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Abstract.

Supported core-shell Ni@NiO@CoO nanoparticle (NP) films were obtained by deposition of pre-
formed and mass-selected Ni NPs on a buffer layer of CoO, followed by a top CoO layer. The
resulting NPs have core@shell morphology, with a McKay icosahedral Ni core and a partially
crystalline CoO shell. X-ray photoelectron spectroscopy evidenced the presence of a thin NiO layer,
which was shown to be between the Ni core and the CoO shell by elemental TEM mapping. CoO
and NiO shells with different thickness values were obtained, allowing us to investigate the
evolution of the magnetic properties of the NP assemblies as a function of the oxide shell thickness.
Both exchange-coupling and magnetostatic interactions significantly contribute to the magnetic
behavior of Ni@NiO@CoO NP films. After the Ni@NiO@CoO NPs are cooled in weak magnetic
field, they have blocking temperature higher than RT because of strong magnetostatic interactions,
which support the formation of a spin-glass-like state below =250 K. Exchange coupling dominates
the magnetic behavior after the NPs are cooled in strong magnetic field. The exchange bias (EB) is
in the 0.17-2.35 kOe range and strongly depends on the CoO thickness (0.4-2.7 nm), showing the
onset of the EB at the few nanometer scale. The switching field distribution showed that the EB
opposes to the magnetization reversal from the direction along the cooling field but it does not
significantly ease the opposite process. The EB depends on #coo only for fvio < 0.5 nm but when
NiO is 0.7 nm thick it strongly interacts with CoO and a large increase of the EB and coercivity is

observed..



I. INTRODUCTION

Metal@Metal Oxide (M@MO) core-shell nanoparticles (NPs) are of great interest because of their
application in many fields, like magnetic recording, electronics, catalysis, and medical imaging
[1,2]. Among the main themes in this research field, control of the synthesis of M@MO NPs is
essential for the design of these nanomaterials with desired properties. In the specific case of
nanomagnetism, stabilization of NPs at room temperature is a crucial issue, as the
superparamagnetic (SPM) limit can hamper the possibility of developing high density memories
consisting of units (bits) as small as a few nm in linear size [3-5]. A possible way to stabilize NPs
at high temperature exploits the additional torque exerted by the exchange coupling at the interface
between a ferromagnetic (FM) and an antiferromagnetic (AFM) material. This effect generally
occurs in FM/AFM layered systems, where the Curie temperature of the FM material is higher than
the Néel temperature 7y of the AFM material [6,7]. According to a schematic interpretation, if the
system is cooled in a magnetic field H starting from 7> Ty, the interface spins in the AFM material
are pinned along a specific direction, related to the direction along which the field H aligned the FM
spins. After field cooling, when the magnetic field is reversed, the FM spins are subject to a torque
exerted by the AFM spins which contrasts the field-induced rotation causing a shift of the hysteresis
loop in the direction opposite to the cooling field, called exchange bias (EB). This shift is quantified
by the EB field Hy. Another significant effect occurring in exchange-coupled systems is the
hardening of the material, with an increase of the coercivity, H, here defined as the average (H.
+H_.")/2 of the two field values where the magnetization switches from positive to negative values
and vice versa during an hysteresis cycle [6,7].

EB can also be observed in core-shell NPs with FM core and AFM shell. Stabilization of
core-shell NPs was indeed observed in Co@CoO systems [3,4]. Co NPs were obtained by physical
synthesis methods, partially oxidized in order to obtain an AF oxide shell and deposited on a
substrate. It was found that the EB increased at increasing NP density, because of the “recovery” of
the AFM properties caused by the neighboring oxide shells coming into contact and providing a
more efficient exchange interaction with the FM cores [4]. EB was also observed in other core-shell
NP assemblies, either chemically [2, 8, 9] or physically [10, 11] synthesized. In the case of
Ni@NiO NPs, different and sometimes contrasting evidence of EB and stabilization was found [12-
17], revealing that EB depends strongly on the type of NP preparation, which can affect the
interface defects and/or dislocations, the crystallinity degree of core and shell, and other factors. In
a recent work, different procedures were used for obtaining the oxide shell: exposition to oxygen
after deposition, annealing in atmosphere, or reactive deposition of NiO, using a sequential layer

deposition procedure [18, 19]. The latter method consisted of three steps: 1) an oxide layer was
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grown on an inert substrate, like a Si wafer with its native oxide, Si/SiOy; 2) pre-formed, mass
selected metal NPs were deposited on the ultrathin oxide layer; and 3) an oxide overlayer was
grown on the Ni NP assembly. This procedure allows the oxide shell thickness to be varied while
maintaining the Ni core diameter fixed. Moreover, non-native oxide shells can be grown. Therefore,
optimization of the different parameters governing the EB can be pursued, with the ultimate goal of
reaching magnetic stability at RT for NPs with smaller diameter values. In a recent preliminary
work, this method was also applied to Ni@CoO NP assemblies [20], with a Ni core diameter of
approximately 11 nm. Scanning electron microscopy (SEM) and scanning transmission electron
microscopy (STEM) images revealed the core-shell structure on the obtained NPs, and from the
analysis of X-ray photoelectron spectroscopy (XPS) data it was found that a thin oxidized Ni shell,
with thickness of few atomic layers was formed, presumably at the core-shell interface. This
interface layer may play an important role in the exchange coupling between the FM Ni core and

the AFM CoO shell.

The exchange coupling at the Ni/CoO interface has not yet been investigated in detail.
Simultaneous condensation of evaporated Ni and laser ablated CoO produced core-shell NP
assemblies [21], but the shell around the Ni NPs actually comprised an outer CoszO4 layer in
addition to a thin intermediate NiO layer. EB was observed up to 7= 45 K, a temperature close to
the Neel temperature of Co3;04. Exchange coupling across the Ni/CoO interface was reported for a
few thin films. A Ni(30 nm)/CoO(30 nm) bilayer prepared by dc sputtering showed blocking
temperature 7y of 295 K, very close to the Neél temperature of CoO, and H, = 35 Oe at 50 K with
exchange coupling energy density £a = 0.103 10~ J/m* [22]. Another multilayer with 2 nm CoO
separated from 27-34 nm Ni by 0.4 nm Pt displayed lower 75 = 175 K but higher H, = 470-610 Oe
at 10 K and E, = 0.8 10~ J/m* [23]. More recently, proximity effects induced by CoO on Ni were
investigated in Pd(001)/Ni(001)/CoO(001) multilayers with fixed CoO thickness (3 ML) and Ni
thickness up to 25 ML [24]. It was found that a thin NiO layer (about 1 ML) formed at the Ni/CoO
interface leading to an average thickness of the global oxide layer of =1.3 nm. Such multilayer has
T = 250 K and MOKE experiments at 5 K yielded H. = 1500 Oe and Hy, = 100 Oe, corresponding
to Ex = 0.183 10~ J/m”. The spins in both CoO and NiO are parallel to the layer plane, while the Ni
spins are along (001) thus providing perpendicular coupling. The importance of a thin “native”
oxide layer between the FM core and the AFM shell has also been demonstrated in an investigation
of Co NPs embedded in a NiO matrix, where a thin (=1 nm) CoO shell was present between the Co
cores and the NiO matrix. Despite the Co cores were a few nm in diameter, 73 was found to be

higher than 360400 K. Based on theoretical modeling, the high 7 was attributed to a synergic



proximity effect involving the large magnetic anisotropy of CoO and the high Ne¢l temperature of
NiO [25].

In this work, a set a thin-film assemblies of Ni@NiO@CoO NPs was produced with
different CoO shell thickness using a three-step sequential layer deposition procedure. An
investigation of the structure and composition of the core-shell NPs formed the basis to understand
the field- and temperature-dependent magnetic properties of the Ni@NiO@CoO NP assemblies and
their relationships with the NP structure, in particular with the thickness of the oxide shell. Such a
systematic study of the effect of the oxide thickness on the magnetic properties revealed the
potentiality and flexibility of the sequential layer deposition method in realizing magnetic

nanostructures.

II. EXPERIMENTAL METHODS

The experimental method used to obtain NiI@NiO@CoO NP assembly has been described in details
in previous papers [26-28]. Three interconnected vacuum chambers (base pressure p = 8:10~° mbar)
were used to synthesize the NP, to deposit them on supports and to analyze in situ the obtained
assemblies with XPS. The NPs were grown with a gas aggregation nanocluster source equipped
with a magnetron sputtering gun (NC200U, Oxford Applied Research, magnetron discharge power
P =35 W, Ar flow f = 50 sccm), and mass-selected with a quadrupole mass filter (QMF 200,
Oxford Applied Research). In these conditions we could obtain Ni NPs with a linear size
distribution between 8 and 15 nm and average diameter <d> = 11 nm, as directly verified by
analyzing the SEM images [18,19]. The oxide layers were obtained by reactive deposition of Co
with a thermal evaporator in presence of O, [20]. The partial oxygen pressure varied between 5- 1078
and 2-10" mbar, while the power supplied to the evaporator varied between 27 W and 30 W. The
different conditions for the deposition of the CoO third layer were used to investigate the formation
of an interfacial NiO shell between the core and shell (see also the results section). During the
sequential layer deposition steps described in the introduction, we deposited:

1) A first CoO layer with nominal thickness tlcOo =1 nm.

2) A layer of pre-formed, mass-selected Ni NPs. The amount of deposited Ni, expressed as
nominal thickness, was n; = 6 nm. This quantity corresponds to the thickness of a
continuous film of bulk Ni, with the same mass as the amount of deposited Ni NPs. It can be
estimated that a single layer of close-packed Ni equal spheres with d =11 nm has the same
mass as a continuous film with tzNi = 6 nm. In the case of the samples realized for the STEM
and HRTEM measurements, the amount of Ni NPs was tzNi = 1 nm, to better resolve the

morphology and structure of the single NP.



3) A CoO overlayer, with variable nominal thickness £ CoO-

As stated in previous papers [18-20], the first layer of CoO was deposited in order to complete the
CoO shells around the Ni NPs (also between the substrate and the deposited NPs). The deposition
rate of the different materials was monitored with a quartz microbalance. Different values for the
power supplied to the Co evaporator were used, in order to change the crucible Co temperature and
the evaporation rate. In this way, it was possible to obtain different thickness values for the
interfacial NiO layers between the Ni core and CoO external shell, which were found during
previous experiment [20, 21]. The values of the supplied power ranged between 89.3 and 130 W,
corresponding to evaporation temperatures between 1450 and 1600 K, as measured with a
thermocouple positioned close to the Co crucible. Si with its native oxide (Si/SiOy) wafers were
used for samples to be analyzed with XPS, SEM and SQUID, while carbon coated copper and lacey
grids were employed for STEM and HRTEM measurements. In situ XPS analysis was performed
after each deposition steps, by making use of an Al-Mg twin anode X-ray source (XR50, Specs),
generating Mg K, photons (hv = 1253.6 eV), and of an electron hemispherical analyzer (Phoibos
150, Specs). The amount of the deposited material was estimated also from the intensity of Ni, Co
and Si 2p core level XPS spectra. The STEM and HRTEM experiments were performed using a
JEOL JEM-2200FS microscope equipped with a Schottky field-emission gun working at 200 keV.
The instrument has an objective lens spherical aberration coefficient of 0.5 mm, permitting a point-
to-point resolution of 0.19 nm. EELS measurements were performed in STEM mode, with a spot
size of 0.5 nm, with the in-column filter (€2—type) in spectroscopy mode. Image and data analysis
were carried out with STEM-CELL and EELSMODEL software [29,30].

Magnetization measurements were carried out by a Quantum Design MPMS XL-5 SQUID
magnetometer. Field Cooled (FC) and Zero-Field Cooled (ZFC) magnetization curves were
recorded in the 5 — 400 K range as follows. The sample was heated from RT to 400 K in zero field
and then cooled to 5 K in zero field. The ZFC magnetization was recorded on heating using a
measuring field Hpyeas = 100 Oe. Next, the FC magnetization was measured (Hmeas = 100 Oe) while
cooling the sample from 400 K to 5 K under field H.o1 = 100 Oe. The thermal behavior of the
thermoremanent magnetization (TRM) was recorded as follows. After being heated to 400 K in zero
field, the sample was subjected to a cooling field Hcoo (100, 1000, or 10000 Oe) and cooled to 5 K.
After switching off the field, the remanent magnetization was recorded while heating the sample
from 5 to 400 K. Magnetization isotherms (hysteresis loops) were recorded between +50 kOe and —
50 kOe at 300 K. Low temperature (5 K) magnetization isotherms were recorded in both ZFC and
FC modes after heating the sample to 400 K in zero field; in FC mode the sample was cooled to 5 K

with Heoo = 50 kOe. DC demagnetization (DCD) curves were recorded as follows. The sample
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was heated to 400 K and cooled to 5 K in zero field, then a positive saturating (+50 kOe) field was
applied and removed; afterwards a series of increasingly negative fields (up to —20 kOe) was
applied and removed, and the remanent magnetization was recorded. To investigate the exchange
coupling, the DCD remanence was also measured after cooling in either positive or negative field
(+50 or —50 kOe); in both cases the saturating field was positive and the demagnetization field
negative. All data were corrected for support diamagnetism [31, 32] and scaled to the nominal

deposited nickel mass.

III. MORPHOLOGY AND STRUCTURE

Fig. 1 displays STEM images of a Ni@NiO@CoO NP film obtained with the sequential layer
deposition. The NPs have a shape compatible with the McKay icosahedron [33], as previously
observed on bare Ni, FePt, Cu and other fcc metal NPs and nanoalloys [27, 34-37]. The icosahedron
is composed of fcc Ni tetrahedral crystallites with slightly distorted (111) facets. This structure is
due to multitwinning occurring during the Ni cluster growth in the gas aggregation source, caused
by cluster freezing in a metastable state [38, 39]. Some small irregularities are present on the NP
surfaces, due to the presence of CoO islands grown after the deposition of the overlayer. For this
sample, the nominal thickness of the three layers were tlcOo =1 nm, tzNi =1 nm and t3cOo =2 nm,
respectively, as estimated by the evaporation rate with the quartz microbalance. In addition, the NPs
lie on an irregular surface, due to the presence of CoO deposited on the substrate during step 1) and

3) of the sequential deposition, with the morphology of a percolated film.




FIG. 1. STEM image of Ni@NiO@CoO NPs grown with sequential layer deposition. ¢'co0 = 1 nm,

tzNi =1 nm and t3c(,o =2 nm.

The core-shell structure of the obtained NPs is clear in the HRTEM images reported in Fig. 2. The
lattice fringes of the Ni core and of the oxide shells are clearly visible. The Ni core structure is
compatible with the (111) facets of the McKay icosahedron. In Fig. 2b the HRTEM image of a
thinner sample is showed (tlc(,o =1 nm, tzNi =1 nm and t3cOo = 0.5 nm). From this image it was
possible to evaluate the CoO layer growth direction on the Ni NP surface. A sharp core-shell
interface is clearly visible, and it was possible to investigate the lattice fringe periodicity: in the core
it was found d = 0.246 nm, corresponding to Ni (111) planes, while in the CoO shell indicated by
the arrow the lattice fringe periodicity was measured as d = 0.218 nm, corresponding to CoO (002)
planes.

The average thickness of the CoO shell is 2.5 nm for the NP in Figure 2a and 0.9 nm for the NP in

figure 2 b, in good agreement with the nominal values.

FIG.2. a) HRTEM image of a Ni@NiO@CoO NP (f'coo = 1 nm, £y = 1 nm and £ce0 = 2 nm)
protruding from the lacey carbon support. The white polygonal line outlines the Ni core within the
oxide shell. b) HRTEM image of Ni@NiO@CoO NP (tlc(,o =1 nm, tzNi =1 nmand?# coo = 0.5 nm)
showing the Ni/CoO NP interface. The white arrow indicates a CoO island with a well-defined

crystal structure and lattice orientation.



SEM images of Ni@NiO@CoO NPs grown on Si/SiOx have been previously reported [20]; at
increasing coverage of the CoO overlayer, the islands cover completely the Ni NP cores and extend
over neighboring NPs, forming nanostructures of cubic shape with size between 15 and 50 nm at
the highest overlayer thickness studied (£coo = 6 nm). XPS analysis confirmed that the oxide shell
consisted mainly of CoO (at variance with previous experiments [21], where the NPs prepared with
a similar technique had an oxide shell composed of Co3O4 and Co suboxides) and showed also that
an interfacial NiO shell was formed during the deposition of the CoO overlayer. The data also
showed that NiO was formed during the deposition of the CoO overlayer. Oxidation of the external
layers of the Ni cores, as previously reported [20,21], can be ascribed to a slightly higher
electronegativity value of Ni (1.91 Pauling) with respect to Co (1.88 Pauling). Therefore, Ni
external layers are oxidized during the reactive deposition of CoO, as O, gas is present during this
procedure and can react with Ni. In order to estimate the amount of oxidized Ni, a model was
assumed in which an interfacial NiO layer is formed between the Ni core and the CoO shell.
HRTEM images did not show a clear evidence of the formation of this interfacial shell, probably
because of the similar lattice parameter values (¢ = 0.418 nm for NiO and 0.426 nm for CoO) and
crystal structure (rocksalt for both materials). The presence of the oxide shell was demonstrated by
energy loss spectroscopy (EELS) in STEM mode on the sample with t'co0= 2 nm, by acquiring a
spectrum image (or EELS map). The spectra were fitted using a power-law background combined
with three reference spectra, a Ni-L, 3 from metallic Ni, a Ni-L, 3 from NiO, and a Co-L,3 edge
from CoO. The results are shown in Fig. 3, the nanoparticle core is composed by metallic Ni (red)

surrounded by a thin NiO shell (yellow), and an outer CoO shell (green).



FIG.3. Results of the fitting of the EELS map for metallic Ni (red), NiO (yellow), and CoO (green)
components.

The resolution of the image in Figure 3 is limited by the fact that an EELS spectrum was acquired at
each point. For this reason, the thickness of the NiO shell,was evaluated by the analysis of the Ni
and Co 2p XPS line intensities with a method developed by A. Shard [40]. The obtained value
depends on the choice of the parameters governing the CoO growth, and it varies between fio =
0.17 and tnio = 0.67 nm, corresponding to ca. 0.25-1.5 NiO atomic cells. With the same method, it
was possible to obtain the thickness of the CoO shell surrounding the Ni/NiO NP core, fco0. The
thickness of the NiO and CoO shells are reported in Table I together with the corresponding
nominal thickness of the CoO overlayer, t3cOo- It must be stressed that t3cOo is a quantity expressing
the amount of CoO deposited during step 3 of the NP growth method summarized in the previous
section (growth of the third layer) and estimated by the evaporation rate measured by the quartz
microbalance, while 7c,0 is an estimate of the CoO shell average thickness in Ni@NiO@CoO NPs

as obtained by analysis of the XPS Co 2p components [38]. The different values of £ co0 are due to
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the different conditions used for CoO deposition (evaporator power and deposition time), in order to
investigate the effect of the interfacial NiO shell on the magnetic properties of the NP films. The
model used is indeed an approximation and the NiO and CoO thickness values are assumed to be
accurate only within = 5 A, as confirmed also by the comparison with the values of the CoO
thickness obtained by the analysis of Figure2.

A more realistic picture of the NPs includes an intermediate oxide region between the Ni core and
the pure CoO shell region with a mixture of Co and Ni oxides. The mutual polarization of Co and

Ni ions can have non negligible consequences on the magnetic properties of the system, as observed

in [25] and [41].

TABLE I. Nominal thickness of the third (CoO) layer estimated with a quartz microbalance (£co0)
compared to the thickness of the intermediate NiO (znio) and outer CoO (#co0) layers as determined
from XPS data. We note that, while the values reported for the CoO and NiO thickness have a
precision of the order of 0.01 nm, their accuracy is certainly limited by the approximations included

in the model (see text).

Sample t3c<,o (nm) tcoo (Nm) tNio (nm)
A 0.5 0.43 0.30
B, 1.0 1.01 0.47
B, 2.0 1.00 0.50
B; 1.0 1.02 0.67
C 1.5 1.21 0.15
D 1 2.29 0.29
E 2 2.66 0.17

IV. MAGNETIC PROPERTIES

Fcc nickel is a ferromagnetic metal with saturation magnetization M (0 K) = 58.57 emu/g [42] and
low magnetocrystalline anisotropy (K; =—5.7 - 10°J/m® and K, =-2.3 - 10° J/m> at 296 K [43]) with
easy axis along <111>. The characteristic diameter for both coherent rotation and single-domain
state of Ni NPs is close to 50 nm [44]. The superparamagnetic (SPM) blocking diameter for
spherical ideal Ni NPs (i. e., non-interacting NPs free of surface effects) can be estimated at 70 nm
at 300 K and 8 nm at 4 K, taking into account the strong temperature dependence of the cubic

anisotropy constants of Ni [45]. Thus, ideal Ni NPs with the same size as those in the investigated
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films (diameter ~11 nm) [19,20] would be single-domain NPs with coherently rotating
magnetization and would display SPM behavior at RT and blocked behavior at 7= 5 K. Their
estimated blocking temperature 73 is =20 K. The Ni NPs in our films are (purposely) far from being
ideal since (i) a thin oxide layer coating the Ni NPs gives rise to exchange coupling at the interface
and (ii) short NP-NP distances make magnetostatic interparticle interactions significant. (Note that
we use the general term ‘magnetostatic’ instead of ‘dipolar’ interaction since the interaction
between magnetized particles separated by distances comparable to their size may contain terms of
higher order than the dipolar term). We assume that the Ni NPs maintain the single-domain state
and the coherent magnetization rotation mode and focus our investigation on the changes of the Ni
magnetization behavior due to exchange coupling, bearing however in mind the presence of inter-
NP interactions.

The Ni NPs are coated by a composite layer oxide. Close to the Ni surface, a thin (0.2 — 0.7
nm) intermediate NiO layer is present. NiO is a type-II AFM oxide with high Ne¢l temperature
(bulk: 525 K) and very low magnetocrystalline anisotropy (bulk: K; = —500 J/m®) [44]. The top
coating is a layer of CoO with thickness ranging from 0.4 to 2.7 nm. CoO is an AFM oxide with a
debated magnetic structure, probably displaying a mixture of type-I and type-II ordering [45]. At
variance with NiO, CoO has low Neél temperature (bulk: 291 K) and very high magnetocrystalline
anisotropy (bulk: K, ~ 107 J/m?) [46, 47].

A. ZFC/FC and TR magnetization

The zero-field cooled (Mzrc) and field cooled (Mrc, Heoot = 100 Oe) magnetization was recorded
between 5 and 400 K. All samples gave similar results which are collected in Table Iland
exemplified in Fig. 4a-d. Mpc increases down to 7' = 250 K and then reaches a minimum at low
temperature, indicating the formation of a spin-glass-like state. Mzrc vanishes at low temperature
and displays a steep increase between 150 and 300 K, showing that an anisotropy barrier is
overcome in this temperature range. Mzpc i1s maximum at 7,,x = 270-330 K indicating a blocking
temperature comparable to RT. This behavior can be better appreciated by calculating the derivative
—d(Mpc—Mzrc)/dT, which is an approximate representation of the distribution of the barriers to
magnetization reversal (Fig. 4). The most probable barrier, which is another estimate of Tg,
corresponds to the temperature T4, where the derivative is maximum. In our NP assemblies, 7Ty,
lies in the 220-250 K range (Table II). Note that sample A displays an additional peak at 30 K in the
—d(Mpc—Mzrc)/dT curve.
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TABLE II. Estimates of the blocking temperature from ZFC/FC magnetization and TRM of thin
film assemblies of Ni@NiO@CoO NPs.?

TRM TRM
Sample ZFC/FC Heoo=10% Oe Heoo=10" Oe
T max (K) T der (K) T der (K) T der (K)
A 330 30,210 30, 200
B, 330 250 260 15,260
B, 270 220 250 15,240
B, 290 240 260 260
C 300 220 240 10, 230
D 340 240 250 25,230
E 330 230 230 15,170
* The estimated uncertainty is + 5 K
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FIG. 4. ZFC/FC and thermoremanent (TRM) magnetization of samples A (a,e), B; (b.f), Bs (c.g),
and E (d,f). In each panel the magnetization is plotted in the left graph and the corresponding
derivative is plotted in the right graph. The derivative plot also show error bars. In the left column
panel Mzpc (blue circles) and Mgc (red triangles) are portrayed along with the derivative —d(Mpc—
Mzrc)/dT (black). In the right column, MtrMm is plotted next to the derivative —dMrrm/dT (blue
circles: Heoot = 100 Oe, red triangles: Heoo = 10 kOe).

In addition to the ZFC/FC magnetization, the low-field behavior of the assemblies of
Ni@NiO@CoO NPs was investigated by monitoring the thermal behavior of the thermoremanent
magnetization (TRM) created by cooling the sample from 400 to 5 K in a magnetic field. TRM is
complementary to ZFC/FC data since Mgy is free from reversible magnetization. All samples gave
similar results (Table II) and selected TRMs are shown in Fig. 4e-h. Before discussing the results, it
should be clarified why the TRM becomes negative at high temperature. After some debate, it was
demonstrated that such effects are artifacts arising from the hysteresis of the magnet
superconducting coils [48] We confirmed this conclusion in the TRM case and were able to show
that the magnetic parameters calculated are not affected by these artifacts [49]. TRM was recorded

after application of different cooling fields (100 and 10000 Oe). With reference to the 300 K
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magnetization isotherm (see below), these cooling fields are able to magnetize the Ni@NiO@CoO
NPs up to 30 and 100% of the RT saturation magnetization. The low temperature TRM is larger for
stronger cooling field, as expected, and slowly decreases upon heating as the NPs become able to
overcome the anisotropy barrier. The TRM measured after cooling in unequal field become similar
close to 250 K and then display a steep decrease. Again, such decrease is better analyzed by taking
the derivative —dMrrm/dT and locating its maximum (Table II and Fig. 4). When Hcoo1 = 100 Oe,
T4e(TRM) lies in the 230-260 K range. In general, this —dM1r\m/dT peak is broader and asymmetric
(toward higher temperatures) for samples with thicker CoO shell; sample Bj is an exception, having
a narrow symmetric peak despite the intermediate thickness of the CoO layer and total oxide layer.
An additional peak in —dMrrm/dT, located at 30 K, is observed for sample A. When H.,o = 10 kOe,
such low temperature peak is observed for all samples (15-20 K) and the peak at higher temperature
is shifted and broadened towards low temperature.

The ZFC/FC and TRM data allow us to discuss the low-field magnetism of the assemblies
of core-shell Ni@NiO@CoO NPs. The observed behavior is different from that expected for ideal
11 nm Ni NPs and these differences could in principle be attributed to (i) surface effects, (ii) intra-
NP exchange coupling at the metal/oxide interface, and (iii) inter-NP magnetostatic interactions.
The main change from ideal behavior is the blocking temperature 73, much higher than the
calculated value (=20 K) and the 75 = 25 K observed in 15 nm fcc Ni NPs [50]. The Ty of our
Ni@NiO@CoO NPs, as calculated from ZFC/FC and TRM data under weak Heot = 100 Oe, is
almost independent of the thickness of the NiO and CoO shells. Since in systems where
magnetization blocking is due to exchange coupling, 73 strongly depends on fco0 < 10 nm [46], the
observed Ty cannot be primarily caused by exchange coupling. The 75 of our Ni@NiO@CoO NPs
values are not far from the 75 = 210 K reported for a thin-film assembly of 10 nm fcc Ni NPs,
which was shown to be a random magnet with field-dependent relaxation dominated by
magnetostatic interactions below 7 [51]. The blocking behavior is field-dependent also for our
Ni@NiO@CoO samples, as demonstrated by comparing the TRMs after cooling in 100 Oe or 10
kOe field. Therefore, we can conclude that 73 is mainly determined by inter-NP magnetostatic
interaction.

Our ZFC/FC and TRM data can be interpreted in the framework of a model put forward for
core-shell NPs [52]. The magnetic barriers corresponding to the low temperature peak in the —
dM/dT derivatives (10-30 K) can be attributed to interactions within individual Ni NPs, typically
surface effects, and are more apparent when a large cooling field hinders the formation of the spin-
glass-like state supported by inter-NP magnetostatic interactions. The large magnetization

relaxation occurring in the range 220-260 K can be interpreted as the overcoming of the barriers
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due to magnetostatic interactions. This conclusion is further supported by the following
considerations: (i) 7p for the present Ni@NiO@CoO NP assemblies and the previously investigated
Ni@NiO assemblies [19], having equal size and density of Ni cores, are very close; (i1) 7 (and the
steep increase in Mzgc) occur at the temperature where Mrc decreases because of the formation of a
spin-glass-like state; (iii) preliminary experiments show that Mzrc, Mrc, and TRM are different
when measured parallel or perpendicular to the substrate.

However, a contribution of the FM/AFM exchange coupling to the mainly magnetostatic
barriers cannot be excluded. The estimated 7y are comparable to those reported for CoO layers
(200-290 K) when the blocking is due to exchange coupling [53] and with the 75 = 250 K recently
measured in Ni(001)/CoO(001) thin films [24]. Moreover, the temperature range in which the
magnetization from uncompensated spins in a polycrystalline CoO layer vanishes [54] is
comparable to the 7 range displayed by our Ni@NiO@CoO NP films. Indeed, a larger intra-NP
anisotropy caused by the FM/AFM exchange coupling would increase the blocking temperature by
preventing SPM to weaken the magnetostatic interaction. For instance, when the spins undergo fast
relaxation, the dipole-dipole interaction enters the Keesom regime, where it has shorter range %)
than for non-relaxing spins () [55]. In conclusion, a complex interplay of magnetostatic and
exchange coupling interactions might be responsible for the magnetization unblocking at 75. Some
light on this issue could be shed by the investigation of samples differing in the NP areal density.
E.g., on decreasing the areal density from N, to N,, the average interparticle distance increases by
the factor (Ny/N>)"? thus weakening the inter-NP interactions while leaving surface and exchange-

coupling effects unaltered.

B. Isothermal magnetization
The magnetization isotherms M(H) recorded at 300 K are closed magnetization loops indicating the
complete magnetic reversibility of Ni@NiO@CoO NP assemblies (SPM regime) at this
temperature. Magnetic saturation is reached at H = + 1 kOe [49]. Open hysteresis loops
symmetrically located with respect to H = 0 and with coercivity H, < 1 kOe are observed at 5 K
when M(H) is recorded after zero-field cooling [49] Saturation and reversibility are reached at
rather high field H = = 10 kOe, supporting the presence of significant inter-NP magnetostatic
interactions. These data show that the Ni@NiO@CoO NPs are in the blocked regime at 5 K and
significantly interact by magnetostatic interactions when the magnetic behavior is prevented to
show EB effects by cooling in zero field.

The EB effects can be investigated by recording the isothermal magnetization at 5 K after
cooling in strong field (Hco01 = +50 kOe), so that EB is established and shows up as a non-vanishing
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bias field H}, and increased coercivity H.. Field cooling also hinders the formation of a spin-glass-

like state at low temperature. Under FC, all samples display open hysteresis loops with substantial

shifts towards negative H. The magnetic parameters are reported in Table III and selected isotherms

are displayed in Fig. 5.

TABLE III. Magnetic parameters related to the isothermal magnetization of Ni@NiO@CoO NP

films.
Hy, H. He He' M,/ M, M/M;
Sample (kOe) (kOe) (kOe)®  (kOe)®  (%)°  EBcorr (%)
A 0.17 0.56 —0.82 0.44 83 74
B, 0.83 1.19 ~2.38 0.49 86 65
B, 0.71 1.24 —2.06 0.73 85 63
B; 2.35 3.15 -5.76 1.25 90 67
C 1.39 1.81 ~3.84 0.82 90 65
D 2.15 2.76 —5.47 1.01 102 71
E 1.91 2.19 -5.82 0.74 91 57

 Remanent coercivity measured on the descending branch of the AM curve (positive Heool).
Remanent coercivity measured on the ascending branch of the AM curve (positive Hool). ©
Squareness ratio calculated using the usual definition of remanence M(H=0). 4 Squareness ratio
calculated using the EB-corrected remanence M(H=—Hy,) [49].

a)
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FIG. 5. FC magnetization isotherm (5 K) of samples A (a), B, (b), and E (c). The inserts portray the
full £50 kOe field interval of the FC isotherms.

The general trend is that both coercivity H, and EB field H, are larger for thicker CoO shell: H,
ranges from 0.17 kOe for #c,0 = 0.43 nm to about 2 kOe for the samples with #coo > 2 nm and H,
ranges from 0.56 kOe for tco,o = 0.43 nm to more than 2 kOe for the samples with #c,0 > 2. The
coercivity of the remanence, here calculated by the AM method [56], is an approximation to the
median value of the coercivity of individual NPs, i. e., the median of the switching field distribution
(SFD) [57]. Because of the unidirectional asymmetry induced by field coolig, we must distinguish
between the descending (H. ) and ascending branches (Hcr+). H, 1is related to reversing the
magnetization of a NP from the preferred direction set by the cooling field, and vice versa for H., .
The latter slowly increases from 0.44 kOe for fcoo = 0.43 nm to about 1 kOe for the sample with
thick CoO layer whereas H. ranges from —0.82 kOe for #c,0 = 0.43 nm to nearly 6 kOe for the

samples with fcoo > 2 nm. This different behavior suggest that the main effect of the AFM/FM
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exchange coupling is to dramatically increase the coercivity of individual NPs when their
magnetization is reversed from the cooling direction. More details about the modification of the
SFD brought about by exchange coupling can be found in the next Subsection.

The EB field of our Ni@NiO@CoO core-shell NPs compares well with literature values.
Though it is lower than that observed for 4 nm Co NPs in a CoO matrix (Hy = 7.4 Oe) [3] where
smaller FM NPs are embedded in a thick AFM matrix, Hy is comparable to that of co-evaporated
Co-CoO films (2.8 kOe) [58] and larger than Hy, =~ 1.1 kOe measured in oxygen-implanted 30 nm
Co films [59]. Our Ni@NiO@CoO NP assemblies have exchange coupling energy density Ea
ranging from 0.07 to 0.27 10~ J/m* comparable to those (0.03 — 0.12 10~ J/m?) observed in thin-
film permalloy-CoO systems with thicker polycrystalline CoO layer (1.6 — 10 nm) [54]. The Ex =
0.183 107 J/m? reported for a Ni(001)/CoO(001) multilayer with fnio+tcoo = 1.3 nm [24] can be
compared with Ex =0.13 107 J/m? displayed by samples B, and B3 having fniotfcoo = 1.5 nm. The
Ni/CoO exchange coupling is much more effective than the Ni/NiO coupling, as can be appreciated
by comparing these data with those observed for similar thin-film assemblies of Ni@NiO core-shell
NP [19]. For instance, sample A with a total oxide thickness of 0.73 nm (#nio = 0.30 nm, #co0 = 0.43
nm) has H, comparable to that of Ni@NiO NPs with #xijo = 2 nm (the Ni cores have the same size).

Inspection of Table III shows that the EB field and coercivity of sample Bs are anomalously
large: they are the largest among all samples despite the intermediate thickness of the CoO layer
and total oxide layer. We will later discuss the peculiarities of sample Bj;. For the present, we just
recall that B3, which has the thickest NiO layer, also displayed anomalous ZFC/FC and TRM data.

In the FC hysteresis loops of exchange-biased systems, the remanence M, (and therefore the
squareness ratio M,/M;) can be computed in different ways (see [49] for a graphical definition of
remanences). The squareness ratio M,/M; calculated using the usual remanence M(H = 0) is 85-
100%. However, when one is interested to the energy product (BH)max, Which is proportional to the
area enclosed by the loop and not affected by the loop shift, M,/M; calculated using the EB-
corrected remanence is a more informative index, since it is depurated from the effects of the loop
shift (Hy). The EB-corrected M,/M; is approximately 60-70%, larger than the 40-50% value
observed in the ZFC loops. Thus, exchange coupling at the AFM/FM interface increased the energy
product of the NP assembly, as already observed for ball-milled SmCos/NiO. [60 ]

Ni@NiO@CoO

C. DC demagnetization and A M

More insight into the effect of EB on the magnetism of NPs can be gained by investigating the

distribution of the NP switching field (SFD), i .e., the field at which the magnetization of single

NPs irreversibly changes direction. In the present case of assemblies of Ni@NiO@CoO NPs, the
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concept of SF of individual particles is not fully appropriate since the NPs are coupled by the
magnetostatic interaction. However, considering that cooling in strong fields hinders the formation
of a spin-glass-like state supported by magnetostatic interactions, the SFD can give some insight
into the magnetism of Ni@NiO@CoO NPs provided it is measured after FC. The DCD remanence
M;"P represents irreversible magnetization changes since it is measured at zero field and thus the
absolute value of the derivative of the DCD remanence with respect to the field |dM;° D (H)/dH| 1s
proportional to the SFD [61]. In the case of exchange-coupled systems, two DCD experiments are
required to investigate the demagnetization process after field cooling: one with parallel cooling and
saturating fields and one with antiparallel fields.

In Fig. 6a the DCD ]erDCD (H)/dH| of sample B, for the ZFC and FC modes are compared
to investigate the effect of the metal/oxide exchange coupling. The effect of exchange coupling on
the SFD is not a mere translation of the SFD towards more negative fields but it involves opposite
changes in the negative and positive SF regions. The negative SFD region corresponds to
antiparallel cooling and applied (demagnetization) fields, that is, to SFs for the magnetization
reversal from the favored direction to the opposite one whereas the positive SFD region, where
cooling and applied fields are parallel, correspond to magnetization reversal o the favored direction,
defined by the sign of H.yl. In the negative SF region, a depletion near H = 0 and an increased
fraction of SF more negative than —1 kOe is observed. In the positive SF region, an increased
fraction of SF < 1.5 kOe is observed while more positive SFs become less frequent. The effect of
the exchange coupling — as revealed by the FC procedure — is to extend the distribution of negative
SFs toward more negative values and to restrain positive SFs to smaller values. These changes in

the SFD are the source of the shift and broadening of the hysteresis loop recorded after FC.
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FIG. 6. Switching field distribution (SFD) of core-shell Ni@NiO@CoO NPs. Left column: SFD of
sample B, from DCD and AM data. a) DCD SFD (|dM,” D /dH|) of sample B, for the ZFC (blue
circles) and FC (red triangles) modes. b) Comparison of DCD (|dM;” CD/dH]) and AM ([dAM/dH))
SFD from data collected in ZFC mode. Blue circles: DCD, black open circles: AM. c¢) Comparison
of DCD (|dM;°“°/dH]|) and AM (|[dAM/dH]) SFD from data collected in FC mode. Red triangles:
DCD, black open triangles: AM. Right column, approximate SFD from AM data (|dAM/dH]|) of

samples A (d), B; (e), and E (f). All SFDs have been normalized so that fj; SFD(H)dH =1.

We carried out DCD experiments on a few samples with the main aim to show that the SFD
from DCD data is equivalent to the SFD calculated by the AM method using the hysteresis loop
data. In the latter method, SFD is approximated as |dAM(H)/dH|, where AM(H) is the difference
between the descending and ascending branches of the hysteresis loop. The main difference
between DCD and AM SFDs is that in the former case M, is truly related to the irreversible
magnetization changes since it is measured at zero field, whereas AM is just an approximate
representation of the irreversible magnetization changes [49]. The obvious advantage is that no data

other than hysteresis loops are required to estimate the SFD. DCD (|dM;” CD/dH]) and AM
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(|dAM/dH|) SFDs of sample B, for the ZFC and FC modes are compared in Fig. 6b,c. Clearly,
\dAM/dH| is very similar to |[dM;°“°/dH] and thus is an acceptable SFD; unfortunately the former is
more affected by experimental noise. The FC SFDs from AM data are shown in Fig. 6d-f for
selected samples and the shape parameters of all FC SFDs can be found in [49].

The effect of varying the CoO layer thickness is very different in the two regions of the SFD.
In the positive SF region, the SFD broadens with increasing fcoo but its most probable SF hardly
shifts and shape is not much affected. Dramatic changes are conversely observed in the negative SF
region where the thicker CoO shell causes a substantial broadening and flattening of the SFD,
which extends farther than —20 kOe. In order to describe the SFD shape changes, we introduce the
position of the SFD peaks (S.), corresponding to the most probable SFs, and the HWHH (B.) of the
SFD peaks. The definition of S. and B. and their values for all samples can be found in [49]. In the
positive SF region, S; and B are proportional to each other, showing that the effect of #c.0 1s a
general increase of the positive SFs with minor SFD shape changes, which are confined to the small
wing at high field. In the negative SF region, both S_ and B_ become more negative on increasing
tcoo but they are not simply related. S- and B_ are more sensitive to 7c.o than S} and B;. For instance,
both B; and B_ = 0.5 kOe for sample A but on increasing oxide shell B, reaches 1.5 kOe while B_
can be as high as 4.9 kOe. In summary, the thickness of the oxide shell affects the mode and width
(roughly corresponding to the EB field and coercivity, respectively) of the SFD related to the
magnetization reversal from the favored FC direction to the disfavored one (negative SFs) much

more than those related to the SFD for the opposite magnetization reversal.

D. Magnetic properties and oxide shell thickness

The magnetic properties of core-shell systems depend on several parameters, such as the core-
diameter, the shell material [62], the shell thickness [63], the AFM crystallinity [64], the
interactions with neighboring particles [65]. However, the core-shell NP films were synthesized in
such a way that the NP morphology, composition, structure, crystallinity, and areal density, were as
constant as possible across the whole sample series, except for the thickness of the NiO and CoO
layers. In the samples here investigated the formation of the NiO layer around the Ni core, induces a
decrease of the Ni core diameter between 2% and 7%, and it is not expected to significantly modify
the magnetic properties. Therefore in the studied systems the only relevant variable parameters are
the thickness of the AFM shells including NiO, CoO and a possible intermixed region.

The dependence of the EB effects on the thickness 5ry of the AFM material is complex.
For instance, the AFM anisotropy energy density can be written as Karm farm [62] but it would be

simplistic to consider the anisotropy energy linear with respect to fapm since the AFM oxide
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thickness in our NPs is so small that Kapm itself depends on fapm. Such line of reasoning can be
applied to other parameters such as the AFM Neél temperature, sub-lattice magnetization, etc. In
general, a critical thickness 7* exists such that the EB vanishes for ftapm << #* and then rapidly
grows (fapm =~ t*) to a constant value in the region where fapm >> * [7]. The investigation of the
relationship between the EB effects of our thin-film assemblies of Ni@NiO@CoO core-shell NPs
and the thickness of the CoO oxide layer is complicated by the presence of a thin shell of NiO
intermediate between the core Ni NP and the top CoO layer. Such intermediate layer may strongly
affect the FM/AFM exchange coupling. [25] [66] [67] [68]1 As already discussed, the magnetic
properties sensitive to exchange coupling at the FM/AFM metal/oxide interface (EB field,
coercivities) generally increase with the thickness of the CoO shell. Conversely, the thermal
behavior of the low-field magnetization (ZFC/FC, TRM) is sensitive to neither #c,0 nor #io because
it is dominated by the inter-NP magnetostatic interactions, especially when H..o 1s weak. To get
some insight into the relationships between EB field, coercivities, and SFD on one hand and the
thickness of the oxide layers on the other hand, we resort to linear correlation analysis since linear
effects should be prominent for such thin oxide layers. The analysis of both general trends and
anomalies provided us some clues to understand the relationship between morphology and
magnetism. Of course, linear correlations at most provide clues, not evidence but correlations

passing appropriate statistical tests form a reasonably sound basis to draw conclusions.

We first note that Hy,, H., and H,, are linearly correlated beyond reasonable doubt while
correlation with H,," is inferior (see Table SIII in [48]). The SFD shape parameters are correlated to
H,, though to different extent: S, S;, and B, are moderately correlated to H, while B_, the width of
the SFD in the negative region, is close to exact proportionality to Hy. Thus, in what follows we can
carry out correlation analysis for H, only, knowing that similar results would be obtained for H.,
H., and B_. Moreover, these strong correlations suggest that all these characteristic fields are
closely related manifestations of the FM/AFM exchange coupling and that Hy is closely related to
location (H. ) and variation (B-) parameters of the SFD for magnetization reversal from the
preferred direction..

Regression analysis (see Table SIV in [48]) shows that H}, has no statistically significant
linear correlation with #xio, as evidenced by the failure of the statistical #- and F-test and the very
low value coefficient of determination (R* = 0.005), meaning that just 0.5% of the variation of H,
can be attributed to the linear association with #yjo. Conversely, H, is correlated to both 7co0 (R2 =
0.45) and tio + fcoo (R2 = (0.57) but the linear regression Hy vs. fcoo (and vs. tnio + tcoo) is of only
moderate quality mainly due to sample B3, which lies far from the regression line. We next carried

out linear regression of H, with tnio, fco0, and fnio + fcoo, €xcluding Bj; in all cases. Comparing
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these regressions, it is easy to see that H,, is proportional to #c,0, Which accounts for 97% of the
variation of Hy, while #nio does not significantly account for any (both #- and F-test fail meaning that

R’ is not significantly different from zero). The best-fit results are as follows:

Hy / kOe = (0.83 £ 0.07) (tcoo / nm), R*=10.970, R = 0.985, F-test: passed, r-test: passed.

The high R* of the regressions without the B; datum shows that the EB-related parameters of
sample Bj really are anomalously large with respect to the moderate oxide shell thickness of B; The
large slope of the regression line confirms that, when a large-anisotropy oxide such as CoO is used,
EB effects are larger than those observed in the NiO case (0.14 kOe/nm) [19] as already reported
[62]. Moreover, it is clear that the investigated 0.7 — 2.7 nm #c,0 range lies within the EB onset
region for CoO (fc.0 = t*), at least when a very thin intermediate NiO shell is present.

To get more insight into the ability of tnio and #coo to account for the variation of Hy, a
bivariate linear regression was carried out, Hy, = pnio Nio + Pcoo fcoo, €ither with and without the Bs
datum (see Table SV in [48]). In both cases the regression passes the F-test, has R* > 0.90 and the
marginal contribution of #xjo in accounting for the Hy, variation is not statistically significant. These
results indicate that H, is well correlated to the thickness of the CoO layer. Similar conclusions are
drawn when H,, is considered. Some insight into the anomaly of B; can be gained by noting that in
both cases the estimated pcoo is consistent with the value previously obtained by the univariate
regression. This suggests that the regressor fyio has somewhat accounted for the unexpectedly large
Hy and H,; of Bs, as supported by the fact that the bivariate regressions including and excluding the
B; datum have similar F and Rz_

Therefore, regression analysis supports the view that the EB-related parameters of sample B3
really are anomalously large and suggests that this behavior is related to the thickness of the NiO
shell. Indeed, the main difference between Bs; and the other samples is the thickness of the NiO
layer: tnio(B3) = 0.67 nm = 1.6 crystal cells is not much larger than in other samples but it is the
only sample where the NiO layer is largely thicker than 1 crystal cell. Since it was previously found
for similar Ni@NiO core-shell NPs that a significant EB field develops for tnio = 2 nm [19], we can
exclude a direct contribution of NiO to the EB field and coercivities. However, a strong
enhancement of the EB effect in Co NPs dispersed in a NiO matrix was attributed to the presence of
thin CoO layer (=1 nm) between the FM NPs and the AFM matrix [25]. The AFM/AFM interaction
between NiO and CoO has been studied in detail in epitaxial thin films, either repeating multilayer
[66] and bilayer systems [67, 68]. In all cases, it was found that NiO and CoO strongly interact by
AFM/AFM exchange coupling. The layered systems have a single 7 intermediate between those of
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bulk NiO and CoO and are able to induce exchange bias in a soft FM top layer. In multilayers, this
effect was attributed to the increase of the NiO anisotropy constant induced by CoO. Investigation
of the bilayers showed that the AFM/AFM interaction depends on both NiO and CoO thickness. In
particular, when fco0 = 1.5 nm, the AFM/AFM interaction increases up to tnijo = 2 nm and then
decreases for thicker NiO. In the present core-shell NPs, tc,0 = 0.7 — 2.7 nm and #nio= 0.2 — 0.7 nm,
so these findings can shed light on the behavior of our NPs. The NiO/CoO interaction produces
sizeable effects in the low 7 measurements but is unable to increase the overall 7y above that of
CoO, probably because the NiO/CoO interface in the core-shell NPs is less crystallographically
homogeneous and more defective that of epitaxial thin films. At low 7, when tio is at least 0.7 nm
thick large effects are recorded, as previously observed [68] thus supporting the conclusion drawn
on the basis of the statistical analysis that the thicker NiO layer in Bj is related to the increased
AFM/FM exchange coupling between Ni and CoO. We could also speculate that the thicker NiO
layer may favor the growth of a less defective and more homogeneous CoO layer which makes the
peaks in the ZFC/FC and TRM derivatives of sample B3 narrower and more symmetric than those

of the other samples.

V. Conclusions

Thin-film assemblies of Ni@NiO@CoO core-shell NPs have been synthesized by a three-step
sequential layer deposition procedure, which enables an accurate control of the NP morphology,
independently for each component. STEM and SEM showed that the NPs are randomly dispersed
on the substrate and HRTEM proved that the Ni core is a McKay icosahedral nanoparticle coated
by a partially crystalline CoO layer. Analysis of the XPS spectra using Shard’s method revealed the
presence of a thin NiO shell, which STEM-EELS showed to be between the Ni core and the outer
CoO layer. Investigation of the magnetic properties revealed that both exchange-coupling and
magnetostatic interactions are important. The latter dominates the magnetic behavior below = 250
K, when the cooling field is absent or weak, and increases 7p to temperature comparable to RT.
Exchange coupling may contribute to this high 73 by enhancing the inter-NP magnetostatic
interaction by the increase of the intra-NP anisotropy barrier. Exchange bias effects are as strong as
expected for CoO and much stronger than those of similar NPs with NiO coating. The EB field and
coercivities strongly depend on fcoo in the 0.4 — 2.7 nm range, showing the onset of the EB in these
systems. Increasing fcoo leads to a large increase of the most probable, median, and the most
negative switching field for the magnetization reversal from the favored direction determined by the
cooling field to the disfavored one. The changes in SFD show up as the EB-induced hysteresis loop

shift and broadening. Correlation analysis suggest that H}, and coercivities depend on #c.o0 and not
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on fnio When the latter is less than 0.5 nm. However, when tyio is significantly thicker than 1 crystal

cell, NiO strongly interacts with CoO and a dramatic boost of the EB field and coercivities ensues.
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