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Ni(core)@NiO(shell) nanoparticles (NPs) were synthesized through the pyrolysis of an inorganic precursor taking place within
the pores of an active carbon matrix at different temperatures between 673 and 1173 K, and a subsequent oxidation in air. For the
lowest temperature (673 K), the smallest average size of the NPs (9 nm) and the largest percentage of NiO (82%) are observed.
Upon increasing the temperature up to 1173 K, an average diameter of 23 nm is estimated while the NiO percentage decreases
below 20%. We found that each NP consists of a Ni core surrounded by a structurally disordered NiO shell with a constant
thickness of ∼ 2 nm, regardless of the core size. The spins inside the NiO shell freeze into a spin glass (SG)-like state below
Tf ∼ 40 K. The magnetic exchange coupling between the Ni core and the NiO shell gives rise to the occurrence of the exchange
bias (EB) effect, whose temperature dependence follows a universal exponential trend in all samples. The SG nature of the shell
spins yields a vanishing EB above Tf . This is far below the Néel temperature of bulk antiferromagnetic NiO (TN ∼ 523 K) that
usually determines the onset of the EB effect in Ni/NiO interfaces.

Introduction

The spontaneous formation of a surface oxide layer in transi-
tion metal (e.g., Fe, Co, Ni) nanoparticles (NPs) when expos-
ing them to air gives rise to a core@shell morphology that very
often modifies the magnetic properties of the system.1–3 Tran-
sition metal oxides are usually antiferromagnetic (AFM) or
ferrimagnetic (FI) and exhibit a considerably lower saturation
magnetization (MS) than their corresponding metals. There-
fore, the oxide coating around the metallic core restricts the
ferromagnetic (FM) volume of the NP, thus reducing MS com-
pared to that of the bulk metal.4–12 Higher MS values can be
achieved for larger NP sizes, since the thickness of the sur-
face oxide layer does not change appreciably in most of the
cases, while the metallic core grows in size and consequently
the FM volume does. However, the blocking temperature in-
creases with NP size, even above room temperature, and the
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NPs should not behave as superparamagnetic (SPM) entities,
thus becoming aggregated.10 Many efforts have been done in
order to produce oxide-free NPs, encapsulated by silica13,14

or graphite layers.15–21

The usual procedure followed to obtain
metal(core)@oxide(shell) NPs consists of first synthesizing
FM NPs by different techniques such as chemical reduc-
tion,22–24 sol-gel,25–28 spray pyrolysis,29 laser ablation,30

thermal decomposition9 or high energy ball milling.31–33

Afterwards, FM NPs are exposed to air or further processed
through reactive treatments in order to create the oxide shell.
Habitually, this coating exhibits a high degree of structural
disorder that transforms the conventional AFM or FI order
displayed by the bulk oxide into a spin glass (SG)-like mag-
netic state.33–35 That conversion has dramatic consequences
in the macroscopic magnetic behaviour of the system.34,36,37

The so-called exchange bias (EB) effect manifest as an hor-
izontal shift of the hysteresis loop because of the magnetic ex-
change interaction at the interface between two magnetic ma-
terials, one of them having an anisotropy energy larger than
the interface exchange interaction energy between them, typi-
cally a FM and an AFM.38,39 The effect usually occurs when
the system is cooled in a static magnetic field through the Néel
temperature (TN) of the AFM, the Curie temperature of the FM
being larger than TN .40 Nevertheless, if the ordered magnetic
arrangement of the AFM collapses into a SG state due to size
effects, both the magnitude and the onset temperature of the
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EB are drastically reduced.33,39

Among all transition metal NPs, nickel NPs have attracted a
great interest due to their wide applications in catalysis8,41,42

and bioseparation.7,43,44 Together with the reduction of the
saturation magnetization, a considerable enhancement of the
low-temperature magnetic response has been observed in Ni
NPs.10,12 Both effects become progressively more important
as the size of the particle is reduced due to the higher surface-
to-volume ratio. Different explanations have been proposed in
order to account for those changes in the magnetic behaviour,
e.g. the oxidation of Ni,8,45 the partially amorphous structure
of the NPs10 and the existence of a magnetic dead layer.46 In
addition, it has been reported that the EB effect in Ni@NiO
NPs vanishes below the expected TN of AFM NiO (TN ∼ 523
K).33 To understand the underlying cause of this EB reduction
at the nanoscale still remains an open question whose interest
lies in the crucial role that Ni/NiO junctions play as stabilizing
elements in spin valves and tunneling devices.47

In order to contribute to elucidate the above mentioned con-
troversies, we have investigated a series of Ni@NiO NPs with
average sizes of 9, 10, 11, 16 and 23 nm. We used a one-
pot pyrolysis reaction to embed the NPs inside the pores of
an active carbon matrix, thus avoiding particle aggregation.
Then, an oxidation in air allowed the formation of a NiO shell
at the NP surface. A joint analysis combining x-ray powder
diffraction, high resolution transmission electron microscopy
and x-ray absorption spectroscopy with exhaustive magnetic
measurements unravels the key role of the surface NiO shell
in the macroscopic magnetic behaviour of the Ni@NiO NPs.
In particular, the coupling mechanism at the Ni/NiO interface
leading to a low-temperature vanishing EB effect will be dis-
cussed in detail.

Experimental

Materials synthesis

A commercial activated carbon (AC) was employed as a nano-
template for the synthesis of Ni@NiO NPs. The AC material,
supplied by Osaka Gas (Japan), has a large Brunauer-Emmett-
Teller (BET) surface area of 2350 m2·g−1, a high pore volume
of 1.47 cm3·g−1 and a porosity made up of mesopores of up
to 6− 7 nm diameter (∼ 2.5 nm in average). The synthetic
method is based on a pyrolysis process taking place within the
restricted volume formed by the AC porosity.

In a typical fabrication procedure, 1 g of AC was impreg-
nated with a solution formed by 1 g nickel (II) nitrate hex-
ahydrate in 4 mL of ethanol. The impregnated sample was
vacuum-dried at 323 K for several hours and subsequently
heat-treated in a N2 atmosphere at a selected temperature (TH )
for 3 hours. Under these conditions, the decomposition of the
Ni precursor into NiO took place first. Subsequently, upon in-

creasing temperature, NiO was reduced by means of carbon
(2·NiO + C→ 2·Ni + CO2) and Ni atoms nucleated forming
NPs according to Ostwald ripening phenomenon. This nu-
cleation process is thermodynamically driven by the balance
between the surface and volume contributions to the free en-
ergy of the NPs.48 Therefore, TH constitutes a key parameter
that enables the control of the NP average diameter; the larger
the TH , the bigger the size is. Finally, the sample was cooled
under nitrogen down to room temperature and then passivated
with a small stream of air to stabilize it, so that the action of
atmospheric O2 oxidizes the surface layers into NiO. The NPs
resulting from the above process were formed by a Ni core
surrounded by a NiO shell (Ni@NiO). Five different samples
were synthesized at 673, 773, 873, 1023 and 1173 K and la-
beled as T673, T773, T873, T1023 and T1173, respectively.
The Ni content was ∼ 11 wt% in all the samples as deduced
from thermo-gravimetric analysis (TGA).

Structural and microstructural characterization

Transmission electron microscopy (TEM and HRTEM) im-
ages were recorded on JEOL2000-EXII and JEOL-JEM-
2100F microscopes (200 kV), respectively. Samples were
prepared by depositing a small amount of powder in ethanol
and then by placing several drops of this solution on carbon
films, which were set on copper grids. In order to determine
the distribution size of each sample, around 10000 NPs were
counted, using the PSA macro for ImageJ,49 and modeled
with a lognormal fit.

The crystalline structure of the samples was determined
from room temperature x-ray powder diffraction (XRD). The
patterns were collected by means of a Philips X’Pert PRO
MPD diffractometer operating at 45 kV and 40 mA, using a
Cu anode (λ = 1.5406 Å) and equipped with a germanium
Johansson monochromator and a PIXcel solid angle detector.
The full profile analysis of the diffraction patterns was per-
formed using the FullProf suite package50 based on the Ri-
etveld method,51 with rather good reliability factors, i.e., the
R-weighted pattern (Rwp) was below 10%, in all the cases.

The near-edge (XANES) region of the x-ray absorption fine
structure (XAFS) spectrum extends ∼ 50 Å from the absorp-
tion edge (E0). It contains information about the valence state
and to the chemical coordination of the absorbing atom. The
room temperature Ni K-edge XANES spectra of the samples
together with those of Ni and NiO bulk standards were mea-
sured in transmission mode on the XAS beamline at the Elettra
Sincrotrone Triste (Italy) using standard ionization chambers
for the intensity detection. In order to calibrate the energy,
the spectrum of a Ni metal reference was recorded together
with that of the sample. The preparation of the samples con-
sisted of homogeneous layers of powder spread over an adhe-
sive Kapton tape. The thickness and homogeneity of the sam-
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Fig. 1 (Color online) (a-e) TEM images for samples (a) T673, (b) T773, (c) T873, (d) T1023 and (e) T1173. (f-g) HRTEM images of individual
NPs. (h-j) Interplanar distances of (h) NiO(111), (i) Ni(111) and (j) C(002).

ples were optimized to obtain the best signal-to-noise ratio.
The analysis of the absorption spectra, including data reduc-
tion, background removal and normalization was carried out
using Athena package.52

Magnetometry

The temperature and magnetic field dependences of the mag-
netization, M(T ) and M(H) curves, were measured in a Quan-
tum Design PPMS-9T platform equipped with a vibrating
sample magnetometer (VSM) option. First, the sample was
cooled in zero-field (ZFC) from 325 K down to 5 K. Then a
constant magnetic field was applied and the MZFC(T ) curve
was measured on heating from 5 K to 325 K. After reaching
the highest temperature (325 K), and maintaining the magnetic
field constant, the field cooling (FC) magnetization vs. tem-
perature, MFC(T ), curve was recorded on cooling the sample
from 325 K down to 5 K. The M(H) loops were measured
between −85 and 85 kOe at low (5 K) and room (300 K) tem-
peratures. As a complement to the above measurements, a Mi-
croSense VSM (EV9 series) magnetometer was used in order
to determine with high accuracy the coercive field and rema-
nent magnetization of the samples at T = 300 K. It is worth
noting that the magnetic signal of the active carbon template
is diamagnetic. It was measured separately, the magnetic sig-
nal being two orders of magnitude lower than that coming
from the NPs; hence, we consider it negligible. Therefore,
the recorded signal of the samples was normalised to the total
mass of Ni taking into account the Ni percentage in the sam-
ple obtained from TGA, and, in all cases, the magnetization is
expressed in emu per gram of Ni (emu·g−1Ni).

In order to investigate the EB effect in this Ni@NiO system,

each sample was cooled down from 300 down to 5 K under a
constant applied magnetic field (Hcool). After that, a hysteresis
loop was recorded between −50 and 50 kOe at T = 5 K. The
EB field (HEB) is defined as the horizontal shift of the central
point of the loop measured under a given Hcool , relative to that
measured under Hcool = 0 loop, i.e., HEB =−(HC1 +HC2)/2,
where HC1 and HC2 are the left and right coercive fields, re-
spectively.

Results and discussion

Microstructure and morphology

Transmission electron microscopy. Figs. 1a-e show rep-
resentative TEM images of the five samples where individual,
well-dispersed and quasi-spherical NPs can be identified. In
fact, the carbonaceous matrix is formed by micrometric grains,
each one of them having a sponge-like morphology with nu-
merous interconnected pores at the submicron length scale.
During the synthesis procedure, the NPs grow at the intersec-
tions of the AC matrix pores. Let us go now deeper into a sin-
gle NP by examining the HRTEM images at the second row
of Fig. 1 (Figs. 1f-j). Although the dissimilarity between Ni
and NiO is not easy to perceive due to a feeble atomic contrast
and same crystal structure, the crossover from one phase to an-
other is more or less self-evident when the interplanar distance
(d) is measured. Thereby, d ∼ 2.0 Å [= d(111)

Ni ] in the core part
of the NP (Fig. 1i) and it increases up to d ∼ 2.4 Å [= d(111)

NiO ]
as we approach the edge (Fig. 1h). In addition, local EDX
(energy-dispersive x-ray spectroscopy) measurements on dif-
ferent NPs give an atomic composition of about 60% Ni +
40% O near the NP edge, while only Ni is present in the core
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Table 1 Parameters obtained from the structural and magnetic characterization of the samples (see text for details).

T673 T773 T873 T1023 T1173
TEM (Lognormal fit) DT EM(σ)(nm) 9(5) 10(4) 11(4) 16(6) 23(14)
XRD DXRD

Ni (nm) 6(2) 7(2) 9(2) 13(5) 20(10)
XANES XNi (%) 18(5) 26(5) 36(6) 66(4) 83(5)

XNiO (%) 82(5) 74(5) 64(6) 34(4) 17(5)
M(H) curves T = 300 K MS (emu·g−1Ni) 4.6(1) 8.0(1) 12.2(1) 28.4(1) 40.3(1)

T = 5 K HC (Oe) 642(1) 631(1) 564(1) 521(1) 416(1)
Mr (emu·g−1Ni) 2.6(1) 4.2(1) 6.3(1) 13.1(1) 20.5(1)

region of the NP. Therefore, the above hints allow us to esti-
mate the thickness of the NiO shell to be ∼ 2 nm, irrespective
of the NP size. As far as the microscopic arrangement inside
each NP is concerned, Fig. 1i offers clear evidence that the
Ni core is single crystalline and has no crystallographic de-
fects. By contrast, the NiO shell is composed of very small
and randomly oriented nanocrystallites within which atomic
vacancies and dislocations can be discerned (Fig. 1h). This
can be understood in terms of the slow nucleation of the Ni
cores at high temperature (TH > 673 K) compared to the fast
growth of the structurally disordered NiO surface shell due to
air oxidation at room temperature.

From the NP size histogram and the fit to a lognormal dis-
tribution of each sample (Fig. S1 in Supplementary Informa-
tion), we have estimated also the average value for the NP
diameter (DT EM) and the standard deviation (σ ). Those val-
ues increase from DT EM(σ) = 9(5) to 23(14) nm for samples
T673 and T1173, respectively (see Table 1), telling us that the
temperature of the synthesis, TH , plays a crucial role in the NP
size distribution. It is worth noting that DT EM corresponds to
the size of the NP as a whole entity, i.e., including the Ni core
diameter and the NiO shell thickness.

X-ray powder diffraction. The experimental and calcu-
lated XRD patterns corresponding to the five samples are de-
picted in Fig. 2. Three different crystallographic phases were
included in order to properly fit whole patterns. Ni and NiO
(with face centered cubic and rocksalt Fm3̄m crystal struc-
tures, respectively) as being the NP constituents, and graphite
(space group P 63/mmc) coming from the AC matrix. The
values for the lattice parameter of the crystalline Ni core and
NiO shell [aNi = 3.52(1) and aNiO = 4.17(1) Å] do not vary
appreciably, within the estimated error, in the five samples and
match with those already reported in bulk materials (3.520
and 4.178 Å, for Ni and NiO respectively).43,53 However, the
diffraction peaks corresponding to the Ni core become nar-
rower upon increasing the value of TH during the synthe-
sis procedure, thus suggesting a larger average size for the
NPs as confirmed from HRTEM images (see previous subsec-
tion). Similarly, those diffraction peaks corresponding to the
graphite Bragg reflections exhibit a significant sharpening, but

T673

T773

T873

I1/
2  (a

rb
. u

ni
ts

)

T1023

T1173

20 40 60 80 100 120
2θθθθ (degrees)

Fig. 2 (Color online) Room temperature XRD patterns of the sam-
ples, displayed in square root scale. Points (solid-lines) are the ob-
served counts (calculated Rietveld refinements). The curve at the
bottom of each figure is the difference pattern given by Iobs− Ical .
The small vertical marks indicate the angular positions of the allowed
Bragg positions of the Ni (top), NiO (middle) and graphite (bottom)
crystallographic phases.
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Fig. 3 (Color online) Room temperature XANES spectra of the sam-
ples (empty circles), together with Ni and NiO bulk standards. Lines
represent the best fits of the data to weighted combinations of Ni and
NiO, calculated by the method of least squares (see text for details).

in this case, this fact might be ascribed to the local graphiti-
zation of the amorphous AC matrix promoted by the presence
of NPs. In fact, Ni NPs have been reported to be excellent
catalysts for the growth of carbon nanotubes (see Fig. 1j).54,55

Let us focus now on the variation of the average NP diame-
ter as the temperature TH is changed. In Table 1 we notice
that the average crystallite size for the Ni core (DXRD

Ni ) slightly
increases (from 6 to 9 nm) between the lowest value of TH
(673 K) and TH = 873 K. However, the increase is more pro-
nounced for the two higher synthesis temperatures, reaching a
value of DXRD

Ni = 30 nm at TH = 1173 K. On the contrary, the
average size of the NiO crystalline contribution, that we have
to consider as the thickness of the shell (tXRD

NiO ) instead of a true
diameter, remains almost constant at around 1.9 nm for all the
samples. It is worth to highlight that the NP diameter val-
ues obtained from XRD analysis, DXRD = DXRD

Ni +(2× tXRD
NiO ),

correspond very closely to the values estimated from the TEM
images (see Table 1).

X-ray absorption spectroscopy. Fig. 3 displays the room
temperature XANES spectra of the five samples, measured
at the Ni K-edge (E0 ∼ 8333 eV), together with those of Ni
and NiO bulk standards. According to XRD results only two

substances containing Ni atoms have been detected within the
samples, namely metallic Ni and nickel monoxide (NiO). The
unlike oxidation state of nickel atoms in metallic Ni (Ni0 va-
lence) with respect to NiO (Ni2+ valence), is easy to recognize
in their corresponding XANES spectra that display character-
istic and distinctive features (Fig. 3). We therefore have mod-
eled the experimental XANES spectra of the five samples by
means of a weighted combination of the contributions coming
from nickel absorbers in both Ni core and NiO shell regions
of the NPs. The best fit, after applying a least squares pro-
cedure, gives us the relative percentage of Ni atoms in each
phase (XNi, XNiO) (see Table 1). We note that the relative per-
centage of NiO increases dramatically when reducing NP size.
This finding can be easily understood taking into account that
the oxidation due to air exposition involves the external part
of the NP, and due to a higher surface to volume ratio the per-
centage of oxidized Ni atoms is significantly higher in smaller
NPs. Based on geometric arguments and assuming that DT EM
is the diameter of the entire NP, we use Eq. 1 in order to esti-
mate the thickness of the NiO shell (tNiO):

tNiO =
DT EM

2

{
1−

[(
XNiO

XNi

ρNi

ρNiO

)
+1

]−1/3}
(1)

where, ρNi and ρNiO are the densities of Ni and NiO phases,
respectively (ρNi = 4/a3

Ni, ρNiO = 4/a3
NiO). The resulting

thickness is around 2 nm for all the samples, in good agree-
ment with the values obtained from XRD and TEM analysis
(see Table 1).

Magnetic behaviour

Fig. 4 shows the evolution of the magnetization as a function
of temperature under a magnetic field of H = 50 Oe for sam-
ples T673, T873 and T1173. Two sets of curves are depicted
for each sample (Figs. 4a-c): (i) those corresponding to the
measurements performed on heating after zero-field-cooling,
MZFC(T ) curves (in blue); and (ii) the data obtained during
field-cooling, MFC(T ) curves (in red). All samples exhibit
typical features of single domain ferromagnetic NPs that re-
main blocked below a certain temperature (TB, blocking tem-
perature) and behave as superparamagnets for T > TB. The
temperature at which the MZFC(T ) curve shows a maximum
is usually ascribed to the mean TB of the system (i.e. TB ∼ 80
K for sample T673 , see Fig. 4a). Nonetheless, an increase
of the NP average size provokes a shift of TB towards higher
temperatures. In addition, if the NP size distribution broad-
ens, the maximum of the MZFC(T ) curve becomes poorly de-
fined, since the NPs enter into the SPM regime at a wider in-
terval of temperatures depending on their size (Figs. 4b and
c). In the case of samples T1023 and T1173, the splitting of
the MZFC(T ) and MFC(T ) curves up to T = 325 K (Fig. 4c)
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Fig. 4 (Color online) ZFC (blue squares) and FC (red circles) mag-
netization curves measured for samples (a) T673, (b) T873 and (c)
T1173, under a magnetic field of 50 Oe. Insets in (a-c) show en-
larged portions of the MFC(T ) curves. (d) Temperature derivative of
the MFC(T ) curve for sample T673. (e) Fits of Tf vs. H2/3 to de
Almeida-Thouless lines for all samples (see text for details).

indicates that the spins inside the largest NPs in the size distri-
bution of these samples (see Fig. S1 in Supplementary Infor-
mation) are still in a blocked magnetic state at T = 325 K.

On the other hand, it is interesting to note that all samples
present a kink in the MFC(T ) curve at Tf ∼ 40 K (see insets in
Figs. 4a-c), manifested as a sharp increase in the temperature
derivative of MFC(T ) (Fig. 4d). We additionally measured
the MFC(T ) curves under several values of the magnetic field
(H) up to 1 kOe and we found that Tf decreases linearly with
H2/3 (Fig. 4e). This dependence corresponds to the so-called
de Almeida-Thouless line, which is viewed as a hint for the
presence of a SG phase in the system.56,57 Hence, a SG-like
freezing seems to be taking place inside our system at Tf ∼ 40
K. In addition, for sample T673 a tiny increase of the mag-
netization occurs in both MZFC(T ) and MFC(T ) curves below
T = 10 K (Fig. 4a). A similar feature has also been reported in
γ-Fe2O3 and Fe@γ-Fe2O3 NPs, being attributed to the onset
of the freezing process of disordered surface spins.35,58 This
explanation is in good agreement with the fact that sample
T673 presents the smallest average size and thus the highest
surface-to-volume ratio.
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Fig. 5 (Color online) M(H) curves of the samples measured in ZFC
conditions at (a) T = 300 K and (b) T = 5 K. Lower right insets show
an enlarged view of the central part of the loops. Upper left inset in
(b) contains the magnetic signal at T = 5 K of the disordered NiO
shell, normalized to the NiO mass (see text for details).

In order to study the response of the magnetization to the
applied magnetic field, we have measured the M(H) curves
within ±85 kOe range at two selected temperatures: 5 and
300 K (Fig. 5). At T = 300 K an almost saturated mag-
netic signal is observed for H > 10 kOe (see Fig. 5a and
Table 1), although huge differences in the value of the satu-
ration magnetization (MS) can be perceived between samples,
even if all values lie well below the MS of bulk Ni (Mbulk

S = 55
emu·g−1Ni at T = 300 K).59 The significant reduction in the
value of MS for samples T673, T773 and T873 is a direct con-
sequence of the smaller ratio between metallic and oxidized
Ni atoms as the NP size diminishes (see XANES results). The
room temperature M(H) curves for samples T673, T773 and
T873 (see inset in Fig. 5a and Fig. S2 in Supplementary Infor-
mation) are reversible, with zero values for both coercive field
(HC) and remanent magnetization (Mr), which is typical of an
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assembly of SPM NPs. In addition, the fitting of the M(H)
curves with a combination of the Langevin function and the
lognormal size distribution60 (Fig. S2 in Supplementary In-
formation) provides values for the average size of the Ni cores
and the standard deviation that coincide with those obtained
from XRD results (see Table 1). In contrast, a small hystere-
sis loop at room temperature is found for samples T1023 and
T1173 (HC = 5 and 7 Oe, Mr = 0.67 and 2.70 emu·g−1Ni, re-
spectively, see inset in Fig. 5a and Fig. S3 in Supplementary
Information), as expected from the splitting of the MZFC(T )
and MFC(T ) curves up to T = 325 K (Fig. 4c). On the other
hand, the low temperature M(H) loops for all samples (Fig.
5b) display non-saturating values of the magnetization, this
feature being more remarkable in the case of the samples with
smaller NP average size, and non-zero values for HC and Mr
(see the inset in Fig. 5b and Table 1). The hysteretic behaviour
of the samples at T = 5 K is related to the blocked state of
the Ni core spins. Indeed, the value of Mr increases with NP
size (see Table 1) as the percentage of metallic Ni does. Con-
versely, the value of HC is higher in small NPs (sample T673)
compared to larger ones (sample T1173) due to the interfacial
magnetic anisotropy exerted by the NiO shell spins on the Ni
core ones (see below).

To explain the non-saturating M(H) loops at T = 5 K and
the larger values of M for H > 20 kOe compared with those
measured at 300 K (especially in the samples T673, T773 and
T873) it is not enough to consider just the temperature vari-
ation of the magnetization of pure nickel [MS(300 K) ∼ 55
emu/g and increases to 58 emu/g at T = 5 K, roughly 6%].
Notice that we have plotted in Fig. 5b (dotted lines) the es-
timated loops corresponding to the Ni core in each sample.
Thus, we need to consider two different contributions for the
M(H) loops, one coming from the Ni metallic cores, which
tends to saturate at low fields, and another one which does
not saturate up to 85 kOe. Given that the temperature at which
this latter contribution vanishes (the loops look practically sat-
urated) roughly coincides with the freezing temperature es-
timated from the MFC(T ) curves, and that the magnitude of
the non-saturating magnetization is much more pronounced
in samples with higher percentages of NiO, it seems reason-
able to attribute this signal to the surface NiO spins, which are
in a SG state below Tf ∼ 40 K. Going beyond this hypoth-
esis, if we plot the non-saturating magnetization, normalized
by the percentage of NiO extracted from XANES analysis, the
curves extracted from all samples overlap in the whole range
of magnetic field (see upper inset in Fig. 5b), indicating the
plausibility of the argument. In this regard, it should be noted
that although bulk NiO is AFM with a Néel temperature of
TN = 523 K, in a recent study we have reported that this AFM
character breaks down within the nanometer length-scale due
to uncompensated spin configuration, that gives rise to a net
magnetization (up to 60 emu/g for H = 85 kOe) and a SG-

like behaviour at low temperatures.36 In the present case, both
the thinness of the NiO shell (∼ 2 nm) and the presence of
a certain structural disorder (see HRTEM results) can be the
source of the magnetic frustration leading to the appearance of
a SG-like state in the NiO surface spins.

The above hints suggest that each NP can be described as
consisting of a metallic Ni core, whose spins transit from the
blocked to the SPM regime above TB, surrounded by a NiO
shell in which the spins freeze in a SG-like state below Tf ∼ 40
K. An additional evidence for this magnetic scenario is given
by the M(H) loops measured at T = 5 K after cooling the sam-
ple from 300 K down to 5 K under a constant applied magnetic
field Hcool = 5 kOe. Fig. 6a shows the M(H) loops of sample
T673 measured at T = 5 K for Hcool = 0 and 5 kOe. The loop
corresponding to the field-cooled sample is shifted towards the
negative H-axis (HEB), exhibiting what is commonly known as
EB effect.

As a result, it is reasonable to consider that, in case of an
FM-Ni/AFM-NiO configuration, the NiO shell spins should
exert a magnetic exchange coupling on the Ni core ones. How-
ever, we could expect that the EB effect should survive up
to temperatures close to 500 K (just below the TN of NiO).
However, what we observe is that the effect disappears right
above Tf ∼ 40 K (Fig. 6b) This onset temperature is one or-
der of magnitude lower than the values reported to date in
Ni@NiO NPs,32,33,61 thus indicating that this low-temperature
EB in our Ni(core)/NiO(shell) nanoparticulated system has to
be rather attributed to a FM-Ni/SG-NiO interface.

We now turn to examine in more detail the EB in these
Ni(core)@NiO(shell) NPs. All the samples exhibit the char-
acteristic features of the EB phenomenon (Fig. 6b), although
the magnitude of the loop shift (HEB) is more pronounced in
the sample with smallest NPs (T673) due to the higher shell-
to-core volume ratio. The question remaining relates to un-
derstand the temperature evolution of the EB mechanism. Fig.
6b shows an exponential (negative) dependence of HEB with
temperature in three samples, and given by

HEB(T ) = H0
EB exp(−T/T0) (2)

where H0
EB is the extrapolation of HEB at T = 0 K and T0

is a constant. The best fits to Eq. 2 provide values for H0
EB of

618(32), 386(23) and 105(5) Oe for T673, T873 and T1173,
respectively, and a common value of 9.7(6) K for T0. This
exponential decay of HEB has been already observed in mul-
tilayered systems containing amorphous or SG layers and is
attributed to magnetic frustration.62,63 Moreover, if we plot
the normalized EB shift, HEB/H0

EB, as a function of tempera-
ture the curves scale in the whole temperature range (see inset
in Fig. 6b). Starting from the latter, a straightforward con-
clusion can be drawn: the mechanism of magnetic coupling
at the Ni/NiO interface must be the same for all the samples.
Therefore, we suggest here the following explanation for the
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Fig. 6 (Color online) (a) Magnetic hysteresis loops for sample T673
measured at T = 5 K after cooling the samples down from T = 300
K both in ZFC (solid red squares) and FC [Hcool = 5 kOe] (empty
blue circles) conditions. Inset displays an enlarged view of the cen-
tral part of the loops, evidencing the occurrence of the EB effect. (b)
Temperature variation of HEB (symbols), together with exponential
fits (solid lines), for samples T673 (solid blue circles), T873 (empty
green triangles) and T1173 (empty red squares). Inset shows the su-
perposition of the normalized HEB/H0

EB curves.

existence of a low-temperature EB effect. In the presence of
an applied magnetic field, the FM Ni core spins aligns par-
allel to the field direction during the cooling process from
T > TB down to Tf < T < TB, while the magnetically disor-
dered NiO spins thermally fluctuate. Further cooling below
Tf provokes the SG freezing of the NiO spins along specific
directions driven by the exchange coupling between them and
the adjacent core spins at the core/shell interface region. In
these conditions, if the direction of the applied magnetic field
is reverted below Tf , the SG spins at the interface will exert
a microscopic torque on the FM core, trying to keep them in
their original direction.

The present findings may be useful for understanding the
existence of a low-temperature exchange bias effect in other

metal(core)@oxide(shell) nanoparticulated systems charac-
terized by a structurally disordered shell that, rather than being
AFM, behave as a SG-like system due to its reduced dimen-
sionality and to the presence of crystallographic defects.

Conclusions

A series of Ni(core)@NiO(shell) nanoparticles with average
sizes ranging from 9 to 23 nm has been prepared by means of
the pyrolysis of a Ni salt at different temperatures, followed
by an oxidation in air. The microstructure of each nanoparti-
cle can be described as consisting of a metallic Ni core sur-
rounded by a NiO shell with common features in all samples,
regardless of the core size. Thus, the shell is formed by small
NiO crystallites whose low dimensionality and structural dis-
order are responsible for a spin glass-like freezing at Tf ∼ 40
K, far below the Néel temperature of bulk antiferromagnetic
NiO (TN ∼ 523 K). This highly anisotropic low-temperature
state is further evidenced by the reversible and non-saturating
shape of the M(H) curve corresponding to the NiO compo-
nent, which reaches up to M ∼ 30 emu·g−1NiO at H = 85
kOe and T = 5 K.

The magnetic exchange coupling at the interface between
the metallic Ni core and the magnetically disordered NiO
shell gives rise to the appearance of the exchange bias effect.
This effect becomes more pronounced in smallest nanoparti-
cles due to their higher interface-to-volume ratio. Neverthe-
less, the exponential decay of the exchange bias with rising
temperature, which is a clear footprint of the magnetic frustra-
tion inside the spin glass shell, is universally scalable for all
samples. Finally, the temperature at which the exchange bias
effect vanishes coincides with the estimated freezing temper-
ature of the NiO phase. This seems to indicate that the onset
of the exchange bias effect in air-oxidized Ni@NiO nanopar-
ticles is mainly driven by the properties of the magnetically
disordered NiO shell, and less dependent on the size of the
metallic Ni core.
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