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Exchange bias and surface effects in bimagnetic CoO-core/Co, sNij sFe,04-shell nanoparticles
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Bimagnetic nanoparticles have been proposed for the design of new materials with controlled properties,
which requires a comprehensive investigation of their magnetic behavior due to multiple effects arising from
their complex structure. In this work we fabricated bimagnetic core/shell nanoparticles formed by an ~3-nm
antiferromagnetic (AFM) CoO core encapsulated within an ~1.5-nm ferrimagnetic (FiM) Cog 5sNig sFe, O, shell,
aiming at studying the enhancement of the magnetic anisotropy and the surface effects of a ferrimagnetic oxide
shell. The magnetic properties of as-synthesized and annealed samples were analyzed by ac and dc magnetization
measurements. The results indicate that the magnetic response of the as-synthesized particles is governed
by the superparamagnetic behavior of the interacting nanoaggregates of spins that constitute the disordered
ferrimagnetic shell, whose total moments block at (7) = 49 K and collectively freeze in a superspin-glass-type
state at (T,) = 3 K. On the other hand, annealed nanoparticles are superparamagnetic at room temperature and
behave as an exchange-coupled system below the blocking temperature (7) = 70 K, with enhanced coercivity
Hc(10 K) ~ 14.6 kOe and exchange bias field Hgp(10 K) ~ 2.3 kOe, compared with the as-synthesized system
where Hc(10 K) ~ 5.5 kOe and Hgp(10 K) ~ 0.8 kOe. Our results, interpreted using different models for
thermally activated and surface relaxation processes, can help clarify the complex magnetic behavior of many

core/shell and hollow nanoparticle systems.

DOI: 10.1103/PhysRevB.94.054432

I. INTRODUCTION

The search for control and manipulation of materials’
physical properties has led to the design and manufacture
of increasingly complex nanostructures [1,2]. Depending on
the field of application, the magnetic characteristics required
for a magnetic nanoparticle system can sensibly change.
For example, to develop new permanent magnets and new
materials for high-density data storage, novel nanoparticle sys-
tems with enhanced effective magnetic anisotropy [3], tuned
magnetotransport properties [4], improved squareness [5,6],
and increased thermal stability of the magnetic moment [7]
are needed; on the other hand, biomedical applications, such as
hyperthermia or contrast agents for magnetic resonance imag-
ing, require biocompatible nanoparticles superparamagnetic
at room temperature [8] and precise tuning of the magnetic
properties for efficient heat induction [9,10]. Accordingly, the
structural complexity of nanoparticles has also increased, and
currently, the focus is on the design of core/shell structures that
combine materials with different compositions [11], sizes [12],
and anisotropies [13]. In this frame, antiferromagnetic (AFM),
ferromagnetic (FM), and ferrimagnetic (FiM) materials can
be arranged in various structures such as FM(FiM)/AFM
core/shell [14], AFM/FiM inverted core/shell [15], or doubly
inverted core/shell nanoparticles [16,17].

Although novel structures can be fabricated by finely
tuning the synthesis methods, the increasing degree of mi-
crostructural complexity hinders the control of the properties
because new effects such as stoichiometry gradient [18],
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interface diffusion [19], crystalline disorder, and/or surface
magnetic disorder [20-23] are manifested. In this context,
detailed studies of surface effects, interface-dependent prop-
erties, and magnetic interactions in bimagnetic nanoparti-
cles are still lacking and represent an essential step to
understand their static and dynamic magnetic response
and how it is determined by the internal structure of the
system.

In core/shell nanoparticles the crystalline order of the core
phase is improved compared to the coating as the latter
grows in less favorable conditions [24]. Therefore, inverted
structure allows better control of the hard AFM phase quality
and consequently optimizes the magnetic properties induced
by the interface [16,17,20,21,25]. Here we investigate by
means of dc magnetization and ac susceptibility measure-
ments the magnetic properties of bimagnetic singly inverted
core/shell nanoparticles. The particles are formed by hard
AFM CoO (Ty—puik ~ 290 K) cores encapsulated in a FiM
COO'SNi0.5F6204 (TC—Bulk ~ 800 K) shell.

The purpose of this work is to analyze the AFM/FiM
coupling at the interface and its influence on the magnetic
hardening of core/shell nanoparticles systems with different
crystalline and magnetic disorder degrees. In this particular
system the order degree can be controlled by thermal treatment,
which increases the crystallinity of the AFM core and,
as a consequence, improves the exchange coupling at the
interface [26]. We found that while the magnetic behavior of
the as-synthesized nanoparticles is governed by the dynamics
of the magnetic moments of nanoaggregates of spins that form
the highly disorder shell, which collectively freeze at low
temperature, the magnetic properties of annealed nanoparticles
are ruled by the AFM/FiM interface interaction, responsible
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for the observation of exchange bias and for a remarkable
anisotropy enhancement.

II. EXPERIMENTAL DETAILS

Co0O/CogsNipsFe,O4 nanoparticles were fabricated by
means of the thermal decomposition of metal acetylacetonates
in diphenyl ether, assisted by oleic acid and oleylamine. In a
typical synthesis the chemical reactives are mixed in a three-
neck 500-mL flask with a reflux condenser, refrigerated with
water, under N, atmosphere. To obtain CoO seeds, 4 mmol
of Co(acac),, 8 mmol of oleic acid, 8 mmol of oleylamine,
2 mmol of 1,2-octanediol, and 235 mmol of diphenyl ether
were mixed and heated to the reflux temperature (260 °C) at
a fixed rate of 20 °C/min and kept at that temperature for
2 h. Once cooled to room temperature, 1.6 mmol of Fe(acac)s,
0.4 mmol of Co(acac),, 0.4 mmol of Ni(acac),, 4 mmol of oleic
acid, 4 mmol of oleylamine, and 79 mmol of diphenyl ether
were added to the preparation. The solution was then reheated
at a heating rate of 30 °C/min to the reflux temperature
(260 °C) and kept at that temperature for 2 h in order to
obtain core/shell nanoparticles. Subsequently, the mixture was
washed several times by centrifugation (14 000 rpm/30 min) by
adding an 8:1 mixture of ethanol and toluene. By evaporating
the solvent a dry powder was obtained. In order to investigate
the effects of a thermal treatment, a fraction of the resulting
material was annealed at 300 °C for 2 h under air atmosphere,
with a fixed heating rate of 2.5 °C/min. Both samples were
redispersed with toluene in an epoxy resin in order to avoid
the mechanical movement of the nanoparticles during the
magnetic measurements. The amount of the residual organic
mass from the synthesis was evaluated by a thermogravimetric
analyzer (TGA, Shimadzu DTG-60H) by heating the samples
up to 600 °C in air atmosphere with a fixed heating rate
of 5 °C/min. For comparison, the same experiment was
performed for oleic acid.

The structural characterization was performed by means of
an x-ray diffractometer (XRD; PANAlytical X’Pert equipment
with CuKo radiation) and a transmission electron microscope
(TEM; Philips CM200, Ultra-Twin lens, operating at 200 kV).
The crystalline structure and the morphology of the nanopar-
ticles were investigated by analyzing x-ray diffractograms and
bright-field, dark-field, and high-resolution TEM images. The
magnetic characterization was performed using a supercon-
ducting quantum interference device (SQUID magnetometer,
Quantum Design) with a maximum applied field of 70 kOe.
The temperature dependence of magnetization was evaluated
by measuring zero-field-cooled (ZFC) and field-cooled (FC)
curves between 5 and 330 K with an applied field of 50 Oe.
The ac magnetic measurements were performed by a Quantum
Design PPMS ac/dc magnetometer varying the frequency
f in the range of 10 Hz to 10 kHz with a driving field
H,. =10 Oe.

III. RESULTS AND DISCUSSION

Figure 1 shows the diffraction patterns for as-synthesized
and annealed samples. The peaks were indexed with the
diffraction positions of Fm3m rock salt and Fd3m spinel
structures associated with CoO (JCPDS No. 43-1004) and

PHYSICAL REVIEW B 94, 054432 (2016)

2100 Annealed

= 80[

%]

o ot

£ o)

© 28_ Oleic\ As-synthesized
Annealed 2 ot ooid

4 100 200 300 400 500

Temperature (°C)

(113)

R T Ne_ _y
S| gSiE 583 o
NS 8‘/ =l i) -
\ ' I ﬂ . ' ! m . im !-
25 30 35 40 45 50 55 60 65 70 75

26 (degq)

FIG. 1. X-ray diffraction patterns of as-synthesized and annealed
Co0/Coy5NigsFe,O4 nanoparticles. The positions of bulk CoO
(dashed vertical lines) and CoFe,Q, (solid vertical lines) reflections
are shown for comparison. The inset shows the thermogravimet-
ric curves for both samples and oleic acid measured under air
atmosphere.

CoFe, 04 (JCPDS No. 22-1086) bulk structures, also indicated
in the graph. Unlike other core-shell nanoparticle systems
where the as-synthesized sample presents excellent quality
of the component phases [11,27,28], the CoO core is poorly
crystalline. After the annealing, the crystalline order of the
CoO phase improves, as observed from the comparison
between the x-ray relative intensities of the spinel and rock-salt
phases. This result highlights one of the advantages of inverted
core/shell structures where the shell preserves the CoO core
against oxidation, allowing a better crystalline order and better
control of the magnetic order of the AFM phase [24,26].

The lattice parameter of the CoO phase is close to its
bulk value (4.26 A), while the lattice parameter of the spinel
phase is 8.35(1) A,in agreement with Ni-substituted CoFe,Oy4
since dacore,0, = 8.39 A and anire,0, = 8.34 A [29]. The
mean crystallite size D of both phases was analyzed with the
Scherrer formula D = K1 /B cos(f), where K is a constant
related to the shape of the nanocrystal (usually considered
equal to 0.89), B is the width at half maximum of the analyzed
peaks, and A is the wavelength of the x rays. From the (022)
and (115) reflections of the spinel phase we have estimated a
mean crystallite size, Dnxcro ~ 4.6 nm, which is similar for
both samples. Moreover, a mean crystallite size for the CoO
cores was estimated from the (002) reflection, and Dco,o was
found to be 5.0(2) nm and 5.4(2) nm for as-synthesized and
annealed samples, respectively. The parameters arising from
the structural characterization are summarized in Table I.

TEM micrographs and size-dispersion histograms (ob-
tained by measuring ~250 particles) of as-synthesized and
annealed samples are shown in Figs. 2 and 3, respectively.
From the lognormal fits of the histograms through the expres-
sion f(D) = (v2mo D)~'e~ ™ (P/D0)/20> e have obtained a
mean diameter (D) of 6.3 and 6.4 nm for as-synthesized and
annealed samples, respectively, with a slightly higher size
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TABLE 1. Summary of the structural characterization of
Co0/CogsNigsFe, O, nanoparticles: total mean diameter (D) and
standard deviation op estimated from TEM measurements and
mean crystallite size for CoO (Dco0) and NigysCopsFe;O4 (Dncro)
estimated from XRD experiments (all values are in nm).

TEM XRD
COO/Ni()j COO.S F62 04 (D) op DCoO DNCFO
As synthesized 6.3 1.0 5.0(2) 4.7(3)
Annealed 6.4 1.2 5.4(2) 4.5(3)

dispersion for the annealed sample, as reflected in the standard

deviation calculated by o = (D)y/e°’ — 1. Dark-field TEM
images, constructed by positioning the objective aperture in the
position of the (022) diffraction ring associated with the Ni-Co
ferrite, unveil the core/shell structure, as shown in Fig. 3(b).
From the TEM analysis it is possible to argue that residual
carbon from the synthesis process prevents the agglomeration
of the particles. The total mass of the organic material was
estimated from the thermogravimetric curves shown in the
inset of Fig. 1 and was 63% and 53% for as-synthesized
and annealed samples, respectively. It is noteworthy that the
organic coating of the nanoparticles is decomposed at higher
temperatures compared with pure oleic acid. Such a shift could
be due to the stabilization of the oleic acid molecule at the
surface of the nanoparticles. In this sense, the decomposition
of the residual organic material of the annealed sample is
negligible for temperatures below ~300 °C.

On the other hand, a shell thickness of ~1.5 nm was
estimated from TEM images. The total volume of the shell can
be estimated from the thickness value, which is significantly
larger than the crystallite diameter obtained by the XRD
analysis. Such a difference is explained by considering a
polycrystalline ferrite shell formed by several partially aligned
nanograins grown over the CoO cores, as shown in Fig. 2
and suggested by dark-field TEM images; a similar shell
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FIG. 2. (a) Bright-field image, (b) size-distribution histogram
with the corresponding lognormal fit and (c-d) high-resolution TEM
images of as-synthesized CoO/Co, sNiy sFe,O4 nanoparticles, where
shell nanograins are highlighted.
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FIG. 3. (a) Bright-field and (b) dark-field TEM images, (c)
size-distribution histogram and the corresponding lognormal fit, and
(d) high-resolution TEM image of annealed CoO/CogsNigsFe,O4
nanoparticles.

morphology was also observed in other core/shell nanopar-
ticles [25,30].

Figure 4 shows the ZFC and FC magnetization curves for
as-produced nanoparticles, measured applying a field of 50 Oe.
Above 270 K the magnetization presents a reversible behavior
compatible with the superparamagnetic regime, while at
lower temperatures the ZFC-FC curves split according to the
progressive blocking of the nanoparticles’ magnetic moments.
The FC curve increases monotonically when the temperature
decreases, while the ZFC curve presents a maximum at
T ~ 100 K. In addition, a remarkable enhancement of the
ZFC magnetization is observed for T < 15 K. From the
magnetization curves, the energy-barrier distribution f(7p)
was calculated according to f(Tp) %% [31-33].
The mean blocking temperature of as-synthesized nanopar-
ticles, (Tg) =49 K, was obtained by fitting f(7p) with a
lognormal function, as shown in the inset of Fig. 4(a). With
the aim of studying the dynamics of the magnetic moment,
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FIG. 4. (a) ZFC and FC dc magnetization curves measured at
H = 50 Oe [the inset shows the energy-barrier distribution f(7) and
the corresponding lognormal fit used to estimate (7)] and (b) the real
(x”) component of the ac susceptibility measured with H,. = 10 Oe at
selected frequencies (the inset shows a detail of the low-temperature
peak) for as-synthesized CoO/Coy sNiy sFe, O, nanoparticles.

ac susceptibility measurements were performed at different
frequencies. Figure 4(b) shows the real x’ component of the
ac susceptibility for representative frequencies, measured with
H,. = 10 Oe. The relevant characteristic of these measure-
ments is the presence of two peaks, located at low and high
temperatures, with distinct frequency dependence, suggesting
adifferent origin for each maximum. While the x’ maximum at
T ~ 3 Kisslightly frequency dependent, the high-temperature
peak is located at about 125 K for f = 10 Hz and shifts to about
160 K when the frequency increases to 10 kHz.

The magnetic behavior of the annealed sample is, to some
extent, different. Figure 5 shows the temperature dependence
of the dc and ac magnetization curves measured at 50 and
10 Oe, respectively. A typical change from the superparam-
agnetic to blocked regime is observed in the ZFC and FC
magnetization curves, where the ZFC maximum is located at a
higher temperature (T ~ 175 K) compared with as-produced
particles. In addition, the FC curve shows a flat behavior at
low temperature which evidences the increase of the inter- and
intraparticle interactions when the system is annealed. As in the
previous case, the mean blocking temperature was calculated
by fitting the energy-barrier distribution with a lognormal
function, resulting in (7) = 72 K [inset of Fig. 5(a)]. The ac
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FIG. 5. (a) ZFC and FC dc magnetization curves measured at
H =50 Oe [the inset shows the energy-barrier distribution f(7p)
and the corresponding lognormal fit used to estimate (7)] and (b)
the real (x’) component of the ac susceptibility measured with H,. =

10 Oe at selected frequencies for annealed CoO/Cogs5NigsFe,O4
nanoparticles.

susceptibility of the annealed system shows a single maximum
located at about 210 K for f = 10 Hz that shifts to about
250 K when the frequency increases to 10 kHz, and there is
no evidence of any low-temperature anomaly. Notice that the
single peak of the annealed sample, associated with the block-
ing of the nanoparticles’ magnetic moment, is broader and is
shifted ~100 K to higher temperatures compared with the as-
synthesized system. The larger size dispersion and the presence
of enhanced particle interactions, in agreement with the obser-
vation of a higher blocking temperature and the FC magneti-
zation behavior, are responsible for such a marked difference.

The blocking process and the collective behavior mani-
fested in the dynamic measurements can be elucidated by
analyzing their frequency dependence. The strong frequency
dependence of the high-temperature maximum observed for
both samples is consistent with a thermally activated hopping
of the nanoparticles’ magnetic moment over the energy barrier
E,. However, unphysical results were obtained from the fitting
with the simple Arrhenius law v = toexp(E,/kpT), where
T =1/f and 19 is the characteristic relaxation time of the
system. For the as-synthesized sample E,/kp = 3744 K and
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FIG. 6. (a) Frequency dependence of the high-temperature max-
imum for as-synthesized and annealed nanoparticles. The solid lines
correspond to the fit of the experimental data with the Vogel-Fulcher
law, Eq. (1). (b) Frequency dependence of the low-temperature
maximum for as-synthesized nanoparticles and the corresponding
fit with the power law, Eq. (2).

70=8x10"1 s were calculated, where 1, is at least three
orders of magnitude lower than that expected for ferrimagnetic
systems [34], and the parameters obtained for the annealed
sample are even farther away from being realistic: E,/ kg =

PHYSICAL REVIEW B 94, 054432 (2016)

9447 K and 79 = 5x 1072! s. This behavior evidences the pres-
ence of interactions that affect the relaxation process. There-
fore, the frequency dependence of the high-temperature max-
ima were fitted with a phenomenological Vogel-Fulcher law:

EA/k
T = 19 exp <—TA—/ 75:)), (1)

where Ty accounts for the weak or moderate effective
interactions  between the nanoparticles’  magnetic
moments [35,36]. Figure 6 shows the high-temperature
peaks of both samples as a function of the normalized
temperature 7y with the corresponding fitting curve. The
parameters obtained from the fitting, reported in Table II, are
consistent with the thermally activated process of interacting
magnetic moments. The larger Ty and E 4 / kg values found for
the annealed sample are in agreement with the enhancement of
the interactions that affect not only 7Tj but also the relaxation
time and the energy barrier itself. From the adjusted parameters
the expected Mzgc peak for the measuring time ¢t = 100 s can
be obtained. The calculation leads to 105 and 191 K for the
as-synthesized and the annealed samples, respectively, close
to the maxima of the dc magnetization curves, confirming
good agreement between both measurements.

The frequency dependence of the low-temperature peak for
as-synthesized nanoparticles shows, in contrast, a much slower
dynamics. As a consequence, neither Arrhenius’s law nor the
Vogel-Fulcher law yields physically reasonable results, and
the dynamic behavior of the magnetic susceptibility in this
range of temperature would not be associated with a thermally
activated process of individual or weakly interacting particle
moments. Instead, a collective freezing mechanism, with a
standard critical slowing-down dependence [37], should be
the origin of the low-temperature peak that follows a power

law according to
L) @
T=T1 ,
N1 -1,

where T, is the static freezing temperature, v is the critical
exponent of the correlation length, and z is the dynamic expo-
nent. From the fitting using Eq. (2) we obtained T, = 3.0 K,
zv = 6.6,and 7o = 1.3x 1078 s. While zv is in agreement with
the usual values found for the critical exponent of spin glasses
(zv = 6-9), the relaxation time seems to be larger, although
it is in agreement with the values reported for some cluster
spin-glass and superspin-glass systems [38—43].

The frequency and temperature dependence of the mag-
netization for as-produced nanoparticles gives an overall
picture of the core/shell system: the magnetic moments of the

TABLE II. Summary results of the dc and ac measurements: mean blocking temperature (7p), coercivity at 10 K H¢, exchange-bias field
at 10 K Hgp, and parameters calculated from the Vogel-Fulcher model for the high-temperature x’ peaks and from the power-law model for

the low-temperature x’ peaks.

Vogel-Fulcher (high T')

Power law (low T)

(Tg) Hc Hgp To To E/kg To T,
Co0O/Nig 5Cop sFe,04 (K) (kOe) (kOe) () (K) (K) (s (K) v
As synthesized 49 5.5 0.8 1.3x1071 40(12) 1933(23) 8.5x1078 3.0(1) 6.6(1)
Annealed 72 14.6 2.3 1.7x10712 112(23) 2514(40)
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interacting nanoaggregates of spins that constitute the highly
disordered ferrimagnetic shell are superparamagnetic at room
temperature and block at (Tp) = 49 K. When the temperature
decreases, the thermal fluctuations slow down, the short-range
magnetic correlations increase, and the magnetic moments of
the nanoaggregates of the shell randomly freeze at T ~ 3 K.
In the case of the annealed sample, the thermal stability of the
magnetic moment increases, and as a consequence, the block-
ing temperature is almost doubled. The blocking temperature
can be compared with the reported values for Ni-substituted
cobalt ferrite single-phase nanoparticles. Maaz et al. found a
Mzrc maximum at around 170 K for 12-nm Cog 7Nig3Fe; 04
nanoparticles [44], and a Mzpc maximum of around 120 K
was observed for (6.6 &= 1.0)-nm Cog 4o Nig s¢Fe>O4 nanopar-
ticles [45], reflecting the increased thermal stability of our
system, where the average ferrite shell thickness is ~1.5 nm.
The enhancement of the thermal stability of the core/shell
system compared to a spinel single-phase nanoparticle is
associated with the interfacial AFM/FiM exchange couplings,
which, in the annealed system, are stronger as a consequence
of the increasing degree of crystalline order of the CoO
phase, as shown by the XRD experiments. Even if these
experimental results sketch the dynamics of the nanoparticle
magnetic moments, they do not provide details of the role
of the intraparticle interactions. Therefore, with the aim of
elucidating the role of the AFM/FiM coupling, the field
dependence of the magnetization was investigated.

From the ZFC and FC hysteresis loops presented in Fig. 7
(the latter measured after cooling the sample from 320 K at an
applied field of 10 kOe), the coercivity He = (HS — H;)/2

PHYSICAL REVIEW B 94, 054432 (2016)

and exchange bias shift Hgp = (HgL + H;)/2 were calcu-
lated. Several interesting features can be noted from the loops.
The most noticeable one is the enhancement of the coercive
field when the sample is annealed: at 10 K, He ~ 5.5 kOe
and ~14.6 kOe for as-prepared and annealed nanoparticles,
respectively. The enhancement of H¢ in the annealed sample is
even more evident when it is compared with Cog 5Nig sFe; 04
single-phase nanoparticles, whose H¢ is, for example, ~6
and ~12 kOe for 7.6- and 22-nm nanoparticles [46,47],
respectively. While the coercivity of annealed nanoparticles
increases monotonically as the temperature is decreased, H¢
diminishes below 14 K for as-synthesized nanoparticles, as
shown in Fig. 8. Nonmonotonous dependence of the coercive
field could be associated with the magnetic frustration due to
the increase in the magnetic correlation of surface spins or due
to intra- or interparticle interactions [38,48—50]. Both samples
present exchange-bias field, consistent with the presence of
interface exchange coupling between the hard-AFM and the
soft-FiM phases. However, the exchange-bias field is almost
3 times higher for the annealed sample. It is worth noting
that, although in ideal systems the exchange-bias properties
are expected to be observed up to the Néel temperature, in
many nanostructures the effect disappears at temperatures
much lower than Ty [51]. Finite-size effects, associated with
the decrease of the anisotropy energy of the CoO, could be
responsible for such an effect; in fact, if the core is small
enough, the AFM anisotropy could fail to pin the FiM spins
either as aresult of its superparamagnetic relaxation or because
the magnetic moments are reversed by the rotation of the FiM
moment itself [52]. On the other hand, the interactions modify

30 | As-synthesized 30} Annealed
ZFC ZFC
15} 15}
0 0
—— 5K
-15¢¢ ——20K |-15}
~  la ——50K s
2-30¢ 100K |-30¢
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15} 15¢
0 0
-15¢ -15¢
-30t® ——ZFC | -30} ——ZFC
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FIG. 7. ZFC hysteresis cycles
Co0/Nig 5Cog sFe, 0, nanoparticles.

for several temperatures and FC hysteresis curves at 10 K for as-synthesized and annealed
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FIG. 8. Temperature dependence of the coercive field Hc, the
exchange-bias field Hgg, and the saturation magnetization My for
as-synthesized and annealed CoO/Nij5Coy sFe, O, nanoparticles.

the energy-barrier distribution [31] f(Tp), which strongly
depends on the interface quality and the interface exchange
coupling. Therefore, although the nanoparticle system presents
a narrow size distribution, f(7Tg) is expected to be wider in bi-
magnetic nanoparticles due to local variations of the anisotropy
and interface interactions and the possibility of core-shell
intermixing [53]. As a consequence, H¢ and H g are observed
up to much higher temperatures than (7g), i.e., 100 and 150
K for the as-synthesized and annealed particles, respectively.
The possibility of core-shell interdiffusion in the annealed
sample [19,53], suggested by the large dispersion of energy
barriers, could be an important factor to control the magnitude
of Hgp and Hc. In this sense, further systematic studies of the
interface composition in as-synthesized and annealed samples
are needed to clarify such a still scarcely studied feature of
bimagnetic heterostructures. Finally, notice that the saturation
magnetization Mg of the as-synthesized sample presents an
important increase as the temperature diminishes, while M
of the annealed sample remains almost unchanged.

The larger Hgp values for the annealed sample indicate
a stronger pinning action exerted by the AFM phase on the
moments of the FiM one. This is due to the increase of
the anisotropy with the increase of CoO crystallinity after
annealing, but the enhancement of the coercive field also
demonstrates that a fraction of the spins belonging to the

PHYSICAL REVIEW B 94, 054432 (2016)

AFM core can be dragged by the FiM shell. These effects
are barely noticeable in the as-prepared samples due to
lower crystallinity of CoO, with the consequent lower density
of exchange interaction bonds through the FiM/AFM inter-
face. Therefore, the magnetic behavior of the as-synthesized
sample is similar to that observed in hollow ferrimagnetic
nanoparticles, where the shell is formed by superparamagnetic
interacting nanocrystals. The interplay between the interacting
shell nanocrystals and the intrinsic disorder of this system,
due to the magnetic and crystalline disorder and different
orientations of anisotropy axes of the shell nanocrystals, leads
to frustration and development of collective freezing at low
temperatures [40,54].

IV. CONCLUSIONS

It was shown that the surface and crystalline order/disorder
determine the static and dynamic behavior of bimagnetic
CoO-core/Cog sNig sFe;O4-shell nanoparticles. The disorder
degree, and, consequently, the magnetic properties of the
nanoparticles systems under investigation, can be controlled
by thermal treatments. At room temperature, the core/shell
nanoparticles show a superparamagnetic behavior. The
magnetic moment of the annealed sample is 50% larger than
that of the as-synthesized sample, evidencing an important
fraction of magnetically disordered FiM shell in the latter one.
When the temperature decreases, the magnetic moments of as-
synthesized nanoparticles progressively block, the magnetic
correlation increases, and the system freezes into a superspin-
glass state at very low temperature. The blocking of interacting
particle moments and the collective freezing were well evi-
denced by the thermal activation process and critical slowing-
down behavior, respectively, determined by dynamic ac
susceptibility measurements. On the other hand, the AFM/FiM
interface coupling was confirmed by the presence of exchange
bias. The interface coupling is reinforced for the annealed
sample due to the increase of the density of exchange bonds
at the interface as a consequence of the increased degree of
crystalline order in CoO. Annealed CoO/Coy 5Ni sFe,O4 thus
has larger values of coercive fields and exchange bias fields
[Hc(10K) ~ 14.6 kOe, Hgp(10K) ~ 2.3 kOe] compared
with single-phase counterparts. Notice that even if from a basic
crystalline and morphological characterization both samples
exhibit similar size, morphology, and crystalline phases,
the magnetic behavior of the as-synthesized nanoparticles
resembles that reported for hollow ferrites, in which the large
surface disorder governs the magnetic properties, while the
behavior of the annealed system is driven by the AFM/FiM
interface coupling.
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