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Abstract. Films of magnetic Ni@NiO core-shell nanoparticles (NPs, core diameter d = 12 nm,
nominal shell thickness variable between 0 and 6.5 nm) obtained with sequential layer deposition
were investigated, to gain insight into the relationships between shell thickness/morphology,
core-shell interface, and magnetic properties. Different values of NiO shell thickness # could be
obtained while keeping the Ni core size fixed, at variance with conventional oxidation
procedures where the oxide shell is grown at the expense of the core. Chemical composition,
morphology of the as-produced samples and structural features of the Ni/NiO interface were
investigated with spectroscopy (XPS) and microscopy (SEM, TEM) techniques, and related with
results from magnetic measurements obtained with SQUID. The effect of the shell thickness on
the magnetic properties could be studied. The exchange bias (EB) field Hpias is small and almost
constant for #; up to 1.6 nm, then it rapidly grows, with no sign of saturation. This behavior is
clearly related to the morphology of the top NiO layer, and is mostly due to the thickness
dependence of the NiO anisotropy constant. The ability to tune the EB effect by varying the
thickness of the last NiO layer represents a step towards the rational design and synthesis of

core-shell nanoparticles with desired magnetic properties.
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1. Introduction

Research on magnetic metal-oxide core-shell nanoparticles (NPs) has been extensively carried
out during the last decade, as their fields of application encompass many areas, like
nanomedicine, medical imaging, refrigeration, spintronics and recording industry [1,2].
Fabrication of NPs at progressively decreasing size with desired properties (like for instance
thermal stability and pre-determined coercivity values), has been certainly one of the most
important challenges in this research field. In fact, the superparamagnetic (SPM) limit [3,4] may
be an obstacle for the production of smaller stable magnetic NPs: as an example, from the
definition of blocking temperature Tg =KV/(25kg) [5], it can be estimated that, for an anisotropy
constant K= 0.5 « 10* I/m? (typical value of Ni [6]), Ts is equal to room temperature (RT) when a
NP has critical volume Verie = 2.1 » 10* nm?, corresponding to a SPM blocking diameter d ~ 34
nm. In order to stabilize smaller NPs, an Antiferromagnetic (AFM) shell can be generated around
the Ferromagnetic (FM) core, creating an AFM/FM exchange coupling at the core/shell interface
(Exchange Bias, EB) [2-5]. Tunability of this effect can be achieved with careful control of the
parameters affecting the NP growth and the subsequent physical properties (core/shell structure,
metal/oxide interface quality, shell thickness and oxide composition). For instance, this method
was extensively applied to Co@CoO NPs [2-4]: the NPs were oxidized in order to obtain metal
core/oxide shell and deposited on a substrate. It was found that at increasing in-plane coverage
(i.e., NP surface density) there is an increase of Tg, of coercivity and of exchange bias field, due
to “recovery” of magnetic properties caused by the neighboring oxide shells coming into contact
and providing a more efficient exchange interaction with the FM cores [2-4]. Different methods
of core/shell NPs preparation have been implemented: chemical synthesis [1,7], lithography,

self-assembling [8,9], atom deposition and thermally assisted precipitation in a matrix [10].



Synthesis of NPs by using magnetron gas-aggregation sources, followed by their deposition onto
a substrate, allows the necessary systematic and accurate investigation [11-13] of the dependence
of NP properties on their size and morphology. Moreover, there is the advantage of producing
ligand-free NPs in a clean environment, as the sources operate in vacuum. Co-deposition of
different species with thermal evaporation sources, in order to obtain core-shell geometry with
non-native oxide shells, or NPs embedded in a solid matrix [12,14-15], allowed a systematic
study of the effect of shell thickness and composition on the NP assembly properties. In a recent
paper by D. Llamosa et al. [16] complex core@shell and core@shell@shell NPs were obtained
by a modified gas aggregation source, similar to the one used in the present work and in previous
studies, but cores and shells were only metallic.

Magnetic stabilization induced by EB can be obtained in Ni@NiO NP because of the high Néel
temperature value of NiO (Tn= 525 K) [6]. Recent experiments have been carried out on Ni [17]
and Ni@NiO [18,19] NPs generated by a gas aggregation source, with the linear size d ranging
between 4 and 8 nm. Their structure, morphology, and stability to air exposure were deeply
investigated with a number of techniques. These studies showed that the metallic core of the
produced NPs had a regular multi-twinned icosahedral structure, composed of single-crystal
tetrahedra with (111) faces, and that after controlled oxidation, oxide shells were obtained, with
the presence of crystalline NiO oxide islands on the NP facets, with direct or twinned stacking
[19]. The obtained NPs were found chemically and structurally stable and, in particular, the Ni
core maintained its metallic nature even after prolonged exposure to atmospheric conditions
(more than 20 days)[17]. Recently, the influence of different oxidation procedures on the

magnetic properties of preformed Ni NPs was reported on [20].



In most of the recent works on exchange bias and interface magnetic couplings in core-shell NPs,
the external oxide shell was obtained by oxidizing partially the original NP, either chemically or
thermally[21]. In this way, the oxide shell is created at the expense of the core, and reduction of
the core size has to be taken into account when the results of experimental studies on the
magnetic properties are evaluated [4]. In the present paper, results of a structural, morphological
and magnetic characterization of Ni@NiO NPs are presented, focusing on a preparation method
where pre-formed Ni NPs and NiO “layers” were sequentially deposited. By varying the amount
of deposited NiO, it was possible to obtain NPs with constant core linear size and different shell
thickness, at variance with the procedures where the shell was obtained by oxidizing the original
NPs. In this way, a systematic investigation of the EB and coercive fields as a function of the
shell thickness could be carried out.

For a thorough investigation of the NP films, a number or techniques have been employed: X-ray
Photoelectron Spectroscopy (XPS) for an analysis of Ni/NiO chemical composition, Scanning
Electron Microscopy (SEM) for NP films morphology, High Resolution (HR)-TEM and
Scanning Transmission Electron Microscopy (STEM) for NP structure. In particular, the Exit
Wave Reconstruction (EWR) method for HR-TEM image analysis [22,23] was used, which
allowed a software correction of the lens aberrations and therefore a more direct determination of
atom locations as compared with conventional techniques. An analysis of the SEM images could
give information about the core diameter and shell thickness of the obtained NP films. The same
samples analyzed in SEM and XPS were also used for magnetic measurements. The magnetic
parameters of the Ni@NiO core-shell NPs were obtained by analyzing the field-cooled

isothermal magnetization (hysteresis loops) and the thermal magnetization curves in Field



Cooled/Zero Field Cooled (FC/ZFC) modes measured by a Superconducting Quantum

Interference Device (SQUID) magnetometer.

2. Experimental

The Ni@NiO NP films were prepared in an experimental system with three interconnected
vacuum chambers [15, 18, 18]. The first chamber was equipped with a NP source (NC200U,
Oxford Applied Research) and a Quadrupole Mass Filter (QMF). In the source, Ni atoms were
evaporated by magnetron sputtering, and they were condensed into NPs by an inert gas carrier
(in our case, Ar) [17]. The charged NPs in the produced beam were mass selected by the QMF,
and could enter the deposition chamber, where they were deposited on a substrate. Deposition
could occur in Oz atmosphere (which was let in by a leak valve). NiO films were obtained by
evaporating Ni from a thermal evaporator in presence of Oz (poz =2 * 107" mbar). The deposition
rate of the different materials was monitored with a quartz microbalance. Figure 1 shows a
sketch of the experimental system source and of the deposition chambers, with the used NP

source and metal evaporators.

Ni evaporator




Figure 1a. Sketch of the experimental system used for core/shell NP growth. A beam of mass-
selected metal Ni NPs was generated with a gas aggregation source, consisting of a magnetron
evaporator, a gas aggregation region and a quadrupole mass filter (QMF). The beam impinged on
a substrate. Shells surrounding the pre-formed Ni NPs were realized by sequential deposition of
a first layer of NiO, a second layer of metal Ni NPs, and a third layer of NiO. NiO layers were

obtained by thermal evaporation of Ni in presence of O> in the deposition chamber.

After deposition, the sample could be transferred in vacuum to the third chamber, equipped with
an Al-Mg twin anode X-ray source (XR50, Specs), generating Al K, photons (hv = 1486.7 eV),
and an electron hemispherical analyzer (Phoibos 150, Specs) for in situ XPS analysis [15,18].
During the experiments reported in this work, the samples were produced with a NP beam
generated with a magnetron discharge power P = 35 W, and Ar flow f = 50 sccm. In these
conditions we could obtain Ni NPs with a linear size distribution between 8 and 15 nm, as
directly verified by analyzing the SEM images, as discussed in the following section (the size
distribution of the deposited particles was always checked ex-situ with SEM). The amount of
deposited Ni NPs and of NiO (see the results discussion) are given in this work in terms of the
nominal thickness of an equivalent continuous film with the same density as bulk fcc Ni (tni) and
rock-salt NiO (tnio). Therefore, the units for equivalent thickness and deposition rate values are
respectively nm and nm/min. Inert substrates were used during the experiments, in particular
Si/SiOx for SEM, XPS and SQUID, and carbon-coated copper grids for TEM and STEM. SEM
images were acquired with a dual beam system (FEI Strata DB235M). The SEM column is
equipped with a Schottky field-emission gun, achieving a resolution of 2 nm, which is nominally

constant over the energy range employed in this work (5-15 keV) [17]. The HR-TEM and some



of the STEM experiments were performed using a JEOL JEM-2200FS working at 200KeV and
equipped with Schottky Field emission Gun (SFEG) and Q-filter for energy loss analysis [15, 18-
20]. The instrument has an objective lens spherical aberration coefficient of 0.5 mm, permitting a
point to point resolution of 0.19 nm. In order to remove delocalisation effects focal series of 20
images have been acquired and processed with IWFR software [22,23]. The series were acquired
for focal steps between 10 and 15 nm starting from close to Scherzer conditions. The exact
defoci have been determined for each image by detailed semi-automatic fitting of the amorphous
rings within STEM CELL [24]. A series of STEM images were obtained also with an aberration
corrected STEM, Nion UltraSTEM 200 working at 200kV located at Oak Ridge National
Laboratory, USA. Probe deconvolution was used in STEM image analysis [24]. Magnetization
measurements were carried out by a Quantum Design MPMS XL-5 SQUID magnetometer. Field
Cooled (FC) and Zero-Field Cooled (ZFC) thermal magnetization curves were recorded in the 5
— 300 K range with cooling field Heoor = 100 Oe and measuring field Hmes = 100 Oe.
Magnetization isotherms were recorded between +2000 Oe and —2000 Oe at 5 K after field
cooling (Hcoor = +2000 Oe). The data were corrected for support diamagnetism [25,26] and, in

the case of magnetization isotherms, scaled to the nominal deposited nickel mass.

3. Results and discussion.
The NP films were obtained by depositing trilayer films, NiO /Ni NPs/ NiO, where the first and
third layer of NiO were obtained by a flux of Ni atoms coming from a thermal evaporator, in O2

atmosphere (samples labeled as “TriL”). For comparison, Ni@NiO NP assemblies were also



obtained by annealing metallic Ni NPs in air at T=250 °C for t= 30 min (sample labeled as
“Ann”)[20].

The TriL samples were prepared with fixed nominal thickness of the first layer (ti nio= 1 nm) and
of the second layer (composed of Ni NPs, with toni= 6 nm) but with increasing nominal
thickness of the third layer from t3nio = 0 to 6.5 nm. The first layer of NiO was deposited in
order to have a NiO/Ni NP interface beneath the Ni cores, too, thus completing the NiO shells
around the deposited Ni NPs. Evidence of formation of core-shell NPs was provided by SEM,
HR-TEM and STEM images. As an example, a STEM image of NI@NiO NPs is reported in
Figure 2. The NPs show a defined core-shell structure, with core linear size d between 8 and 12

nm, while the shell thickness #; varies between 2 and 3 nm.
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Figure 2. STEM image in false colors of Ni@NiO NPs obtained by sequential layer deposition.

The core shows bright while the shell is seen as a faint halo.

3.1 Chemical composition
The samples were then analyzed with XPS, focusing on Ni 2p core level spectra. In this way
information on the chemical state of Ni atoms from the outmost layers of the films could be

extracted, in order to monitor in situ the formation of the oxide shells [18]. As an example, fig 3a
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reports Ni 2p spectra measured on TriL samples after each deposition step (evaporated Ni in Oy,
metallic Ni NPs, evaporated Ni in Oz). The spectra show the typical doublet manifold,
corresponding to emission from 2p3» and 2pi» core levels, with satellite structures due to final
state effects occurring in the photoemission process [18]. The spectrum labeled NiO, acquired
after deposition of the first layer, strongly resembles that of stoichiometric NiO, previously
reported in the literature [27]. In particular, peak A (Binding Energy, BE=853.7 e¢V) and a
shoulder labeled S (at about 2.5 eV higher BE from A) are clearly visible: this double feature
was assigned to emission from well coordinated Ni in stoichiometric NiO [18,27]. After
deposition of preformed Ni NPs, the spectrum changes significantly, and it is now dominated by
two peaks labeled B1 (BE=852.3 eV) and B2 (BE=869.7 eV), corresponding to emission from
metallic Ni, although a careful inspection of the spectrum shows the presence of a shoulder
corresponding to peak A (NiO), due to the uncovered areas of the underlying NiO first layer. In
the spectrum acquired after the deposition of the third layer the situation is reversed: peaks A and
S (stoichiometric NiO) are again dominant, with a shoulder corresponding to structure B
(metallic Ni). It can be inferred therefore that the first and the third layer are mainly composed of
stoichiometric NiO, at variance with films composed of Ni NPs deposited in O> atmosphere
and/or subsequently exposed to Oz, where the spectra of Ni atoms in the oxidized shell do not
exhibit the typical features of well coordinated NiO [27]. The evolution of the Ni 2p core level
lineshape of the complete trilayer films could also serve as a further monitor of the increasing
thickness of the third NiO layer, with relative intensities of peaks A and B varying significantly

(see fig. 3b).
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Figure 3. (a) Ni 2p core level XPS spectra measured on a trilayer NiO/Ni NPs/NiO sample (trilL
3.5), after sequential deposition of the first layer of NiO, pre-formed metal Ni NPs and the third
layer of NiO (t3ni0=3.5 nm). (b) Ni 2p32 XPS core level spectra measured on TriL samples at

increasing third layer nominal thickness value.

3.2 Film morphology

SEM images of the obtained samples were acquired to study the film morphology. Figure 4
shows images taken from TriL samples of different 3™ layer thickness values: t3nio=0 nm
(Fig.4a), ts nio=1 nm (Fig.4b), t3 nio=2 nm (Fig.4c) and t3 nio=6.5 nm (Fig.4d). In the image taken
from the TriL 0 sample (corresponding to a film where only Ni NPs were deposited on NiO first
layer) Ni NPs are clearly visible, and the sample morphology was found to be typical of the
random paving growth mode [12,17]: the corresponding size distribution histogram, obtained by
measuring the diameters of the NPs imaged is reported in the inset in Figure 4a. The average

value of the NP diameters <d> was obtained by fitting the histogram to a log-normal distribution,
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and was found to be <d>=12.0 nm, with a standard deviation cq4= 1.0 nm. At increasing
coverage of the third layer, the morphology of the film changed: the size of the NPs gradually
increased, and some smaller grains could be observed, probably due to formation of NiO islands.
At the highest value of third layer thickness that was investigated (t3ni0=60.5 nm), a
discontinuous film was formed, with grains that could extend up to 60 nm. These results are a
clear indication that the third NiO layer formed shells around the Ni NPs at low coverage, and on
increasing t3 nio the shells extended, eventually forming a solid matrix embedding the original Ni
NPs.

The best-fit log-normal curves of the linear size distribution for the different trilayer samples are
plotted in Figure 5a. It can be readily observed that the value of <d> increases and the
distribution broadens progressively with t3nio. It was possible to estimate the average value of
the shell thickness ts of the NPs using the formula:

<t>=(1/2) (<d>—<dp>) + teonr (1)
where <d> is the average diameter of the NPs obtained by the analysis of the SEM images, <dp>
is the NP average diameter obtained for the sample where the third NiO layer was absent, and
teorr 1S @ correction value. It was necessary to introduce teorr to take into account the expansion of
the bare Ni NPs after some exposure to air when the sample was transferred to SEM and to

SQUID instruments.
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Figure 4. SEM images of selected NiO/Ni NPs/NiO TriL samples, with different values of the

third NiO layer, namely: (a) TriL 0, (b) TriL 1, (b), (c) Tril 2, (d) TriL 6.5.

As the bare NPs were exposed to air, their external layers were oxidized, and this resulted in a
change of their size, due to different density values of Ni and NiO. Previous TEM experiments
showed that after some hours of exposure to atmosphere the NPs showed a layer of native oxide
with thickness of about 1 nm [18]. Assuming that this shell (of circular shape) was made of NiO,
the difference between the diameter of the exposed NPs and the original diameter of the bare

NPs affected by exposure is 0.6 nm, corresponding to a correction factor tcor=0.3 nm. This value
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is about 3% of the value of <do> as obtained by SEM. The values of <d>, o4, and ¢ for the

various samples are reported in Table 1.

Sample <d> (nm) o4 (nm) ts (nm)
TriL 0 11.96 £0.04 | 0.99+£0.06 | -

TriL 0.3 12.35+0.02 | 1.08+0.02 | 0.5+0.1
TriL 0.67 | 13.38+0.03 | 1.42+0.03 | 1.0+0.1
Tril 1 14.61£0.07 | 1.73£0.08 | 1.6+0.1
Tril 2 15.97+0.03 | 2.29+0.06 | 2.3+0.1
TriL 3.5 17.89+0.07 | 3.26+0.11 | 3.2+0.1
Ann 11.27+0.07 | 1.13+0.06 | 1.5+0.2

Table 1. Average diameter <d>, standard deviation G4 obtained by fitting the distribution size
obtained from the grain analysis of the TriL samples to a log-normal, and estimated NiO shell
thickness #s obtained by using equation 1. The uncertainties of <d> and o4 are obtained by the
fitting procedure. The uncertainty of ¢ is dominated by the uncertainty in the estimated value of
teorr. Values of <d> and oq4 of the Ann sample are also reported. In this case # has been estimated

by averaging the NiO shell thickness of 13 NPs measured from STEM images.

The values of corrected shell thickness ts were also plotted in Figure 5b as a function of the
nominal thickness of the third layer, t3 nio The data shown in Figure 5b follow a growing trend,
with a change in slope at t3nio = 1.0 nm. This behavior can be ascribed to a switching from a
situation where NiO preferentially grows on the metal Ni surface of the as-deposited NP, thus

forming the shell, to a situation where the original NP facets are completely coated with Ni1O and
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growth continues on the oxide shell and partially on the substrate. Complete oxide shells are
formed and extend, finally developing an oxide matrix that embeds the original NP cores. This

result is in agreement with previous observations on Ni@MgO [15] and FePt@MgO [28] NP

films.
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Figure 5. (a) Evolution of the NP linear size distribution fitting curves for the NiO/Ni NPs/NiO
trilayer samples at increasing values of the NiO third layer nominal thickness t3nio. (b) Plot of

the estimated shell thickness ts vs t3 nio.
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3.3 Core-shell interface structure

In order to have a complete picture of the NP structure, a detailed study of the core/shell
interface was carried out with HR-TEM and STEM. This study could help significantly to
understand the details governing the AFM shell/FM core coupling and the EB effect. We
performed the measurement on one Tril sample and on NPs annealed at T=250°C in air (Ann
sample) [20]. The nominal thickness values for the chosen TriL sample were tinio = 1 nm, toni =
3 nm, t3nio = 1 nm. The chosen value of t2ni was lower with respect to samples used for SEM,
XPS and SQUID experiments, in order to obtain clearer images of single preformed Ni NPs. An
atomically resolved STEM image of a Ni NP after annealing in air is shown in Figure 6a. The
NP clearly presents a core-shell structure. The core shape is compatible with a McKay
icosahedral structure obtained by 20 tetrahedra with (111) facets, due to multiple twinning
occurring during the NP growth in the gas aggregation chamber [29,30]. The same structure was
obtained on Ni [18], bare FePt and core/shell FePt@MgO [28], Au and other fcc transition
metals NPs [31], and is ascribed to the dynamics of NP growth. In particular, it was found that
formation of icosahedra is favored at fast quenching rates for fcc metal NPs [32]. The core/shell
interface of the NPs imaged in Figure 6a is sharp, and the shell is mostly crystalline NiO
(rocksalt cubic structure, see figure S. 1 in supplementary material), growing in the [111]
direction (see figure S.2 in supplementary material). Figure 6b shows an EWR of an HR-TEM
image of a NP from the Ann sample. The Ni/NiO interface orientation was determined by
measuring the change in the periodicity of the lattice fringes (from 0.21 nm to 0.24 nm), and a
(111) orientation was obtained for the NiO planes, as shown in the enlarged area which is

reported in Figure 6c¢.
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Figure 6. (a) STEM image of a Ni@NiO core-shell NP obtained by annealing in air of pre-
formed metal Ni NPs assembly (sample Ann). (b) EWR image of a Ni@NiO NP from the same
sample. (c) Magnified portion of the image in (b), putting in evidence the Ni/NiO interface,

which was found by looking at the variation of the periodicity in the lattice fringes.
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By the STEM technique, it was also possible to focus on interface details, like in the case of the
image reported in Figure 7a, where two NPs are visible. A detailed analysis was performed on
the enlarged area shown in figure 7b. Geometric phase analysis (GPA) and peak maxima
analysis [33] obtained from this image revealed the presence of dislocations, that could
accommodate the lattice mismatch between fcc Ni and rock-salt NiO (111) planes (see Figures
7c and 7d). It can be deduced that the high degree of crystal ordering in the NiO shells is
probably favored by the interface stress relaxation due to high temperature of annealing, which is
the origin of the dislocations. A more careful inspection of the epitaxy relations obtained by the
(S)TEM images lead to the conclusions that there is a 5:6 NiO/Ni interface coincidence,

assuming a 1% expansion of the NiO shell (see figure S.3 in supplementary material).
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Figure 7. (a) STEM image of two Ni@NiO core-shell NPs obtained by annealing in air of a
preformed Ni NP assembly (sample Ann). (b) Zoom of the area delimited by the white rectangle
in (a), where the Ni/NiO interface is clearly visible. (c) GPA image of the strain eyy in the nearly
vertical direction obtained from (b). The arrows indicate the dislocations located at the Ni/NiO
interface. (d) Peak maxima reconstruction of the zoomed image in (b), evidencing the

dislocations previously observed.
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Figure 8a reports a STEM image of a TriL sample prepared for TEM experiments. The NP core-
shell structure is evident also in this image, with the core having the usual McKay icosahedral
shape. The main difference between this image and the one of Figure 7a is the reduced interface
sharpness and the lower degree of crystal ordering of the shell. An EWR image of a single
representative NP is reported in Figure 8b, where in part of the shell areas atomic fringes show a
different orientation with respect to the case of Figure 6b. This arrangement is visible in the
blown-up region of Figure 8c, with the corresponding simulation in Figure 8d. The shell atomic
columns extending out of the interface have a periodicity corresponding to NiO (200) planes. A
geometrical calculation allowed us to identify of the NiO growth direction on the Ni (111) facets
as [243] (figure S.4 in supplementary material). This epitaxial relation can explain the 3:4
NiO/Ni interface coincidence observed by TEM (figures 8c and 8d) and requires 11% expansion
of the NiO lattice (see figure S.5 in supplementary material). It can also be observed in Figure 8c
that the phase signal at the interface is more confused than those in the core and shell regions.
This result, at variance with the case of the annealed sample, confirmed that the interface in the
Tril samples was less sharp than in the annealed samples. A possible explanation is that reactive
deposition of Ni in O; on the pre-formed NPs produced less ordered oxide shells with respect to
the ones prepared by annealing in air. Nevertheless, the shells in the TriL samples presented a

good degree of stoichiometry, as evidenced by XPS Ni 2p core level analysis.
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(a)

(c) (d)

Figure 8. (a) STEM image of a NP in TriL sample, showing that the NP has a core-shell
structure. In this sample, the nominal thickness values were tinio = 1 nm, toxi = 3 nm, t3nio = 1
nm. (b) EWR image from the same sample, where a core@shell Ni@NiO NP is shown. (c) blow-

up of the interface region I (b). (d) Simulation of the region shown in (¢).
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3.4 Magnetic properties

The magnetic properties of the Ni@NiO core-shell NP assemblies were investigated with a focus
on the influence of the shell thickness on the magnetization thermal behavior, coercivity and
exchange-bias field. To provide a framework to understand the magnetic data it is useful to recall
some critical diameters for ideal Ni NPs, i.e., homogeneous, spherical, non-interacting Ni NPs
free from surface effects [34]. Ideal Ni NPs with diameter d < 50 nm are single domain NPs and
the magnetization reversal takes place via coherent rotation. Their superparamagnetic (SPM)
blocking diameter is 34 nm at RT and 9 nm at 5 K. A population of ideal Ni NPs with diameter
distribution equal to that of the investigated Ni cores would have a mean blocking temperature
<Is> =15 K and standard deviation o7, = 4 K. Hence, the ideal NPs in such population would be
well into the SPM regime at RT and almost completely blocked at 5 K.

The ZFC and FC thermal magnetization curves Mzyrc(T) are shown in Fig. 9. Samples TrilL 0 —
TriL 2 have a similar behavior that is largely different from that of TriL 6.5. TriL 3.5 shares
features with both the low t3nio samples and Tril 6.5. At low temperature, Mzrc and Mgc are
different due to the aligning effect of the cooling field. The Mrc — Mzrc difference decreases
upon increasing 7" as the growing thermal energy enables the NP magnetic moment to overcome
magnetic anisotropy barriers and more favorably align towards the applied field. When Mpc —
Mzrc vanishes, the NPs enter the reversible (SPM) regime. In our samples, this occurs at the
temperature Tmax Where Mzrc 1s maximum, a common estimate of the blocking temperature 7s.
The samples TriL 0 to TriL 3.5 have Tmax = 200 - 220 K, much higher than the blocking
temperature expected for ideal Ni NPs of equal size. In the reversible regime (from Tmax to 300
K), Mzrc and Mrc are linear as previously observed [17], a behavior typical of SPM NPs coupled

by exchange and magnetostatic interactions [14]. (We use the term “magnetostatic” instead of
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“dipolar” since the size of the Ni core is not negligible with respect to the core-core distance, as
required by the dipolar approximation). The temperature 71, where Mzrc reaches half of its
maximum value, is another estimate of 7. It also displays similar values in samples TriL 0 — Tril
3.5 (T12 = 50 — 100 K). In samples TriL 0 — TriL 2 (but not TriL 3.5) a decrease of Mrc at low
temperature is observed that is the signature of the formation of a collective spin-glass-like state
driven by random inter-NPs interactions [35,36]. Sample TriL 6.5 has a completely different
behavior. It does not reach reversibility even at 300 K and has high Timax > 300 K and 712 = 190
K, indicating that the magnetic anisotropy barriers are much higher than those of the low t3xio
samples. Figure 9g shows that Mrc is constant throughout the whole temperature range, a feature

shared with TriL 3.5 at low 7, showing that no spin-glass-like state exists in these samples.

The (Z)FC magnetization curves are a probe of the low-field (Hcool = Hmeas = 100 Oe) thermal
behavior of the Ni@NiO NPs. Samples TriL 0 — TriL 3.5 have Tmax (about 200 K) much higher
than the blocking temperature of equally-sized ideal NPs [78 = (15 £ 4) K] [36]. There is no
evidence that 7 of TriL 0 — TriL 3.5 depends on the NiO shell thickness, so EB does not seem to
be the cause of the high 7. The linearity of Mzrc and Mrc at high T suggests the presence of
magnetostatic inter-NP interactions that could be responsible for the high 7g of these samples.
Indeed, N1 NPs deposited on Si with similar density (Sample A in Ref. [20]) displayed Tmax =
140 K and negligible EB, supporting the view that the 7max of TriL samples can mostly be
ascribed to magnetostatic interactions. Sample TriL 6.5 displayed a larger Tmax despite the Ni
core size and density — and consequently the average magnetostatic interactions — being
unchanged. A similar Tmax increase has been previously observed for Co@CoO NPs in AlO3
matrix [4] at lower NP density and attributed to the local recovery of AFM properties and

interfacial coupling where two or more core-shell NPs are in contact. Such recovery can also be
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effective for TriL 6.5, perhaps enhanced by the presence of a thick NiO film extending over the
NPs (see Fig. 4). The consequent stronger coupling at the Ni/NiO interface (i) leads to increased
magnetic anisotropy and 78 > RT and (ii) simplifies the energy landscape of the NP assembly by
dwarfing the magnetostatic inter-NP interactions and thus preventing the formation of a spin-

glass-like state, which only occurs when a multitude of energy minima is present.

The magnetization isotherms M(H), measured at 5 K after field cooling (Heoot = +2 kOe), are
shown in Fig. 9 and the corresponding magnetic parameters are collected in Table 2. All samples
have an open M(H) loop and are saturated before H reaches £2 kOe, as expected for blocked
NPs. The remanence/saturation Ms/Ms ratio is close to the generally accepted value of 50% for
blocked NPs, which are deemed to have uniaxial anisotropy due to surface effects irrespective of
their crystal structure. The My/Ms ratio confirms that the core-shell NPs are blocked at low
temperature, in agreement with the shape of the magnetization isotherm. Before discussing
coercivity Hc and EB field Hyias, it should be pointed out that these magnetic parameters must be
obtained from major loops, where magnetic saturation is achieved at both loop extremes. Indeed,
minor loops can be shifted in both horizontal (field) and vertical (magnetization) directions, thus
preventing the meaningful derivation of coercivity and bias [37]. The loops shown in Figure 9
are major loops as they close before the min/max field (2000 Oe) is reached and have no
vertical shift. The only exception is the TriL 6.5 sample that has a hysteresis loop with a slight

vertical shift. Therefore, its coercive and EB field values are slightly less accurate.
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Figure 9. FC (hollow circles) and ZFC (solid circles) thermal magnetization curves (left) and FC
magnetization isotherms (right, Hecoot = +2000 Oe, 7 = 5 K) of Ni@NiO core-shell NPs.
Magnetization M has been corrected for the support diamagnetic contribution and, in the case of
magnetization isotherms, scaled to the nominal deposited nickel mass. a) TriL 0; b) TriL 0.3; ¢)

TrilL 0.67; d) TriL 1; e) TriL 2; f) TriL 3.5; g) TriL 6.5.
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Table 2. Magnetic parameters of the Ni@NiO core-shell TriL NPs extracted from magnetization
isotherms at 7= 5 K.

Sample TriL 0 TriL 0.33  TriL 0.67 TriL 1 TriL2  TriL 3.5 Tril 6.5
Ms (emu/g) * 13.4 12.9 17.6 21.6 31.5 16.1 14.9
My (emu/g) * 5.4 6.9 9.9 8.4 16.2 7.1 6.2
My | M 0.40 0.56 0.56 0.39 0.51 0.44 0.42
Hyias (kOe) 0.022 0.045 0.043 0.062 0.25 0.31 0.57
Hbias / He 0.13 0.19 0.17 0.27 0.56 0.75 1.03
H: (kOe) 0.17 0.23 0.25 0.23 0.44 0.42 0.55
H: (kOe) 0.27 0.32 0.32 0.37 0.58 0.70 0.89
He/ He 1.6 1.4 1.3 1.7 1.3 1.7 1.6
Ho(+) (kOe) 0.27 0.36 0.37 0.43 0.82 1.03 1.41
Ho(—) (kOe) 0.27 0.29 0.26 0.31 0.35 0.37 0.46

# Magnetization was scaled with respect to the nominal mass of deposited nickel.

The prominent shape change of the M(H) isotherms with NiO shell thickness is reflected in the
variation of Hc and Hbias, Which are plotted vs. the corrected shell thickness # (cfr. Table 1) in
Figure 10. The thickness of TriL 6.5 (¢, = 5 nm) has been linearly extrapolated using the
thickness of samples TriL 1 to TriL 3.5. For comparison, the parameters of Ni@NiO NPs
obtained by annealing [20] (Ann sample) are also plotted (Hpias = 0.16 kOe, H.= 0.31 kOe, He; =
0.81 kOe); in this case the thickness of the NiO shell was estimated analyzing STEM images
(cfr. Table 1). Coercivity H. shows an increasing trend with #; but its variation is irregular and
hard to understand in detail. The EB field Hpias grows monotonically with increasing ¢,. In detail,
sample TriL O has a small but non vanishing Hypias because of the presence the underlying NiO
first layer; a thin NiO layer, caused by oxidative processes that cannot be completely suppressed
when the sample is exposed to air [18], can also be present. Hpias is slightly larger for Tril 0.33

and 0.67 where the NiO shell on the Ni NP is incomplete, as discussed in Subsection 3.3. From
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Tril 1 on, Hyiss increases with growing ¢, without reaching a plateau. This steep increase is
related to the growth of complete NiO shells around the Ni cores. The ratio Hpias/H. is larger than
50% already for #; = 2.3 nm and surpasses 100% for TriL 6.5, where NiO forms a discontinuous

film embedding the Ni cores.

The EB effect in FM/AFM core-shell NPs depends on the thickness of the AFM layer because
the anisotropy energy in the AFM layer Ean = K £ is proportional to the layer. In addition, a few
magnetic parameters depend strongly on the AFM layer thickness [38], namely, the AFM
anisotropy constant K itself (closely related to anisotropy field Hx), the Neél temperature 7w and
the AFM blocking temperature 7 arm. Of course, the microscopic structure of the FM/AFM
interface is of outstanding importance for the effectiveness of the EB effect but we assume that
the highly-controlled synthetic method employed produced NPs with comparable interface
structure. The importance of the interface quality for the exchange coupling can be appreciated
by comparing the Hpias displayed by our Tril samples, for instance TrilL 3.5 (Hpias = 0.31 kOe),
with previous results on Ni@NiO NPs prepared by other methods involving the oxidation of

preexisting metallic Ni NPs [20,21,39].
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Figure 10. Dependence of the magnetic parameters of Ni@NiO core-shell NPs on the corrected
NiO shell thickness #. The shell thickness of TriL 6.5 was extrapolated as denoted by the dashed
lines. The shell thickness of the Ann sample was estimated from STEM images. (Top) Thickness
dependence of coercivity H. (black squares), remanence coercivity H.: (blue diamonds), and bias
field Hbias (red circles). Tril samples: solid markers; Ann sample: hollow markers. (Bottom)

Dependence of Hyias of Tril samples on 1/t

30



It has been reported that 7x of NiO is close to RT already for £ = 1 nm [40, 41] and that T arm
of NiO is often just a few tens of K below the 7w [42]. Thus, we focus our attention on the
anisotropy energy FEa, and the anisotropy constant K as parameters explaining how the shell
thickness affects the EB. The linear dependence of Ean on # is the basis of the Meiklejohn-Bean
approach [43], which neglects the thickness dependence of other magnetic parameters. Thus, it is
useful to analyze the relationship between Hpias and ¢ in the framework of the generalized
Meiklejohn-Bean approach [44]. Within this model, Hbpias 1s null when # is less than a critical
value fscrit, then Hyias is proportional to 52 for fs > fserit, with asymptotic value Hyias(ts—) for
very large . When the data of Table 2 are plotted as Hbias vs. s 2 (see Fig. 10b), one can see that
the data are far from the simple linear dependence predicted by this model. Thus, in addition to
Ean, the Tril samples differ in some magnetic parameter essential to the EB effect. A recent
report [45] showed that the uniaxial anisotropy in a Fe/NiO bilayer grown on Au(001) is small
for #; < 1.5 nm, increases linearly from there to #; = 5.5 nm up to Hxu = 150 Oe, and is essentially
constant afterwards. This behavior closely follows that displayed by Hbpias of Trill samples and
we therefore propose that the main contribution to the variation of Hpias in our TriL core-shell
NPs can be ascribed to the increase of the NiO anisotropy constant as the shell thickness
increases.

At equal shell thickness and Ni core size and density, the NPs obtained by annealing display
larger H. and Hyias than the Tril NPs (figure 10). For instance, the former reach Hyias/He = 50%
for a thinner NiO shell (¢, = 1.45 nm), indicating that the Ni/NiO exchange coupling is more
effective in these NPs. A few considerations focusing on the Ni/NiO interface can be made to

explain this difference. In the annealed sample, the NiO shell grows along the [111] orientation.
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The interface is thus uncompensated, comprising a layer of FM-coupled Ni**, and parallel to the
spin alignment direction [112] in bulk NiO (see figure S.2 in supplementary material). In the
TriL samples, instead, it was observed that in some areas the NiO growth direction is [243], so
the spins at the interface are compensated (figure S.4 in supplementary material) and only a
small fraction of spins is expected to contribute to the interface exchange coupling [46]. It is
however noteworthy that the [243] direction is perpendicular to the [112] direction also in these
samples. In addition to the interface type, one has also to consider the interface quality, which
STEM and HR-TEM data showed to be much better in the annealed NPs due to the high-
temperature treatment and to the lower NiO lattice expansion across the interface in the annealed
(1%) than in TriL NPs (11%) (see supplementary material).

To gain more insight into the magnetic behaviour of TriL samples, we investigated the
remanence coercivity He (see Table 2) of the Ni@NiO NPs. H: is defined as the field
corresponding to vanishing remanence and summarizes irreversible magnetization reversal better
than H.. H.r was estimated by the AM method [47] as follows: First, the magnetization change
due to irreversible processes was approximated as the difference AM = Mgesc — Masc between the
two branches of the magnetization isotherm, then H. was estimated as the half width at half
height (HWHH) of the peak-shaped AM curve (see Figure 11). In general, H.: increases with
increasing NiO shell thickness # in a way very similar to that of Hpias (see Fig. 10), similarly
showing a slope change related to the formation of complete NiO shells on the Ni cores. This
similarity supports the view that exchange coupling at the Ni/NiO interface is responsible for
both the shift (Hvias) and the widening (Hc, Her) of the hysteresis loops. The remanence coercivity
of ideal Ni NPs with effective uniaxial anisotropy can be estimated as Her = 1.048 |Knil/Ms = 0.32

kOe [47,48]. This value is in good agreement with the H: of samples TriL 0 to TriL 1, showing
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that in these samples the NiO shell has little effect on the coercivity of the Ni core. The larger He:
of TriL 2 to TriL 6.5 is evidence of the presence of higher barriers to magnetization reversal. The
He / H. ratio ranges from 1.3 to 1.7 as predicted for single-domain NPs undergoing
magnetization reversal by coherent rotation in the presence of a distribution of the coercivity of
individual NPs [49].

The magnetic parameters Hoias, He, and H.: are an attempt to summarize the magnetic behaviour
of an assembly of NPs in a few numbers. A deeper insight may be achieved by investigating the
micro-coercivity, i. e., the barrier to magnetization reversal of individual NPs. The magnetization
difference AM, which we used to estimate Hcr, is an approximation to the cumulative distribution
of the micro-coercivity, also known as a cumulative remanence spectrum [50]. It can be found in
Figure 11 along with the corresponding probability distribution, calculated as |[dAM/dH|. They
are best discussed and understood by separately considering the left (H < 0) and right (H > 0)
semi-plots. The left semi-plots picture the (cumulative) distribution of the micro-coercivity for
the +M to —M reversal, i. e., the reversal from the preferred alignment direction, set by interplay
of the cooling field with the exchange interaction across the FM/AFM Ni/NiO interface, to the
opposite direction. The right semi-plots represent the —M to +M reversal, where the Ni core

magnetic moments regain the preferred orientation.
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Figure 11. Remanence coercivity of the FC magnetization isotherms of Ni@NiO core-shell NPs
calculated by the AM method. Left: cumulative remanence coercivity spectrum AM; right:
remanence coercivity spectrum |[dAM/dH|. Both coercivity spectra have higher uncertainty than
M(H) isotherms in Fig. 9 due to error propagation in algebraic manipulation. The red line puts in

evidence the shift of the maxima of |[dAM/dH| for the (+M, —M) reversal; the blue line is for the
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(=M, +M) reversal. a) TriL 0; b) TriL 0.3; ¢) TriL 0.67; d) TriL 1; e) TriL 2; f) TriL 3.5; g) TrilL

6.5.

We first consider the +M to —M reversal (H < 0). The left AM semi-plot dramatically changes
shape upon increasing NiO shell thickness: it substantially broadens, shifts toward more negative
fields, and becomes flat in the (—1, 0) kOe range. The broadening can be quantified introducing
the remanence coercivity for the —M to +M reversal He(+—) as the HWHH of the left AM semi-
spectrum (Table 2). The variation of He(+—) as a function of ¢ is similar to (but twice as steep
as) that of He. The most probable micro-coercivity corresponds to the maximum in the left
|dAM/dH| semi-plot. The increase in NiO shell thickness is able to shift it by about 1 kOe from
Tril O to Tril 6.5 (cft. the red line in Fig. 10). In particular, it is almost constant at —0.4 kOe for
the samples with small # (TriL 0 — TriL 1) and then progressively larger at —0.7 (TriL 2), —1.1
(TriL 3.5), and —1.3 kOe (TriL 6.5). Note also that for small # the coercivity distribution just
shifts and broadens but when the NiO shell is thick (TriL 2 to Tril 6.5) there is a depletion of the
probability of finding the individual NP coercivity in the range (-1, 0) kOe leading to a peaking
of the coercivity distribution for the +M to —M reversal about —1.3 kOe. The coercivity
distribution for the other reversal (—M to +M) is much less affected by the NiO shell thickness
(right semi-plots in Fig. 11). The most remanence probable coercivity (+0.3 kOe) is unaffected
by the NiO shell thickness (blue dashed line). An increase in He(—+) from 0.26 to 0.46 kOe is
observed in relation to a shape change of the right AM semi-plot featuring a larger probability for

coercive fields in the (+0.5, +1) kOe.
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4. Conclusions

The results of an investigation of morphology, chemical composition, structure and magnetism
of core-shell Ni@NiO NPs have been presented. The NP assemblies were produced by
sequential layer deposition using physical synthesis methods, in order to obtain ligand free
nanosystems. The procedure consisted of the deposition of NiO layers on top of preformed 12
nm Ni NPs (obtained by making use of a magnetron and a gas aggregation chamber) sitting on a
thin (1 nm) NiO layer by reactive evaporation of Ni from MBE cells in Oz atmosphere. In this
way, it was possible to investigate the evolution of morphology and magnetic properties of the
NP assembly with different shell thickness and equal core size. These TriL samples comprise
discrete Ni@NiO core-shell NPs, except for the sample with the thickest NiO top layer where an
assembly of Ni NPs embedded in a discontinuous NiO matrix was obtained. TriL samples were
compared to previously obtained core-shell Ni@NiO NPs prepared by annealing metallic Ni NPs
in air. HR-TEM and STEM studies showed that the interface of Tril presents some regions
where the interface is compensated with [243] orientation for the NiO growth (NiO lattice
expansion 11%) whereas the annealed NPs have a sharper, uncompensated interface with [111]
orientation for the NiO growth (NiO lattice expansion 1%).

The TriL samples displayed a small EB field Hyias up to £ = 1.6 nm, but for thicker shells, Huyias 1S
sizeable and steeply increasing without sign of saturation. At the thickest shell produced, Hpias =
0.57 kOe. This behavior can be related to the different morphology of the top NiO layer. At low
deposited dose, NiO islands form and enlarge on the Ni cores, achieving a complete shell at #; =
1.6 nm, and finally forming a discontinuous NiO matrix embedding the Ni cores. The thickness-
dependence of Hpias cannot be explained by the generalized Meiklejohn-Bean model and the

thickness dependence of the NiO anisotropy constant must be taken into account. The
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importance of the interface type and quality for the effectiveness of the EB effect is put in
evidence by comparison of the trilayer with the annealed core-shell NPs. The TriL samples have
lower Hpias than the annealed sample of comparable NiO shell thickness due to the different
arrangement and quality of the FM/AFM Ni/NiO interface. However, the trilayer samples bear a
great advantage over the annealed NPs as the shell thickness can be varied at fixed core size. It is
this last feature of the employed synthetic procedure that allowed us to separately investigate the
thickness and interface contributions to the EB effect in Ni@NiO core-shell NPs. Furthermore,
we demonstrated the viability of this method to obtain magnetic NPs with enhanced stability and
showed that it is possible to tune the EB effect by the fine regulation of a “bulk” parameter, such
as the AFM anisotropy. Our results are a first step in the direction of the rational design and

synthesis of NPs with desired magnetic properties.
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