there is a distribution in the particle size.

Furthermore, the magnetic field dependence of magnetization can be understood on the basis
of the previously stated microstructural picture that can be summarized as follows. S2 and S3
NPs consist of an ordered uncompensated AFM core with a net magnetic moment, and a
surface disordered shell, both components having two different regimes: blocked/SPM,
separated by T; for the core, and SG/paramagnetic separated by T; for the shell. Fig. 4d—

f shows theM(H) curves of S1, S2 and S3 measured under ZFC conditions at low (2 K) and room
(300 K) temperatures. The most relevant magnetic magnitudes are presented in Table 3.

Table 3 Characteristic magnitudes obtained from the dependences of the magnetization on
temperature and applied magnetic field. Freezing (T;), blocking (Tg) and irreversibility (Ti.)
temperatures were determined in the ZFC—FC curves measured under an applied field of 1

kOe. Magnetization measured at 80 kOe (M**¢
2K-ZFC

s0k0e), Ffemanent magnetization (M*““) and
coercivity (H ¢) were extracted from the hysteresis loops measured at 2 K in ZFC
conditions. When measuring the 2 K loop after cooling the sample down from 300 K under an

2K—FCC) can

applied field of 10 kOe, both a loop shift (H* ) and a coercivity enhancement (H
be observed only in S2 and S3, thus indicating the presence of exchange bias effect. Note that

magnitudes obtained from the M(H) curves are considered to have a relative error of 2%

Temperature dependence,M(T) Field dependence, M(H)
Samplecode T((K) Tg(K) T (K) M 500 (emu g'NiO) M ¥ (emug?NiO) F
S1 3.0(1) — 15(1) 52.4 1.80 0
S2 6.2(1)  53(5) 91(3) 5.7 0.30 2
S3 6.7(1) 145(15) 270(10) 2.8 0.12 1
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K2R okoe) in S1 is more than one order

The value of the magnetization measured at 80 kOe (M?
of magnitude larger than the corresponding values of S2 and S3, due to the higher number of
disordered magnetic moments present in the NPs of 2.5 nm compared to larger ones. At T=2

2K-2ZFC 2K—ZFCC)I due to the
2K-ZFC

K the three samples exhibit remanence (M ;) and coercivity (H

blocked/frozen states of all the magnetic entities. The observed value of . is roughly one
order of magnitude higher for the S1 sample respect to those for S2 and S3, and could be
ascribed to the formation of Ni** clusters below T;. The high H*# € value in S2 and S3,
compared to S1, is due to the interfacial anisotropy that the frozen surface SG exerts on the
core magnetic moment of the NP. The importance of interfacial effects was further proved by

the hysteresis loops measured at T= 2 K in FC conditions (H..o = 10 kOe).

The S2 and S3 samples show characteristic features of the EB effect, namely a shift toward the

2K-FC 2F¢). The EB is a phenomenon

negative field axis (H™ ) and coercivity enhancement (H
associated with the exchange anisotropy created at the interface between materials with
different anisotropy energies, typically an AFM and a FM, but EB has also been studied in
different combinations of magnetic components (FM, AFM, ferrimagnetic, $G).2%¢

The EB in the studied samples is attributed to the magnetic coupling between the NP core net
magnetic moment, which behaves as a SPM macrospin aboveTg, and the spins at the NP

|.5288 \When the NPs are cooled down from T> Ty to T; < T < Tz under an external magnetic

shel
field, the core moment lines up along the field direction, while SG spins remain random. In this
situation, the core blocked macrospin is able to follow the applied field when it reverses its
direction. Further cooling down to T < T; gives rise to the exchange coupling between the
interfacial SG spins and the adjacent spins belonging to the core blocked macrospin. This
magnetic interaction determines the direction along which the spins become oriented.
Therefore, when the applied field is reversed (at T< T;), a microscopic torque at the core—shell

interface appears, tending to keep the core blocked macrospin in its original direction.

When comparing these results with previous studies on NiO NPs,*’ we observed a similar trend
of Hgz growth with the particle diameter. On the other hand, we found higher values of H*.in
the 4 nm NPs (S2) than in the 9 nm ones (S3), both in ZFC and FC regimes. The research
developed by Ali et al. on exchange-biased bilayered FM/SG systems revealed

that Hgg increased monotonically with the SG thickness until it is saturated at a certain value,
while Hcexhibits a maximum well below the saturation point of Hes.& Therefore, in the case of
FM/SG interfaces, the degree by which a region of the glass is bound to the FM depends on the
characteristics of the spin configuration at the interface. The Hg; is provided by the glassy
regions that remain largely intact on reversal the FM, whereas those that change on reversal of
the FM contribute to Hc. Thus, we believe that the values of Hgz and Hc in NiO NPs depend not
only on the particle size, but also strongly on the characteristics of the surface shell. The
topological structure of the surface is associated with the degree of magnetic frustration,
which determines the thickness of the SG shell and also the roughness and magnetic coupling
at the core—shell interface.
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In brief, the AF coupling in nanoscale NiO is found inside each NP core when the particle size is
larger than 4 nm. On the other hand, surface disordered magnetic moments are at the origin
of SG behaviour, which dominates the magnetic response of the shell and also that of the
whole NP when the particle size is ~2 to 3 nm.

Conclusions

The influence of the microstructure on the magnetic properties of three nanosized NiO
samples with diameters of 2.5, 4 and 9 nm was studied. The EXAFS technique allowed proving
that surface effects became more relevant as the particle size was reduced, even if crystallinity
still remained. Magnetic measurements revealed that there was a competition between
surface spin disorder and antiferromagnetism, leading to a different magnetic arrangement in
smaller NPs as compared to larger ones. In the NiO NPs of 2.5 nm frustration prevailed and
Ni?* magnetic moments were found to be in a SG state; while as the particle size increased, the
nucleation of an AFM core became favourable and only the shell exhibited a magnetically-
disordered SG state (NPs of 4 and 9 nm). The existence of an uncompensated AFM core was
indirectly detected through the presence of a net magnetic moment arising from the reduction
in the number of exchange coupled moments caused by finite size effects, which behaved as a
superparamagnet. Interestingly, only NPs with an AFM core exhibited an exchange bias effect,
which was described by a SPM/SG model in which the NP core net magnetic moments were
pinned by the frozen magnetic moments at the surface disordered shell. The dependence

of Hgg and Hc on the particle size was strongly affected by the characteristics of the surface
shell.

The disappearance of the AFM core when NiO NPs are small enough and the variation

of Hgz and Hc with the topological structure of the surface and the roughness at the core—shell
interface confirm the deep interplay between the structure and the magnetism of materials at
the nanoscale and suggest that it is possible to tune their magnetic properties by controlling
the morphological aspects. The present findings could be of special interest in NPs made of
materials that are AFM in their bulk form, but could present unique physical-chemical
properties that may be valuable at the nanoscale in the production of small and smart
materials.
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