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Shell-Driven Magnetic Stability in Core-Shell Nanoparticles
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The magnetic properties of ferromagnetic-antiferromagnetic Co-CoO core-shell nanoparticles are
investigated as a function of the in-plane coverage density from 3.5% to 15%. The superparamagnetic
blocking temperature, the coercivity, and the bias field radically increase with increasing coverage. This
behavior cannot be attributed to the overall interactions between cores. Rather, it can be semiquantita-
tively understood by assuming that the shells of isolated core-shell nanoparticles have strongly degraded
magnetic properties, which are rapidly recovered as nanoparticles come into contact.
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Interest in ferromagnetic (FM) nanoparticles has been
steadily increasing in recent years catalyzed by their rap-
idly expanding areas of potential application, ranging from
ultrahigh density recording media to medicine [1,2]. Below
a certain critical size, FM nanoparticles become superpar-
amagnetic above the blocking temperature, 75" . The need
for T5° to be above room temperature constitutes the
superparamagnetic limit in magnetic recording media [3].
Besides this size effect, the nanoparticle behavior is influ-
enced by the proximity of neighboring particles. As the
nanoparticle density is progressively increased, dipolar
interparticle interactions lead to the appearance of collec-
tive behaviors [4,5], i.e., the particle moments no longer
switch independently [6,7]. Additionally, above a critical
density there is a tendency for the nanoparticles to co-
alesce, forming larger aggregates [8,9].

The existence of correlated magnetic states and the
occurrence of clustering are undesirable for recording. To
reduce these effects, metallic nanoparticles are commonly
protected by a native oxide shell. Although most of the
native oxide shells of transition metals (Fe, Co, Ni) are
either antiferromagnetic or ferrimagnetic, their magnetic
effects on the FM metallic core have either been neglected
or reported to be effective only at low temperatures
[10,11]. For example, exchange bias [12], typical of FM-
AFM coupling, has been usually observed far below room
temperature [11,13] and, close to room temperature, the
shell has been traditionally claimed to constitute only a
barrier against coalescence.

In the present study, core-shell nanoparticles (Co-CoO:
FM-AFM) are examined for coverage densities in which
dipolar interactions are not expected to dominate the mag-
netic behavior. The coercivity, the bias field, and the mag-
netic stability are drastically enhanced as the nanoparticle
concentration increases. This unexpected behavior is sug-
gested to originate from the “‘recovery’ of the shell mag-
netic properties when the shells are no longer isolated but
come into contact.
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PACS numbers: 75.75.+a, 75.30.Et, 75.50.Ee

The sample growth has been described in detail in
Ref. [14]. In short, Co-CoO core-shell nanoparticles, em-
bedded in an Al,O; matrix, were prepared as pseudo-
multilayers. The thickness of the Al,O; matrix layers
was kept at 15 nm, i.e., large enough to avoid dipolar
interactions between the Co-CoO nanoparticle layers.
The nanoparticles (core + shell) have an average diameter
Deorershell = Peore T 2tghenn = 6 nm,  with £y = 1 nm
and @, = 4 nm. Three samples, labeled S, S,, and S5,
corresponding to coverage densities of 3.5%, 5.5%, and
15% in terms of ferromagnetic cores (or 8%, 13%, and
33% in terms of cores + shells) were prepared by control-
ling the nanoparticle deposition time. A “fully dense”
sample, which contained no Al,O; matrix layer, labeled
Sp, was also grown to serve as a reference.

As seen in Fig. 1, TlsgP [obtained from the maximum in
myrc(T)], which is 5 K for S, reaches 220 K for sample
S3. Similarly, the coercive field, H., and the exchange
bias field, Hg, of field cooled samples are much larger
for sample S5 than for S [see Fig. 2(a) and 2(b)]: at 2 K,
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FIG. 1. Temperature dependence of the field cooled FC

(mgc—open symbols) and zero field cooled ZFC (mzpc—filled
symbols) magnetization for the (a) S; and (b) S; samples at
MoH =5 mT. Shown in the inset of (a) is a low temperature
magnification of the magnetization. The superparamagnetic
blocking temperature, T3F, is indicated by an arrow. The lines
are guides to the eye.
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FIG. 2. Field cooled (FC), in u,Hgc =5 T, and zero field
cooled (ZFC) hysteresis loops for (a) S| (at 7 =3 K) and
(b) S5 (at T = 10 K) samples. Temperature dependence of the
coercivity, u,Hc, and exchange bias, u,Hp, for (c) S; and
(d) S5 samples. The exchange-bias blocking temperature, 755,
is indicated by an arrow. The lines are guides to the eye.

MmoHe =38 mT and u,Hg = 0.8 mT, for sample S,
while u,H- = 187 mT and u,Hg = 367 mT for sample
S3. Correspondingly, the exchange-bias field blocking tem-
perature, TEB (i.e., the temperature at which Hz = 0 upon
heating) raises for increasing density, from 758 = 5 K in
S; to TEB =200 K in S; [see Fig. 2(c) and 2(d)]. Al-
together, p,He, s Hg, TEE, and T3 are found to increase
considerably with the nanoparticle density [Fig. 3(a) and
3(b)]. This radical dependence of the magnetic behaviors
on the nanoparticle coverage indicates that an enhance-
ment in the barrier against reversal occurs as the coverage
density is increased, even modestly.

For a nanoparticle with @ .. = 4 nm and anisotropy
Kco(fee) = 8 X 10* J/m? the calculated T5F = KV/25ky
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FIG. 3. Dependence of (a) the superparamagnetic and
exchange-bias blocking temperatures, 73" and TEP and (b) the
coercivity, u,Hc, and exchange bias, u,Hg, on the in-plane
nanoparticle density. The lines are guides to the eye. Note the
break in the x axes.

(where V is the volume) should be about 6 K. This T5"
value is of the order of magnitude of the experimental
T5P = 5 K in the most diluted sample, S;.

Classically, the drastic increase in 75" and exchange-
bias properties would be simply attributed to interparticle
dipolar interactions. As the core concentration increases
from 3.5% to 15%, and the interparticle dipolar interac-
tions develop, the present system is expected to evolve
from the superparamagnetic state to the superspin glass
state [6,7]. At such particle concentrations, which are much
below the percolation limit [15], comparison with the
existing literature indicates that the expected T3' is typi-
cally below 50 K. In view of obtaining a more quantitative
estimate of the expected T3, it is meaningful to compare
the present data to those obtained for the Co-SiO, system
by Nunes et al. [16]. These authors developed a quantita-
tive phenomenological analysis of the magnetic behavior
of nanoparticle assemblies, which is derived from the well-
known random anisotropy model [17]. Scaling their results
to the particle size and densities of the present Co-CoO
system leads to a predicted T5° which increases from 5 K
in S| to 35 K in sample S3. Such T3' values are close to
those derived theoretically from Monte-Carlo simulations
[18]; however, they are much weaker than the experimental
T3P values. It can thus be concluded that dipolar interac-
tions cannot constitute the main cause for the observed
increase in T5F.

Similarly, considering the extremely short-range char-
acter of exchange interactions and the fact that the cores
are isolated by at least twice the shell thickness, the pos-
sible coupling of Co cores through such interactions can
also be ruled out.

Since neither dipolar interactions nor exchange interac-
tions can be invoked, we are led to consider the possible
influence of the CoO shell in stabilizing the core moments.
In Refs. [14,19] we showed that the Co FM cores were
stabilized by interactions with an AFM CoO matrix. In
particular, the derived energy barrier, using Kc,o = 2.7 X
107 J/m3 [20], becomes AE = 0.17 X 1072 J/m? [14,19],
which under the usual assumption that AE = 25k,zT5Y,
leads to T5° = 290 K.

In this analysis it is implicitly assumed that the CoO
moments are fixed and not thermally activated. This is
justified since, due to the very strong anisotropy of
CoO, 1 nm thick CoO shells should be stable up to
their Néel temperature, 7x(CoO)= 290 K (namely,
KcooVinen/25kg > Ty). Consequently, core-shell cou-
pling should stabilize the Co FM core moment for an
isolated Co-CoO nanoparticle as it does for a Co nano-
particle embedded in a continuous CoO matrix [14]. This
disagrees with experimental observations, suggesting that
the magnetic properties of the AFM CoO shell differ from
the properties of bulk CoO.

The proposed degradation of the CoO shell magnetic
properties at small thickness is reminiscent to the well-
known fact that in CoO thin films the ordering temperature
decreases drastically below 1 nm [21] and the CoO anisot-
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ropy is concomitantly reduced. Similar effects are ob-
served in CoO nanoparticles [22,23]. In the present case,
tanen 18 precisely in the range where the drop in the CoO Ty
occurs. The value of Ty constitutes an upper limit for that
of T3" (shell). Consequently the CoO shell covering an
isolated Co-CoO nanoparticle cannot induce the huge in-
crease in T3° (core) occurring for Co nanoparticles em-
bedded in a CoO matrix.

As the nanoparticle concentration is increased, shells
may come into contact and, when this occurs, the CoO
thickness is expected to be locally increased to about 2 nm
[see inset in Fig. 3(a)]. When this happens, the CoO bulk
antiferromagnetic properties and thus the interfacial cou-
pling are expected to be locally recovered. Consequently,
an increase in the blocking temperature, AT, will occur.
Note that when AFM oxide nanoparticles come into con-
tact, the magnetic correlation is known to increase [24].
Moreover, isolated Co-CoO core-shell nanoparticles with
tgen ~ 3.2 nm have been reported to exhibit moderate
exchange bias and to be stable up to 170 K, while when
taen ~ 1 nm no exchange bias has been observed [25].

To reach a more quantitative understanding of this ef-
fect, we assume that, for a given particle, the recovered
area and the associated increase in the blocking tempera-
ture are proportional to the number of particles, n., which
are in contact with it. Denoting B the recovered fraction
resulting from the contact between two particles, the total
recovered fraction amounts to n.B with the condition
n.B = 1. Thus, AT (n.) = n.8290 (K). In view of ap-
plying the model to nanoparticle assemblies, the probabil-
ity that a given nanoparticle is in contact with n, other
nanoparticles has been evaluated by modeling the system
as a 2D random packing of hard spheres, following
Philipse’s model [26]. The positions of the spheres in the
Philipse’s model constitute sites, of which the occupancy
probability p is equal to n,/Nr, where n,, is the experi-
mental core + shell in-plane coverage density—e.g.,
0.29 X 10'6 particles/m? for S;—and Ny is the density
of available sites (taking into account that 0.84 is the
maximum possible density), which amounts to 0.74 X
10'6 particles/m? for 6 nm spheres. The occupancy proba-
bility ranges from p = 0.1 (S;) to p = 0.39 (S3). More-
over, to take into account that the coverage is only partial
and hence the spheres do not interfere strongly, the maxi-
mum number of nearest neighbor spheres was taken as 4,
rather than 3.35 as in Philipse’s model. The probability,
P(n,.), for a given nanoparticle to be in contact with n,
(n, = 0 to 4) neighboring nanoparticles is then given by
simple statistics (Table I). For S| (p = 0.1) and S, (p =
0.15), most of the nanoparticles are isolated. However, for
S3 (p = 0.39), the number of nanoparticles with one or
more neighbors becomes larger than the number of isolated
particles.

In view of comparing these calculations to experimental
results, a single layer sample, adequate for TEM analysis,
was prepared with an expected in-plane particle density

identical to S;. Over a surface area of 1.55 X 10° nm?, 147
particles were found, including 4 couples and 1 triplet. This
corresponds to 11/147 = 7.5 (2.8)% of the particles not
being isolated. Within statistical error, this agrees with the
value 11% that would be expected from statistics within
the Phillipse’s model.

It may be thought that the AT5F(n,) values in the present
samples may be deduced directly from the P(n.) values
listed in Table I. However, in order to describe the blocking
of the moments for such nanoparticle assemblies, the
dipolar interactions created by the fraction of blocked
particles on otherwise superparamagnetic particles in con-
tact with them must be considered in addition to the pure
thermal activation effects. Assuming simple dipolar inter-
actions, the magnetic field, By, created by a blocked
particle on the n,. neighboring particles, is evaluated to be
0.042 T. Considering that the particle magnetic moment
amounts to 5300, this is equivalent to 150 K. Hence, the
associated value of the parameter x in the Langevin or
Brillouin function of the superparamagnetic particle is
close to 1 for the present experimental conditions; conse-
quently, the particle moment becomes substantially mag-
netized under the effect of this field [27]. This implies that
a superparamagnetic nanoparticle in contact with a
blocked one will become polarized under the effect of
the dipolar field of the later one [27] (note that this is not
rigorously true for 7 = 290 K, but is of no importance for
the present discussion since the highest considered block-
ing temperature amounts to 200 K). This polarization
effect will propagate further to next neighbors, but due to
incomplete magnetization it will be damped rapidly. This
effect may be described as dipolar-enhanced blocking.

As it becomes clear from the experimental data,
ATSP(n,.) may be semiquantitatively explained when it is
assumed that the magnetic properties are fully recovered
for particles for which n. = 4. This implies that 8 = 0.25.
With this B value, AT3P(n.) for a given nanoparticle
amounts to 72 K, 150 K, 215 K, and 285 K for n, = 1,
2, 3, and 4, respectively, (the associated T3 values are 5 K
higher). In S5, the moments of the 2.3% fraction of n. = 4
particles freeze at 290 K. The number of particles which
become polarized at 290 K under the effect of By
amounts approximately to 3.85 X 2.3% = 8.9% [28].
Similarly, the moments of the 14.5% fraction of particles
with 3 neighbors freeze at 220 K and 2 X 14.5% = 29%
[28] become magnetized at 220 K under By,. Thus, an
additional 44% of the particles become blocked at this

TABLE 1. Probability P(n.) for a given particle to be in
contact with n, (n. = 0—4) other particles
P(n,)
Sample 0 1 2 3 4
S; (p=0.1) 0.656 0292 0.049 0.004 0
S, (p=0.15 0520 0368 0.098 0.012  0.001
S3(p=039 0140 0354 0340 0.145 0.023
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temperature. The actual value should be slightly higher due
to the next-nearest-neighbors extension of the polarization.
Hence, the blocking of the n, = 3 particles determines the
experimental value of 75" in this sample at 75 = 220 K.
Applying this approach to S, leads to 73" = 77 K. For S,
since most of the particles are isolated and considering the
strong susceptibility increase at low temperature, the ex-
pected T5° would be T3 = 5 K.

Although this model presents a first order approximation
to the present phenomenon and, in particular, dipolar in-
teractions are neglected between particles which are not in
direct contact, the experimental TE,P values are in rather
good agreement with the values predicted. Moreover, this
model also explains the unusual shape of the hysteresis
loops (i.e., constricted loops around H = 0) observed ex-
perimentally [Fig. 2(a) and 2(b)], which can be ascribed to
the nanoparticles with no neighbors that should remain
superparamagnetic down to low temperatures. Note that
for the fully dense sample, since all the nanoparticles are
surrounded by several other nanoparticles, no constriction
in the loop is observed [14]. Other effects such as the
scatter in T3°, w,Hg, and u,Hc values found in the
literature [11,13,14,19,25,29-39] could also be accounted
for. Although part of the spread in results arises from the
diverse @ . and ty,, distinctive growth methods should
render dissimilar packing of the nanoparticles, which,
according to the above discussion, should result in a range
of values for 757, u,Hp, and u,He.

In conclusion, we have demonstrated that the magnetic
properties of FM-AFM core-shell (Co-CoO) nanoparticles
depend strongly on the in-plane coverage, even in the
diluted regime (less than 25% coverage in terms of ferro-
magnetic cores). This small increase in in-plane density
brings about a 40-fold, 50-fold, and 400-fold increase in
T3P, woHe, and p,Hp, respectively. The reported results
demonstrate the essential role played by the shells in
stabilizing the magnetism of core-shell nanoparticles.
Actually, shell mediated interactions may hold the key
for the applicability of future recording media based on
single nanoparticles protected by either a native oxide [10]
or artificial shells [40,41], due to induced correlated mag-
netic states.
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