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Superspin glass originating from dipolar interaction with controlled interparticle distance among
γ -Fe2O3 nanoparticles with silica shells
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γ -Fe2O3/SiO2 core-shell nanoparticles with different shell thicknesses were prepared to elucidate the condition
for superspin-glass (SSG) dynamics. As the shell thickness decreases, the contribution of interparticle dipolar
interaction becomes apparent in the magnetic dynamics of nanoparticle assembly. The frequency dependence of
peaks in ac-magnetic susceptibility in samples with strong interactions slows down, which is characterized as the
emergence of a spin-glasslike phase. Aging in magnetization relaxation is found in a strongly interacting sample
with an interparticle distance of L � 14 nm but is scarce in a sample with L = 18 nm. Scaling analysis reveals
an increase in superparamagnetic properties with an increase in L. Therefore the critical interparticle distance
necessary for SSG transition is 15–18 nm with 11-nm γ -Fe2O3 nanoparticles. This corresponds to the ratio of
interparticle-interaction energy to the magnetic-anisotropy energy Edip/Ea of 6–12%.
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I. INTRODUCTION

Single-domain magnetic nanoparticles called superspins
have attracted a great deal of attention for the last few
decades as promising materials for ultrahigh density-magnetic
recording, e.g., patterned media.1 In such an application
single-domain magnetic islands, i.e., magnetic dipoles or
superspins, are used as recording bits, and thus individually
responding magnetic bits are required. However, it is difficult
to satisfy this requirement in the dense magnetic-nanoparticle
system because the dipolar interaction becomes very strong
as the particle concentration increases. In such a strongly
interacting nanoparticle system, collective phenomena have
been reported.2

In a very dilute magnetic nanoparticle system the magnetic
dynamics in the superparamagnetic framework can be well
explained in terms of the Néel-Brown expression,3 as follows:

τ = τ0 exp

[
Ea

kBT

]
, (1)

where the flipping time τ of the magnetic moment of a nanopar-
ticle is governed by its anisotropy energy Ea and a given
temperature T, where τ 0 is on the order of 10−9–10−12 s and
kB is the Boltzmann constant. In the high-temperature regime
Ea � kBT , the magnetic moments of the nanoparticles
thermally fluctuate, and the magnetic behaviors coincide with
Curie’s law. On the other hand, with decreasing temperature,
the magnetic moment of a nanoparticle is fixed along its
easy axis as the anisotropy-energy barrier cannot be ther-
mally exceeded. Because of this blocking phenomenon the
superparamagnetic magnetization exhibits a peak at a certain
temperature Tpeak, below which it decreases as the temperature
decreases. Tpeak is the characteristic temperature below which
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the system changes from the paramagnetic state to the blocked
state, and it is related to the blocking temperature as follows:

TB = Ea

kB ln(τ/τ0)
. (2)

In concentrated particle systems the particles’ magnetic be-
havior is significantly influenced by interparticle interactions.
The magnetic behavior of such systems has been actively
studied using a frozen state of ferrofluid where magnetic
particles are dispersed in carrier liquids and affected by
the dipolar interaction. There have been many reports that
the anisotropic-energy barrier in interacting particle systems
increases with interparticle interaction, and that the blocking
temperature is higher than that in an isolated particle system.4,5

In 1988 Dormann et al.6 proposed a model in which the
interaction energy Eint is added to the energy barrier Ea in the
expression of superparamagnetic relaxation time τ as follows:

τ = τ0 exp

[
Ea + Eint

kBT

]
. (3)

This model is called the Dormann-Bessais-Fiorani model
(DBF model).

On the other hand, the Mössbauer spectroscopy study of
weakly interacting γ -Fe2O3 nanoparticles7 showed that the
relaxation time decreases as the interparticle-interaction in-
creases. Mørup et al.8 explained this experimental observation
using a model in which the effective energy barrier decreases
with increasing interaction energy at low temperatures within
a weakly interacting region [Mørup-Tronc (MT) model].

Many studies show that a highly concentrated nanoparticle
assembly exhibits a phase transition from a superparamagnetic
state to a collective state at low temperature.9,10 This magnetic
phase is caused by the frustration of interparticle interaction
that is induced by randomness in particle positions and
anisotropy-axes orientations. This state is called superspin
glass (SSG)11 based on an analogy with spin glass in the
magnetic state characterized by randomness and frustration,
as observed in dilute magnetic alloys, e.g., AuFe,12 AgMn,13

and CuMn.14 SSG exhibits slow dynamics at low temperatures

224423-11098-0121/2011/83(22)/224423(9) Published by the American Physical Society

http://dx.doi.org/10.1103/PhysRevB.83.224423
http://creativecommons.org/licenses/by/3.0/


KOSUKE HIROI, KATSUYOSHI KOMATSU, AND TETSUYA SATO PHYSICAL REVIEW B 83, 224423 (2011)

that are similar to the dynamics of spin glasses, i.e., aging
phenomena,15 memory effect, and weak rejuvenation.16,17 In
the dense nanoparticle systems used in the study of SSG, i.e.,
frozen-concentrated ferrofluid18 and some granular films,19

the interparticle distance and particle geometry are completely
random, and there is a possibility of particle agglomeration.
This makes estimating the interparticle distance and thus the
strength of dipolar interaction difficult. For these reasons
the origin of spin-glasslike phenomena in SSG has not been
clearly understood.

Recently, with progress in the development of a method
to chemically synthesize nanostructured materials, there have
been many reports on core-shell nanostructures coated with
uniform shells.20,21 As a result, we can prepare magnetic
particles with nonmagnetic shells with controlled thickness
and thus assemble nanoparticles with a controlled interparticle
distance through a bottom-up approach. In the present study
we prepared silica-coated magnetic nanoparticles to make
assemblies of magnetic nanoparticles whose interparticle
distance could be systematically controlled. In such
nanocomposites (NC), particle agglomeration is perfectly
prevented, and the dipolar interaction can be directly
evaluated through the silica-shell thickness. We used γ -Fe2O3

nanoparticles for which glassy behavior has been reported
at low temperatures in concentrated colloidal dispersions.15

To observe SSG behaviors we performed dynamic-scaling
analysis based on the real part of ac magnetization22 and
observed the aging phenomena that are characteristic of SSG
using the zero-field-cooling (ZFC) protocol.23

II. EXPERIMENTAL PROCEDURE

A synthetic method of monodispersed nanoparticles of
γ -Fe2O3 capped with oleic acid is described in Hyeon
et al. (2001).24 We performed silica coating of the synthesized
nanoparticles by reverse microemulsion.25 Figure 1(a) shows
a transmission electron microscopy (TEM) image of γ -Fe2O3

FIG. 1. (a) TEM images of γ -Fe2O3 NPs (Dave = 11 nm),
(b) NCs with L = 18 nm, (c) L = 26 nm, and (d) L = 34 nm.

TABLE I. Interparticle distance in each sample.

Sample name L12 L14 L18 L26 L30 L34 L47

L [nm] 12 14 18 26 30 34 47

nanoparticles. The fitting of the diameter histogram to a
lognormal-distribution function yields the average diameter
Dave of 11 nm and the volume distribution σ V of 0.24. We
prepared γ -Fe2O3/SiO2 NCs with various SiO2-shell thick-
nesses [Figs. 1(b)–1(d)]. Table I shows the correspondence
list of sample names and the interparticle distances of each
sample. We realized seven kinds of interparticle distances
among six kinds of NC samples and nanoparticles without
SiO2 shells that were capped with only oleic acid. In the
samples for magnetic measurement the magnetic particles
were aggregated and in a nearly closed-packed structure,
so the interparticle distance was intrinsically determined
based on the thicknesses of the SiO2 shell or oleic-acid
layer. All measurements were performed using a commercial,
superconducting quantum-interference device magnetometer
(Quantum Design, MPMS-XL with ultralow-field option). The
magnetic moment of the single γ -Fe2O3 nanoparticle m =
2.3 × 104 μB was evaluated from the fitting of the magneti-
zation curve of a superparamagnetic sample with the thickest
SiO2 coating (L47) to the Langevin function. This is consistent
with the other reports on the γ -Fe2O3 nanoparticle.26

III. EXPERIMENTAL RESULTS

A. Dc magnetization

Figure 2 shows the temperature-dependent magnetization
of each sample. Magnetizations are normalized with the
value at Tpeak in ZFC magnetization. With increasing the
SiO2-shell thickness of the sample, Tpeak is lowered and
the low-temperature increase in field-cooled (FC) magne-
tization becomes pronounced. These features are observed
in conventional superparamagnetic nanoparticle systems in
which the interparticle interaction is very small. Tpeak rises with
shortening the interparticle distance. In the most concentrated
sample, L12, the low-temperature FC magnetization shows no
increase but rather a slight decrease, which has often been

M
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ak

Temperature [K]

 L=12nm
 L=14nm
 L=18nm
 L=34nm

FIG. 2. (Color online) Temperature-dependent magnetization of
the samples L12, L14, L18, and L34 under ZFC and FC conditions.
All curves are normalized by the value in Tpeak in the ZFC condition.
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FIG. 3. (Color online) Log-log plot of Tpeak in the dc suscepti-
bility as a function of the interparticle distance L. The solid line
indicates the dipole-dipole interaction between magnetic particles.
The dashed lines are the qualitatively explained lines with Eint

= 8Edip and 10Edip. The dashed-dot curves are calculations using
the DBF model (Eint = EdipL[Edip/kBTpeak]) and the MT model
(
∑

j a−6
ij = 20).

observed in other SSG.2 These results are consistent with
many experimental observations that Tpeak shifts toward the
higher temperature because of the influence of interparticle
interaction.4,5

Figure 3 shows log Tpeak as a function of log L. The solid line
represents the strength of dipolar interaction as Tdip = Edip/kB.
The value of Edip between neighboring particles is approxi-

mated as follows:

Edip = μ0m
2

4πL3
, (4)

where m is the magnetic moment of the particle and μ0 is
the permeability of a vacuum. Based on Eq. (4) the slope
of −3 should be observed for Tdip in logarithmic plots. In
Fig. 3 we subsequently pay attention to Tpeak in order from
the sample with long interparticle distance. For L34 and L47
that have very large L, Tpeak for smaller L is low, although the
change is subtle. In samples L18–L30, however, Tpeak slightly
increases with decreasing L. The L dependence of Tpeak is
expressed by Tpeak L−0.6 for L18–L30, which is consistent with
that of the Fe3O4/SiO2 core-shell nanoparticle in Yang et al.
(2009).25 In samples L12 and L14 the L dependence of Tpeak

is very close to that of Tdip as expected in the SSG, as will be
discussed in Sec. IV C. This indicates that the magnetic nature
of L12 and L14 may be categorized as SSG. In the following
paragraphs we classify samples as follows: L12–L18 in the
strongly interacting region, L18–L34 in the weakly interacting
region, and L47 in a superparamagnetic region with negligibly
weak interparticle interaction.

B. Ac-magnetic susceptibility

To investigate magnetic dynamics in more detail, we
measured ac-magnetic susceptibility of samples L12–L18,
which are expected to be very close to SSG according to dc
measurement, in addition to L47, which is supposed to exhibit
superparamagnetism with negligibly weak interaction.

First ac-magnetic susceptibility of the superparamagnetic
sample L47 was measured with a driving field 1 Oe. Figure 4
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FIG. 4. (Color online) (a) In-phase and (b) out-of-phase ac magnetizations of L47 at frequencies of 1.2, 12.0, 119, and 1190 Hz.
(c) Arrhenius law fit to ln τ versus 1/Tpeak.
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FIG. 5. (Color online) In-phase ac magnetization of samples (a) L12, (b) L14, and (c) L18 at frequencies of 1.19 kHz, 120 Hz, 12 Hz, and
1.2 Hz.

shows the in-phase and out-of-phase ac-magnetic susceptibil-
ity. The temperatures at which the in-phase and out-of-phase
ac-magnetic susceptibilities exhibit their peaks increase with
increasing frequency. Tpeak in out-of phase ac magnetization
corresponds to the blocking temperature TB.28 Using Eq. (1)
with observation time τ = 1/(2πf ) (f being the measuring
frequency) and TB, the anisotropy energy Ea = 1.4 × 10−20 J
and τ0 = 1.6 × 1010 s is obtained [Fig. 4(c)]. These values
for γ -Fe2O3 nanoparticles are comparable to those in another
report.29

On the other hand the magnetic dynamics of samples
L12–L18 in the strongly interacting region should be close
to that of spin glass. If these samples exhibit glassy dynamics
at low temperatures, the following relation of critical slowing
down would be expected around transition temperature Tc

22:

1

2πf
= τ ∗

[
T AC

peak − Tc

Tc

]−zν

, (5)

where T AC
peak is the temperature at which the in-phase ac-

magnetic susceptibility exhibits its peak, τ ∗ is a relaxation time
of each nanoparticle, and zν is a dynamic-critical exponent.
Figure 5 shows the in-phase ac-magnetic susceptibility for
L12–L18. We determined Tc and zν as fitting parameters based
on the log(1/2πf ) versus T AC

peak plots to obtain the best fit to
Eq. (5). Figure 6 shows the log-log plot of 1/2πf versus
(T AC

peak − Tc)/Tc, from which the parameters were obtained for
L12–L18. The value of zν ∼ 10, which is obtained for all the
samples classified in the strongly interacting region and is very
close to the reported values in the other SSGs.30

C. Magnetic-aging phenomena

To observe glassy dynamics at low temperatures, we
observed the magnetic relaxation below Tc. Such a magnetic-
aging phenomenon of the relaxation rate should be observed
in SSG. In spin glasses, magnetic relaxation measured below
Tc depends on the waiting time before measurement. The
measurement procedure is as follows: The sample is first
cooled to a certain temperature Tob (<Tc) at a constant cooling
rate of 5 K/min in zero field. When the temperature reaches
Tob, the probing field of 1 Oe is applied after the waiting
time tw. Then the inflection point appears in time-dependent
magnetization at a time almost equal to tw.31 This is clearly
visualized as a peak in the relaxation rate S(t) = dM(t)/d
log t. Figure 7 shows the time dependence of S(t). All the
measurements are performed at a sufficiently low temperature
below Tc (∼0.5 Tpeak). For L12 and L14, S(t) clearly exhibits
the waiting-time dependence. However, the aging behavior in
L14 is rather noisy compared with that in L12. Aging behavior
is not observed in L18, even though the obtained critical
exponent is consistent with that of SSG in dynamic-scaling
analysis. These results indicate that clear aging behavior is only
observed in the samples with strong interparticle interactions
with L � 14 nm.

IV. DISCUSSION

A. Superparamagnetic region

Figure 3 shows that in samples L34 and L47, Tpeak in
the ZFC magnetization is scarcely dependent on interparticle
distance. The dipolar-interaction energy in L47 is 1% or less
of anisotropy energy of the γ -Fe2O3 nanoparticle, and thus
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FIG. 6. (Color online) 1/(2π f) versus (Tpeak − Tc)/Tc plotted on log-log scale for (a) L12, (b) L14, and (c) L18.

the contribution of dipolar interaction is negligibly small for
the magnetic dynamics of NC assembly. According to Mamiya
et al.,32 Tpeak is almost proportional to the blocking temperature
TB in the superparamagnetic regime, and the ratio of Tpeak to TB

is almost irrelevant to the measurement time as long as the size
distribution of the particle and the applied field are unchanged.
Therefore Tpeak and TB behave similarly in the superparamag-

netic region. Based on the studies by Mamiya et al., the ratio
of Tpeak to the average blocking temperature 〈TB〉, Tpeak/〈TB〉,
is 1.4–1.5 under the condition of the volume distribution σ V

of 0.24 for the γ -Fe2O3 nanoparticles used in this study. Thus
〈TB〉 of 45 K–48 K is estimated for L47. This corresponds to
Ea = 1.6–1.7 × 10−20 J using Eq. (2), which is consistent with
Ea = 1.4 × 10−20 J obtained by the ac measurement.
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FIG. 7. (Color online) Time dependence of relaxation rate of samples (a) L12, (b) L14, and (c) L18 with waiting times 300 s, 1000 s, and
3000 s.
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B. Weakly interacting region

The changes in Tpeak (∼1.5 TB) for L18–L30, depending
on interparticle distance, are qualitatively consistent with the
DBF model. In this model the spin dynamics are determined
by Eq. (3), in which the interaction energy Eint is effectively
added to the anisotropy energy Ea. By comparing the incre-
ments in anisotropy energy Eint in Eq. (3) with the dipole
interaction energy Edip between neighboring particles, we can
quantitatively explain the shifts of Tpeak using Eint = nEdip

with n = 8–10, as shown in Fig. 3. However, Dormann et al.
define Eint as

Eint ∼ N · EdipL

[
Edip

kBT

]
, (6)

where N is the number of neighboring particles and L[. . .]
is the Langevin function. We cannot quantitatively explain
shifts of Tpeak by the DBF model because the value of the
Langevin function estimated from L[Edip/kBTpeak] is 0.34–
0.055 for L12–L30.

On the other hand Tpeak of L34 is lower than that of L47,
which is not consistent with the DBF model but is consistent
with the MT model,8 in which the blocking temperature
is lowered with increasing the interparticle interaction in
a weakly interacting region. Mørup et al. evaluated the
average square-mean dipolar field 〈H 2

dip〉 caused by surround-
ing particles in a way similar to the method used by van
Vleck33 for a magnetic ion in paramagnetic materials and
obtained

E2
dip = m2 · H 2

dip = 2E2
dip

∑
j

a−6
ij . (7)

The sum of αij depends on the geometrical arrangement
of the particles, and Mørup et al. estimated

∑
j a−6

ij ∼10–20.
The difference of Tpeak between L47 and L34 is consistent
with this model with

∑
j a−6

ij = 20. The lowering of Tpeak

with decreasing L is observed only in L47 and L34. When
the interparticle interaction is further strengthened from L34
to L18, Tpeak increases. This is because the dipolar interaction
is too strong and exceeds the limit of application of the MT
model. Mørup et al. indicate that the model is applicable under
the condition of interparticle interaction β = Edip/kBT � 1.
Using the approximate expression β ∼ Edip/kBTpeak, we can
evaluate β ∼ 0.13 in L34, and β varies from 0.17 to 0.58
among the samples L30–L18. Based on the present result the
MT model is applicable only in a very weak interacting region
of β < 0.13, and the increase in Edip over this range induces
an increase in Tpeak.

C. Strongly interacting region

In a strongly interacting region where magnetic ordering
occurs from the interparticle-dipolar interaction, Tpeak should
be related to the transition temperature Tc, which is related to
Edip as

Tc = a0
Edip

kB

, (8)

where a0 is the parameter that makes the connection between
Tc and Edip.34 Mørup emphasizes that this expression is valid

even in the system with nonuniform-interparticle distance.
Therefore the value of Tc, obtained by dynamic-scaling
analysis, should depend on Edip according to Eq. (6). Using
the values of Tc and Tdip evaluated in the present study,
a0 = 0.86 is obtained. In the recent Monte Carlo simulations35

the relation a0 = (0.96 ± 0.07)x was predicted, where x
is the site occupancy rate, i.e., the probability that a lattice
site is occupied by a dipole. The value of x, estimated
from the dynamic-scaling analysis, is 0.86/0.96 = 0.9. This
indicates that nanoparticles are not perfectly close packed in
our powder sample because perfectly close-packed nanoparti-
cles with super-lattice structures36 have the site occupancy
rate x = 1. Thus the packed-powder sample used in the
present work does not form a superlattice structure, and the
number of neighboring particles is 10–11. This value is very
close to n = Eint/Edip, as estimated previously. Therefore
n should be comparable to the number of neighboring
particles N.

The relaxation time of each particle τ ∗ in Eq. (5), which
is obtained in the dynamic-scaling analysis, increases with
increasing interparticle distance, as shown in Fig. 6. This is
because the temperature range in which the dynamic-scaling
analysis is performed shifts to low temperature with increasing
interparticle distance, and the relaxation time depends on the
temperature, as described in Eq. (1). Based on τ 0 and Ea, which
is evaluated from the ac data of superparamagnetic sample
L47, the relaxation time τ of each particle is 2–4 × 10−8 and
3 × 10−7–4 × 10−6 s for L14 and L18 at the corresponding
temperatures, respectively. These values almost agree with τ ∗

obtained by dynamic-scaling analysis and is consistent with
the previous report indicating that the two relaxation times are
intrinsically the same.30 Concerning L12, however, τ ∗ ∼ 1 ×
10−12 s is rather smaller than τ of 1–3 × 10−8 s, even when a
large margin of error is considered because the margin of error
in fitting of τ ∗ for L12 is 	 lnτ ∗ = ±3.4, indicating 3.4 ×
10−14 s < τ ∗ < 3.1 × 10−11 s.37 Such a disagreement between
τ ∗ and τ has also been observed in another report,4 which
indicates that strong interparticle interaction can modify the
relaxation time of a single particle.

In addition to the interparticle-interaction dependence
of Tc, the aging behavior is changed depending on Edip.
The waiting-time dependence of the peak position of the
relaxation rate clearly appears in the strongly interacting
sample L12. Such an aging behavior is also observed in
L14, but the characteristics of the relaxation-rate curves
become ambiguous and the waiting-time dependence of the
peak position is not clear compared with L12. For L18
the relaxation rate scarcely depends on the waiting time,
although the dynamic-scaling exponent is consistent with that
of SSG. The absence of tw dependence may be attributed
to low resolution in the observation of aging phenomena in
sample L18 because of the insufficient amount of the sample
to allow detection of the detailed change in the relaxation
rate.

Recently, Parker et al.38 reported that there is a super-
paramagnetic component in the relaxation in magnetization
of SSG. To obtain a better understanding of the aging effect,
we used the proposed scaling analysis. In atomic spin glasses,
relaxation curves in zero field are expressed as the sum of
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FIG. 8. (Color online) Scaling of the ZFC magnetization (a) L12, (b) L14, and (c) L18 where scaling exponents α = 0.085 and μ = 0.9 are
used.

the stationary equilibrium part meq(t), and the aging part mag

(t)39 as

M(t)

MFC

= mag(t) + meq(t) = f

(
t

t
μ
w

)
− A ·

(
t

τ0

)−α

, (9)

where MFC is the FC magnetization at Tob, A is the prefactor of
an equilibrium part, f is the scaling function, and α and μ are
the scaling exponents. Parker et al. extended this scaling law
to the magnetic-particle system by adding superparamagnetic
relaxation term B · ln(t/τ0) and expressing the formula as
follows:

M(t)

MFC

= f

(
t

t
μ
w

)
− A ·

(
t

τ0

)−α

+ B · ln(t/τ0). (10)

We subtracted −A · (t/τ0)−α and B · ln(t/τ0) from M/MFC

and obtained the aging function f (λ/tμw ). The variable λ =
t1−μ
w [(1 + t/tw)1−μ − 1]/[1 − μ] is an effective time that

accounts for the subaging40 of the system, and μ of ∼0.9
is found for different types of spin glasses.39 Figure 8 shows
f (λ/tμw ) and the fitted parameters A and B where the scaling
exponents α = 0.085 and μ = 0.9, obtained in the other
SSG,38 are used. From the results of scaling, the amount of the
superparamagnetic-relaxation term, B · ln(t/τ0), is estimated
to be 40–45% of the total relaxation of magnetization in L12.
The superparamagnetic-relaxation term becomes significantly
larger when the interparticle distance increases, i.e., 94–96%
with L14 and 97–99% with L18. Parker et al.38 explain
this superparamagnetic term as a contribution of weakly
interacting particles that are not coupled enough to their
neighbors and show logarithmically slow relaxation toward
equilibrium because of the anisotropy-energy barrier. In our
case nanoparticles do not form superlattice structures, and thus

the interparticle distance is not perfectly controlled and there
exists inhomogeneity in the particle distance and the interac-
tion strength. As a result, there may be some weakly interacting
particles that behave like superparamagnetic particles in our
samples.

It is interesting to note that the contribution of the
superparamagnetic term becomes larger as the interparticle
distance increases. This indicates that the amount of super-
paramagnetically contributing particles increases with thicker
silica-shell samples. In other words, the contribution of the
strongly coupled particles, which relax like spin glasses, to
the magnetic relaxation decreases in the samples with longer
interparticle distance. The number of weakly coupled particles
that show the superparamagnetic behavior should rise as the
average dipolar interaction in the system decreases. For this
reason magnetic-aging phenomena in the relaxation rate are
gradually smeared out as shell thickness increases and are
scarcely observed in L18.

D. Contribution of randomness in the particle position

Two kinds of randomness in the particle position and
easy axis orientation of a particle have been considered
to be required for the appearance of SSG. In this study
the interparticle distance was arranged in the definite value
through the shell thickness in order to estimate the strength
of interparticle interaction quantitatively. This should have
resulted in a small degree of randomness in particle positions.
Nevertheless, the results of this study are consistent with those
of other studies that were performed using frozen ferrofluid in
which there was significant randomness in particle positions.
Furthermore it was recently reported that face-centered cubic
supracrystals, which are composed of 8-nm-Co nanoparticles,
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show SSG behaviors through the critical slowing down and
memory effect.41 These findings indicate that the contribution
of randomness in easy axis orientations is dominant for
the appearance of SSG compared with that of interparticle
positions. To further specify the contribution of randomness to
the appearance of SSG, detailed evaluation of the distribution
of interparticle distance in the present powder samples in
comparison with that in ferrofluid is required using high-
resolution scanning electron microscopy and small-angle X-
ray scattering.

E. Contribution of anisotropy of each particle

Many studies have demonstrated that the magnetic prop-
erties of the interacting-particle system are governed by the
interplay of the single-particle anisotropy energy and the
dipolar-interaction energy.6,42,43 It has been indicated that SSG
appears when the interparticle-dipolar interaction becomes
significant, so that it cannot be neglected, compared with
the anisotropy energy of each magnetic particle. However,
to the best of our knowledge, there has been no report
that specifies the strength of interaction needed to induce
SSG. The present study results indicate that the strength of
dipolar interaction at L = 15–18 nm is necessary to induce
SSG corresponding to Edip = 8–15 × 10−22 J in γ -Fe2O3

nanoparticles with 11-nm diameter. This is about 10% of the
anisotropy energy Ea = 1 × 10−20 J. This evaluation of the
relative dipolar interaction Edip/Ea ∼ 0.1 for SSG, based on
highly reliable measurements, will be an important step to
clarifying the freezing mechanism of ferromagnetic particles.
However, we cannot specify whether the relative dipolar

interaction is the predominant factor in the present stage
because there may be other factors that govern the occurrence
of SSG. Evaluation of relative dipolar interaction using other
nanoparticle systems is required to better understand this issue.
We have plans to perform similar measurements using other
magnetic nanoparticles with higher anisotropy energy or larger
saturation magnetization and compare our findings to the
results of this study.

V. CONCLUDING REMARKS

We investigated the magnetic behavior of γ -Fe2O3/SiO2

NCs with 11-nm diameter that were coated with SiO2 to
control the interparticle distance based on the thickness. The
magnetic dynamics of particles with the thickest coating can
be explained by the superparamagnetic model. The samples
whose interparticle distance was shorter than 18 nm exhibited
spin-glasslike behaviors where Tpeak decreased with increasing
of shell thickness, and the strong dipolar interaction induced
SSG. The observation of the aging phenomena in the NCs
whose interparticle distance was shorter than 14 nm indicated
that the SSG arose at L = 15–18 nm. The ratio of dipolar
interaction to anisotropy energy corresponding to ∼10% is
necessary to induce SSG.
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