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Magnetic relaxation process determination in the Co/Au nanoparticle system
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Nonequilibrium magnetic dynamics has been investigated in the Co/Au bimetallic nanoparticle system.
The system exhibits typical superparamagnetic behavior at higher temperatures and unequivocal hallmarks of
magnetic relaxation process at T ~ 7 K. Since different scenarios of magnetic transition can be hypothesized
here, detailed analysis of magnetization ac and dc experimental data has been performed. Specific methods
have been employed in order to reveal the nature of the examined process. The observation of critical dynamics
[power-law divergence of the relaxation time at 7,; dynamic scaling of x”(7, f) data] and aging effects in
the presence of strong interparticle interactions provide evidence that the system undergoes a transition to a
super-spin-glass state rather than to a super-spin-blocked state.
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I. INTRODUCTION

The current introduction of nanotechnologies into various
areas of human activities is facilitated by the progress that has
been made in the investigation of the properties of nanomate-
rials. Many interesting phenomena characteristic of nanoscale
structures have been revealed and described. Profound un-
derstanding of their origin is crucial for the development
of tuned nanosytems with desired qualities. Consequently,
advanced nanomaterials as the products of hi-tech engineering
can easily find a multitude of their applications [1-3].

In the case of magnetic nanoparticles (NPs), size is the
crucial parameter affecting their properties and behavior. In
contrast with bulk or microstructures, fine magnetic NPs are
characterized by the significantly enhanced surface-to-volume
ratio. This results in the induction and promotion of peculiar
surface effects [4]. The effects are predominantly triggered
by the irregularities and atom vacancies in the crystal lattice,
which causes spin canting in the surface layer [5,6] or even
in the core of a particle [7,8]. One of the consequences
of spin frustration may manifest itself in the onset of the
spin-glass-like state. It has been documented in a variety of
nanoparticle systems at sufficiently low temperatures [9,10].
In the case of larger magnetic NPs, the surface effects can
be regarded as negligible. Atomic spins in the ferrromagnetic
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body of the particle align parallel. They behave like a giant
unit, superspin, with the magnitude several orders higher than
the magnitude of a single atom spin [11]. Since a number
of experimental studies have revealed distinct behavior of
magnetic NPs characterized by superspins from atomic spin
systems, there is a demand for proper documentation and
new descriptions of their specific properties. The first theory
of magnetization processes in the system of monodomain
ferromagnets was proposed by Stoner and Wolfarth in 1948
[12]. After 1 yr, Néel introduced his relaxation theory de-
scribing the temperature-dependent magnetization reversal in
monodomain particles, and the theory of superparamagnetism
was established [13]. However, the model does not assume
mutual interparticle interactions. This turned out to be the
main reason for its discrepancy with results of experimental
investigation on highly concentrated magnetic nanoparticle
systems in the past two decades [14—16]. On the contrary,
a number of recent studies shows that, in the assembly of
sufficiently concentrated magnetic nanoparticles, superspins
are able to interact via dipole-dipole interaction. If the
strength of the mutual interactions is high enough, superspins
exhibit collective behavior, and the super-spin-glass state can
be observed [17,18]. Its denotation comes from the similarity
of its behavior to the atomic spin glass, although the origins of
both states are completely different. Exchange and Ruderman-
Kittel-Kasuya-Yosida interaction between atomic spins are
assumed to be the main forces of the spin-glass formation
[19]. On the other hand, the frustration of superspins below
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the super-spin-glass temperature Tgg¢ is facilitated by strong
dipole-dipole interaction, random distribution of particles’
easy axes, and short interparticle distance [18]. Under these
specific conditions, a magnetic system is not in equilibrium
and exhibits hallmarks typical of spin glasses. However, due
to a tremendous variability among magnetic nanoparticle
systems, not all of the spin-glass-like state signatures are
always apparent. Even in the particular system, they can
be smeared as a consequence of particle size and shape
polydispersity, concentration inhomogenities, or other effects.
Considerable effort of the scientific community that has
been devoted to the investigation of the spin-glass state
has led to the development of several methods suitable for
the recognition of its behavior. Recently, some of these
techniques have been successfully extended to the magnetic
nanoparticle ensembles with strong interparticle interactions.
The most relevant of them have been employed in our paper,
and they are discussed later.

This paper presents an experimental study of a relaxation
process and magnetic interactions in the bimetallic Co/Au
(core/shell) nanoparticle system. When assuming structural
characteristics of the examined Co/Au particles (regular
spherical shapes, narrow size distribution), the system can be
regarded as a typical representative of a magnetic core/shell
nanoparticle ensemble. In contradiction with its clear super-
paramagnetic behavior at higher temperatures, signatures of
strong interactions are observed in the low-temperature re-
gion. Hence, we report the application of appropriate methods
for nonequilibrium magnetization dynamics characterization
to the common core/shell nanoparticle system. Employing
these techniques, we determined the presence, strength, and
nature of mutual interparticle interactions in a problematic
low-temperature region. The correct recognition of the mag-
netic transition process to the corresponding state is essential
for further analysis and the most accurate conclusions. It also
permits a plausible prediction of the effects and phenomena
that are inherent to the system, although not apparent at first
glance.

Yet another motivation for detailed scrutinizing of the
Co/Au bimetallic NPs comes from the results of our recent
works. They revealed a direct relation between super-spin-
glass freezing followed by the onset of nonequilibrium mag-
netic dynamics and the enhanced magnetocaloric response of
the NPs [20]. On the other hand, Yamamoto and co-workers
[21,22] showed that, in the case of superparamagnetic systems
where blocking instead of superspin freezing is dominant,
magnetocaloric effect performance significantly decays with
particles’ size distribution increment. Further analysis of the
magnetic transition in our Co/Au NPs by means of scaling
laws [23] showed significant deviations of critical exponents
from the values typical of mean-field theory or Ising models.
In addition, the exponents do not match with those reported
for nanoparticle systems where freezing of surface spins into
the spin-glass state is present. Unambiguous determination
of the magnetic transition nature in a nanoparticle system
is, thus, crucial for fundamental understanding of its magne-
tocaloric response. The objective of this paper is to contribute
to the elucidation of this question. The benefits of getting this
kind of information will result in a better design and tuning of
nanosystems.

II. EXPERIMENTAL AND MODEL DETAILS

The examined Co/Au nanoparticles are spherical and have
core/shell structures. High-resolution transmission electron
microscopy view of a representative particle, its scheme,
and diffraction pattern of the powder sample are shown
in Figs. 1(a)-1(c), respectively. The particles are com-
posed of ferromagnetic cores of average diameter ~5 nm
and protective gold coatings of average thickness ~1 nm.

(b)

19 1/nm

FIG. 1. (a) High-resolution TEM image of a Co/Au nanoparticle.
The scheme of its core/shell structure is depicted in (b). Red arrows
represent orientations of cobalt single atom spins. (c) Diffraction
pattern of Co/Au powder sample.
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Their size distribution is narrow. The core size is be-
low the critical limit of ~50 nm reported for cobalt [24],
hence, the particles are in the single-domain state. The NPs
were synthesized by employing the reverse micelle method.
First, pure Co cores were prepared. Then, the cores were
capped by a gold layer. Details regarding utilized chem-
icals, process of preparation, and particles’ structural and
morphological analyses can be found in our previous work
[25] (sample Co/Aul).

Magnetic properties of the Co/Au system were investigated
utilizing a QuantumDesign superconducting quantum inter-
ference device magnetometer magnetic property measurement
system 5XL. The powder sample was encapsulated into a plas-
tic capsule and inserted into the plastic holder. Diamagnetic
contribution of the capsule and holder were measured and
subtracted from experimental data.

ac magnetic susceptibility was measured by applying a
small oscillating driving field of amplitude H = 2.5 Oe super-
imposed on various dc fields in the range of 0 < H < 1 kOe
at frequencies of 0.1-1000 Hz.

The zero-field cooling (ZFC) and the field cooling (FC)
experiments were conducted by the usual procedure. The
demagnetized sample was cooled down from room tem-
perature to 2 K in the zero magnitude of the magnetic
field. Subsequently, constant magnetic-field H was ap-
plied, and magnetization (ZFC) was being recorded dur-
ing the warming of the sample back to the room temper-
ature. Afterwards, magnetic-field H stayed on, and mag-
netization (FC) was being measured during the cooling
process back to 2 K. With the intention to examine a presence
of the aging effect, the additional FC experiment (H = 30 Oe)
was performed with the two intermittent stops at 5 and 3 K
where the applied field was cut to zero for t = 10* s.

Another kind of aging experiment was conducted at con-
ditions where the system was cooled in the ZFC protocol to
the experimental temperature of 6 K. Subsequently, it was
exposed to the external static magnetic field of the magnitude
of 25 Oe for the period of time z;, = 0 and 7, = 1000 s. After
the elapse of ¢, the magnetic field stayed on, and relaxation of
magnetization was being recorded for 2 h.

For the isothermal remanent magnetization (IRM) exper-
iment, the thermally demagnetized sample was cooled down
in the ZFC protocol to the experimental temperature of 5 K.
Afterwards, it was exposed to a low static magnetic field H
for t,, = 2 s. After the elapse of t,,, the magnetic field was set
to zero for a period of ¢,,, and the magnetic remanence M (H )
was measured, subsequently. This process was repeated with
the increment of H at each step until the sample reached
saturation magnetization Mg(00).

In the case of direct current demagnetization (DCD) ex-
periment, the demagnetized sample was cooled down in the
ZFC protocol, but contrary to the IRM, a static magnetic
field of high magnitude H = 50 kOe was applied for #,, in
order to saturate the sample at the experimental tempera-
ture of 5 K. Subsequently, the static magnetic field in the
direction opposite to magnetization was applied. After ¢,
it was switched off, the system was kept in zero field for
ty, and, then, remanent magnetization was measured. This
was repeated again, increasing the field until saturation in the
opposite direction was achieved.

Evaluation of the ac susceptbility experimental data was
carried out in terms of well-established theoretical models. If
the interparticles’ interactions are absent, critical behavior of
nanoparticle superspin’s relaxation time obeys the Arrhenius
law [17],

E,
T = Tgexp (ﬁ)’ ()
B

where 7y denotes the prerelaxation constant, £, denotes the
activation energy, and kg denotes the Boltzmann constant.

On the other hand, the occurrence of weak interactions
in the system results in critical behavior described more
accurately by Vogel-Fulcher law [11],

E*
>, @)

TR (m

where E* is the energy barrier (activation energy) modified
by an effective contribution of the interparticle interactions
and Ty is the parameter corresponding to the strength of the
interactions.

The dynamics of a system exhibiting strong mutual interac-
tions among nanoparticles follows critical slowing down law
in the vicinity of the magnetic transition [11],

T _ Tg —ZIV
=1 , €)]
g

where zv is the critical exponent and 7, is the spin-glass
freezing temperature.

Further reliable analysis employing ac susceptibility
data for the particles’ interaction strength assessment is a
frequency-dependent criterion [26],

AT
TmaxA loglo(f) '

where T,x denotes the average value of x’(7T) maximum
temperatures in the range of experimental frequencies and
ATnax 1s the difference between maximal and minimal values
of Thax. The values characteristics of superspin glasses are
found in interval p € (0.005, 0.05), whereas p € (0.1,0.13)
is typical of the superparamagnetic blocking process [27-29].

p “

III. RESULTS AND DISCUSSION

A. ac experiments

A number of studies [30-32] have demonstrated that relax-
ation processes in the magnetic system can be reliably exam-
ined by means of ac magnetic susceptibility measurements.
The analysis of x(7) data in terms of models described in
Sec. II enables to estimate the strength of interactions among
particles and, subsequently, infer the behavior of nanoparti-
cles’ magnetic moments at specific conditions.

Critical slowing down [33] of super-spin-relaxation time
T with decreasing temperature close to Tss; has been docu-
mented in a number of super-spin-glass systems. Suzuki et al.
[34] and Aslibeiki er al. [35] investigated Fe;O,4 nanoparti-
cle systems by means of ac susceptibility measurements. In
these studies, it was found that T diverges at Tss; obeying
the power-law 7 = t*(T /Tssg — 1). They assumed the Néel-
Brown relaxation time of individual particles as the attempt
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FIG. 2. (a) In-phase and (b) out-of-phase susceptibilities vs tem-
perature dependence of the Co/Au nanoparticle system recorded
in a zero dc applied field. The inset of (a) represents the fit of
experimental data according to critical slowing down law.

time and obtained the values of 7* ~ 107'2-10~° s and criti-
cal exponents zv ~ 10 similar to spin glasses [27].

We performed the measurements of temperature variations
of the in-phase (real) x’ and the out-of-phase (imaginary)
x" parts of ac susceptibility at different frequencies and
various applied dc fields. The data displayed in Figs. 2 and 3
clearly demonstrate the presence of relaxation process in the
Co/Au system represented by x'(T) and x”(T) maxima. A
significant frequency shift of x’(7T) maximum towards higher
temperatures and the decrease in its value with frequency
enhancement under all experimental conditions have been
reported as a behavior typical of nanoparticle systems where
superspin blocking or freezing occurs [36,37].

In order to determine the origin of the relaxation process,
we evaluated the ac susceptibility data according to various
relevant models, see our previous work [25]. Although the
spin freezing temperature is often taken as the temperature
at which x'(T, f) is 0.98 times the equilibrium susceptibility
for the purpose of dynamical scaling analysis, it is reasonable
to define it as the temperature of maximum susceptibility in
the x'(T, f) curve as was demonstrated by Gunnarsson et al.
[38] and Djurberg et al. [39]. Assuming this, we concluded
that the examined Co/Au system is likely to exhibit collective
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FIG. 3. ac susceptibility data of the Co/Au system obtained at
different values of dc applied magnetic fields.

superspin freezing in spin-glass-like fashion below TGP =
6.56 K.

From the ac data fit, in terms of the critical slowing
down law [the inset of Fig. 2(a)], we obtained prerelaxation
constant Ty = 3.25x107!2 5. The value is found in the range
of 10713 to 107 s that is usually reported for noninteracting
magnetic nanoparticles [40]. Nevertheless, there is evidence
of the 7( with a similar order of magnitude in the nanoparticle
systems with strong interactions. Botez et al. [27] reported
the super-spin-glass behavior in Zng sNiy sFe,O4 NPs of aver-
age diameter 9 nm and 7y ~ 10~'2 5. Andersson ef al. [41]
investigated the effects of the individual particle relaxation
time on super-spin-glass dynamics of two dense and monodis-
perse y-Fe,O3; nanoparticle assemblies (6 and 8 nm). They
found that the microscopic relaxation time of NPs is signifi-
cantly dependent on the particle size. They reported a typical
value of 7o = 5x 107 s for the larger particles, whereas the
value of two orders lower 7o = 2x10~'! s for the smaller
ones. Kesserwan et al. [42] studied magnetization reversal
in isolated and interacting single-domain nanoparticles. In-
triguingly, they concluded on a faster reversal process in the
presence of the magnetic dipolar interaction. The simulation
results were in good agreement with experimental measure-
ments performed on Co/Pt core/shell nanoparticles of the sizes
similar to ours. They reported the relaxation time of a particle
moment 7y ~ 107! s at the vicinity of the transition. On
the other hand, the value of the critical exponent zv = 10.67
obtained from the fit to our experimental data is in good
accordance with the values reported for the superspin freezing
process [18,27,29,40].

Another evidence for strong mutual interactions among the
examined NPs discussed in Ref. [25] provided the calculation
of relative variation (per frequency decade) of the in-phase
susceptibility peak temperature [43]. The value p = 0.022
was found in the range of 0.005-0.05 that is typical of super-
spin-glass systems. Also, the Cole-Cole plots exhibited the
shapes of semicircles that are significantly flattened.

These findings are in accordance with two predom-
inant features of the ac susceptibility data collected in
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FIG. 4. Dynamic scaling of experimental x”(7, f) data.

various dc fields (0 to 1 kOe) presented in Figs. 2 and
3. With increasing applied field, considerable suppression
and width extension of x'(T) and x”(T) peaks are ap-
parent. Also, a slight upward temperature shift of x'(T')
can be recognized. Similar behaviors have been observed in
conventional metallic spin glasses [44], super-spin-glass-like
[CogoFeop (0.9-nm)/Al, O3 (3-nm)] multilayers [45] as well
as in the Monte Carlo simulations of dynamics of reentrant
Ising spin glasses [46]. When looking closely at the ac data
obtained at zero applied dc field, Fig. 2, another characteristic
behavior of the x”(T') component with respect to x'(7T') can be
recognized in our system. It is its sharp onset in the vicinity of
x'(T) maximum and the correspondence of its peak position
with maximal gradient of x'(T) left shoulder. The features
have also been observed by de Toro et al. [47] in mechanically
alloyed nanocrystalline Fe-Al-Cu, and they are regarded as a
signature of spin-glass-like behavior.

Further confirmation of the collective superspin freezing in
the Co/Au nanoparticle system was carried out by dynamic
scaling analysis in the framework of critical dynamics theory
[27,29,36,40]. Using the linear-response theory and the spin
autocorrelation function [48], it is possible to derive the full
dynamic scaling relation for the out-of-phase component of
the ac susceptibility given by [29]

x" (@, T) = e’ G(we™™), 3)

where w =2 f, B is the critical exponent defining how
the order parameter approaches zero, and € = T /Tgs¢ — 1 is
reduced temperature. Asymptotic behavior of G(x) for large
values of x is given by G(x) o x#/?". Employing the dynamic
scaling, one can achieve data collapse of the ac susceptibility
on the single curve. Figure 4 shows x”(T, f) dependencies
recorded in the zero dc applied field in scaled form according
to Eq. (5). Data for the analysis have been selected from the
temperature interval between the x” (T, f) peak (6.9 K) and
the temperature corresponding to ~10% of the x”(T, f) peak
value (8.6 K) [29,40]. The best collapse was obtained in the
close vicinity of the peaks (temperature range of 6.9-8 K) for
T3E =69K, g =0.7, and zv = 10.7. Departing from the
temperature of magnetic transition Tks;, the collapse is less
convincing. This is apparent in the range of low values on the
ordinate (up to —2.3) that corresponds to to the temperature
interval of 8-8.6 K. The extracted values of critical exponents

TABLE I. Characteristics of superspin glasses found in selected
nanoparticle systems.

6 Tise Tisc
Nanoparticles (K) 4% (K) v B (K)
Co/Au* 6.56 10.7 6.9 10.7 0.7 7.1
ZHO'SNi()jFEZO;‘h 190 10 190 10 1 190
Fez0AgyyWso® 19.7 10.2 19.7 102 0.8
Fe;04¢ 30.6 8.2 32.5

*This paper.

bComplex spinel ferrites of average size 9 nm [27].

“Highly heterogenous nanogranular system [29].

dMonodisperse Fe;O, nanoparticles of average size 5 nm capped
with organic shells [34].

are in good agreement with those reported for superspin
glasses [27,29,40,45]. The review of parameters characteristic
of superspin glasses found in selected nanoparticle systems
are listed in Table 1.

Considering all the observations above, we infer the ex-
amined relaxation process is induced by freezing of Co/Au
nanoparticles’ superspins into the super-spin-glass state. For
the unequivocal verification of this assumption and for reveal-
ing the nature of mutual inter-particle interactions, series of
complementary experiments in dc fields have been performed.

B. dc experiments

The research on dc properties of superspin glasses con-
ducted in the past two decades introduced several known
signatures and well-established analysis of super-spin-glass
freezing. We have examined our Co/Au nanoparticle system
employing the most relevant of them, and the obtained results
are discussed here.

The experiments complement previous ac studies and re-
vealed the features typical of superspin glasses.

(1) The temperature independence of magnetization Mpc
(recorded when cooled in the applied field) or even its de-
crease with lowering the temperature is usually considered as
a typical super-spin-glass feature [18,36]. This behavior has
been documented by Petracic et al. [36] in the system of fine
CoggFe;o nanoparticles embedded in a diamagnetic insulating
Al,O3 matrix or by Hiroi ef al. [18] in y-Fe,03/Si0, core-
shell nanoparticles system. However, spin-glass systems with
monotonous increase in Mpc with diminishing temperature
(usually typical of superparamagnets) have also been reported
[27,49]. Hence, this hallmark is challenged as an unequivocal
rule for the super-spin-glass determination and additional
experiments are, therefore, inevitable.

ZFC (Mzgc) and FC (Mpc) magnetization vs temperature
dependences of our Co/Au system obtained in various ap-
plied fields (5-1000 Oe) are shown in Fig. 5. Mpc curves
obtained at lower fields (up to 100 Oe) exhibit temperature
independence or tendency to saturate upon cooling towards
the lowest temperatures. In the case of higher fields, the
effect is not fully apparent due to the significant shift of the
ZFC vs FC bifurcation point towards low temperatures. We
assume the plateau could be hidden by the contribution of
surface spins, see scheme in Fig. 1(b). Their contribution to
the magnetization increases with decreasing temperature since
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FIG. 5. Temperature variations of the ZFC and FC magneti-
zations of Co/Au system in different applied fields from 5 Oe
to 1 kOe.

they continue to thermally fluctuate below T, and freeze only
at lower temperature determining the tendency to the plateau.

Although this behavior is generally ascribed to the super-
spin glasses [18,27,49], it can also occur in the superparam-
agnetic nanoparticle systems with broad size distribution [50].
There, individual blocking, instead, of collective freezing of
superspins is dominant. Since narrow Mzpc maxima, Fig. 5,
along with TEM and x-ray diffraction analysis, Ref. [25],
clearly point to low dispersion of nanoparticle sizes in the
Co/Au system, we infer that low-temperature Mgc flatness is
likely the hallmark of the super-spin-glass state.

(ii)) Another strong evidence suggesting the presence of
low-temperature super-spin-glass phase in our Co/Au system
comes from the critical temperature dependence on external
dc magnetic-field T,(H ). In superparamagnetic NPs, different
approaches are commonly used for blocking temperature de-
termination from ZFC-FC data. Bruvera et al. [51] and Micha
et al. [52] showed that the most appropriate one is the method
based on the T derivative of the difference between ZFC and
FC curves. Although the technique assumes noninteracting
NPs, we adopted this approach and determined the corre-
sponding T,(H ) values as the maxima of d (Mgc — Mzrc)/dT .
In our system, the extracted 7, values exhibit a linear decrease
with H?/3, Fig. 6, following the de Almeida-Thouless line
(AT line) expressed as [53]

H o [1 = TyH) [ THE] ", ©)

where H is the applied dc field and 7§}, is the super-spin-
glass freezing temperature. The intercept of the temperature
axis and the AT line yields the value of zero-field freezing
temperature. The value of TiL = 7.1 K determined for the
examined Co/Au system is in good agreement with the value
extracted from full dynamic scaling of ac data. Nevertheless, a
slight dispersion of the super-spin-glass freezing temperature
Tssc is apparent in the system, see Table 1. The deviations can
be ascribed to the several reasons. Despite rather narrow size
distribution, the investigated Co/Au NPs cannot be regarded
as monodisperse. Due to this, there is a distribution in the

) Tg
——AT line

e TN =71K

7L $SG

0 20 40 60 80 100

H2/3(Oe2/3)

FIG. 6. The critical temperature T as a function of H*3. T, is
determined as the maximum of corresponding d (Mpc — Mzpc)/dT .
The solid line represents the linear fit.

particles’ relaxation times, magnetic moments, and mutual
distances. The system has been examined in the conditions
with the vast parameters’ variations (order of four). All the
analyses have been performed on the different experimental
datasets. Taking into account the limitations and fundamental
peculiarities inherent to each of the applied methods, slight
discrepancies in the results can be expected.

(iii) The occurrence of nonequilibrium dynamics mani-
fested by typical magnetic relaxation and the aging effect is
another signature attributed to superspin glasses as a repre-
sentative of systems with a broad distribution of magnetic
moment relaxation time [36]. Peddis et al. [54] and De
Toro et al. [55] clearly demonstrated the presence of these
phenomena in MnFe,O4 nanopowders and dense maghemite
nanoparticle systems, respectively, in the temperature region
below 10 K. Figure 7 shows magnetization relaxation data of
our Co/Au system obtained at 7 = 6 K where we supposed

0.14 | 006 /'/ D006 // 1010
g 0.04 g-’/0.04
0.12 + go.oz S 0.02 . —40.08
e 0.00 ) “102 10° 10*
= 0 1x10°  2x10* t
=] | S i
2 0.10 t(s) (s) 0.06
o —_—
= o008l J0.04
0.06 - —t =0s 4002
—t,=1000's
oo4lb— v v . . . . 1 g0

0.0 0.2 0.4 0.6 0.8 1.0
t (arbitrary units)

FIG. 7. Relaxation of the magnetization collected in 25-Oe ap-
plied dc field after the exposition of the system to the external
magnetic field for #t, = 0 and 7, = 1000 s. The timescale was nor-
malized with respect to the duration of the magnetization recording.
The insets show experimental data plotted on linear and logarithmic
timescales.
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FIG. 8. FC magnetization vs temperature (M) obtained in the
applied field of 30 Oe and FC magnetization vs temperature data
recorded with intermittent stops (M) at T = 5 and T = 3 K where
the field was cut for a period of t = 10* s.

the nanoparticles’ superspins are frozen. As is apparent, re-
laxation of magnetization after exposing the system to mag-
netic field for 1000 s differs significantly from the case of
0-s exposure. In contrast, if the superspins of the particles
were blocked (equilibrium state), both curves should overlap
because the same characteristic is being measured, although at
different times. The effect observed in our experiment exhibit
characteristics similar to the aging effect that is typical of
nonequilibrium dynamics characteristic of super-spin-glass
systems [56,57]. Furthermore, the relaxation of magnetization
in an applied field of low magnitude exhibits linear depen-
dence when plotted vs log,,(¢), Fig. 7 (inset) [58]. The slow
glassy dynamics is another hallmark of a wide energy barrier
distribution in our system. It can occur as the consequence
of particles polydispersity and/or the presence of interparticle
interactions [59].

Figure 8 shows ML, that denotes FC magnetization (H =
30 Oe) recorded with intermittent stops (H =0 Oe) atT =3
and T = 5 K (details of the measurement are described in
Sec. II), compared with Ml‘;ecf obtained by standard FC proto-
col. Although the steplike character of M. of investigated, the
Co/Au system is the feature recognized in superspin glasses
[34,60], Zheng et al. [61] and Sasaki et al. [S0] demonstrated
that this behavior may also exhibit typical superparamagnets.
Therefore, the presence of the super-spin-glass state in the
Co/Au NPs is necessary to verify by means of other methods.

It is commonly accepted that the Henkel plot is a tool
to analyze the character and the strength of interactions in
the magnetic particle system [62,63]. It is constructed as a
dependence of normalized values of the direct current de-
magnetization mP® = MPP(H)/MPP vs the isothermal re-
manent magnetization m™™ = MRM(H) /MM Fig. 9. MIRM
and MPP are the values of corresponding saturation mag-
netization. According to the Stoner-Wolfarth model [12,64]
designed for the noninteracting nanoparticle system, the m°P
vs m™™ dependence should obey the Wolfarth equation [64],

mPPH) =1 — 2m™MH), (7)

AN L 0.0 S
0.8 3 N s | . .
, N >-0.1; .

—~ I .0 A o L

) ° S 502, PO

T 04r i N 503 W\ < 8m
5 ., s g9 ~

> ®e G 0 250 500 750

0.0F ° N H (10" T)

© i °. S Hy

= ° N

= *e, N

LU RS e o,
3 ¥
3) * Experimental data RPN

€ .08} --- Stoner-Wolfarth model *ey

s
1 1 1 1 1 \
0.0 0.2 0.4 0.6 0.8 1.0
IRM

m " (arbitrary units)

FIG. 9. Henkel plot of the Co/Au system constructed from the
experimental data obtained at the temperature of 5 K.

that results in the straight diagonal (dashed) line in the Henkel
plot, Fig. 9. If the experimental data are found in the region
below the Wolfarth line, (negative) interactions that aid a
demagnetized state dominate in the system. On the other
hand, the presence of the experimental data above the Wol-
farth line signifies the prevalence of (positive) interactions
promoting the magnetized state [62,63]. Figure 9 clearly
demonstrates the predominance of negative interactions in the
Co/Au system at T = 5 K. Garcia-Otero et al. [62] carried
out Monte Carlo simulations of interactions among single-
domain ferromagnetic particles. They reported that noninter-
acting particles with cubic anisotropy always show positive
deviation of the Henkel plot. However, due to the presence
of dipolar (negative) magnetic interactions in the system, the
deviation changes gradually from positive to negative with
increasing strength of the interaction. Since fine Co particles
(magnetic cores of our Co/Au NPs) crystallize in the cubic e-
cobalt phase, see Ref. [25], and strong magnetic dipole-dipole
interactions are characteristic of superspin glasses, we assume
that investigated Co/Au system is in the SSG state at 7 = 5 K.

IV. CONCLUSION

The bimetallic Co/Au nanoparticle system has been pro-
foundly studied with the aim to unambiguously discriminate
the origin of the magnetic transition occurring at 7 ~ 7 K.
Application of selected well-established methods provided a
wealth of complementary information about the character of
investigated transition and brought up consistent results. The
presence of strong dipolar interparticle interactions is clearly
evidenced by the Henkel plot. Critical slowing down of the re-
laxation, dynamic scaling of x” (T, f) data, and aging effects
are observed. All of these features are inextricably connected
to collective freezing, instead, of superparamagnetic blocking
of particles’ magnetic moments. Assuming all the results, we
concluded that superspins of individual Co/Au nanoparticles
under the influence of strong dipole-dipole magnetic interac-
tions below Tsgg exhibit collective behavior and freeze into
the super-spin-glass state.
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