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Abstract

In this paper, we present the results of a systematic study of nonequilibrium dynamics in a
strongly interacting super spin glass (SSG) nanoparticle Lay7Cag3MnOj3 system by
alternating current (ac) susceptibility measurements. Cole—Cole analysis of the obtained data
revealed the simultaneous existence of two separated relaxation processes, which can be
assigned to the relaxation of different magnetic entities. Along with the expected relaxation of
the collective SSG phase, the existence of individual, nonagglomerated particles, which do not
take part in the collective phase and relax independently, was proposed. A full dynamical
scaling analysis was performed in order to elucidate the nature of the transition to a
low-temperature SSG state in the interacting Lag7Cag 3MnO3 nanoparticle sample.

1. Introduction

Spin dynamics in nanoparticle systems has been a subject
of intense research in theoretical and experimental physics
since the pioneering study/work of Stoner and Wohlfarth [1].
Understanding of relaxation mechanisms and consequently
the possibility of controlling coercivity in nanomaterials
opens a number of significant technological applications,
especially in the field of information storage, where magnetic
nanoscale materials were recognized as promising candidates
for a further increase in the density of magnetic storage
devices [2]. On the other hand, a number of studies
were devoted to the understanding of spin dynamics in
magnetic nanoparticle colloidal suspensions [3,4]. They
found remarkable applications in biomedicine as contrasts in
magnetic resonance imaging, for targeted drug delivery and
hyperthermia, as well as biomarkers and biosensors [35, 6].
The degree of interparticle interactions profoundly affects
the spin dynamics in a nanoparticle system changing its
behaviour from superparamagnetic (SPM) in the case of
negligible interactions to collective-spin glass as in the case

0022-3727/13/165001+08$33.00

of strong interactions. The recent experimental and theoretical
efforts were directed to the investigation of strongly interacting
nanoparticle systems, which exhibit a plethora of unusual
magnetic phenomena and whose complex relaxation dynamics
is still insufficiently understood.

La;_,Ca,MnO; (LCMO) systems have attracted signifi-
cant scientific interest in the last few decades due to the variety
of observed relaxation phenomena that resemble the behaviour
of spin glasses. For the bulk material, the origin of glassy
dynamics was found in the frustration of the magnetic ground
state, although the nature of frustration remains controver-
sial [7-9]. First and foremost it arises from the competition
of super exchange (SE) Mn®**—Mn>" interaction, leading to
antiferromagnetic (AFM) ordering and double exchange (DE)
Mn**~Mn** mechanism which leads to ferromagnetic (FM) or-
dering. On the other hand, in low doped bulk manganites frus-
tration is attributed to the formation of a phase-separated state.
Phase separation implies the appearance of spatially confined
magnetic regions (clusters) of submicrometre size with mag-
netic coupling different from the surrounding FM background
[10-13]. Competing exchange interactions among clusters
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lead to additional frustration, which results in the appearance
of spin glass like dynamics at low temperatures [14]. Such a
state is usually referred to as a cluster spin glass state. However,
origin of the frustration in manganites appeared to be different
even in the same material in different intervals of composition
or in the samples prepared by different methods.

Spin glass like dynamics was also observed in nanoparticle
LCMO systems [15,16,18,19]. In order to understand the
origin of such behaviour in a nanoparticle material, one has to
recognize all the parameters that affect the relaxation dynamics
of nanoparticle magnetic moments. The latter depends on
the magnetic anisotropy, particle size distribution, the nature
and strength of interparticle interactions and surface effects.
Also, intraparticle spin disorder due to the finite size effects
plays a significant role. In order to elucidate the importance
of the above-mentioned factors and understand the nature of
relaxation processes in spin glass like nanoparticle systems, we
performed a systematic study of nonequilibrium dynamics on
the interacting nanoparticle Lag7Cag3MnO3 sample [17-19].

In this paper, we report on the results of the
low-temperature time-dependent phenomena, which were
investigated by means of alternating current (ac) susceptibility
measurements as a continuation of the magnetic relaxation
behaviour study on the same sample. The ac susceptibility data
are discussed in terms of Cole—Cole formalism, which enabled
further analysis of the experimentally observed relaxation
processes. In addition, the dynamic scaling model developed
for spin glasses was applied in order to investigate the nature
of the transition to a low-temperature super spin glass (SSG)
state in the interacting nanoparticle LCMO system.

Nonequilibrium dynamics of SSG nanoparticle systems
shows certain differences from the one of archetypal spin
glasses regarding anisotropy and different time scales (much
longer microscopic flip time of a magnetic moment than of
an atomic spin [20]). The experimental time window of ac
susceptibility measurements makes this technique a powerful
tool for investigation of dynamics in interacting nanoparticle
systems.

2. Previous results and experimental details

The nanoparticle Lag7Cap3MnO; sample was obtained by
a mechanochemical milling procedure using the micro mill
Fritsch Pulversite 7. The synthetic route was performed
under ambient conditions starting from corresponding oxides
(La;03, MnO;) and CaCOs; as precursors. A detailed
report on the mechanochemical synthesis of nanoparticle
Lag7Cap3MnO; as well as the systematic investigation of
its structural and magnetic properties can be found in our
previous paper [17]. Transmission electron microscopy
(TEM) confirmed the existence of large grains formed
by agglomeration of well-crystallized single nanoparticles.
An analysis of the recorded micrographs showed that
nanoparticles were predominantly spherical in shape with
5-15nm size range, and with an average particle diameter of
9 nm. A nanoparticle system with such morphology and degree
of agglomeration exhibits significant dipolar interactions
between nanoparticle magnetic moments. Magnetic

measurements showed that the system exhibits cooperative
slow dynamics below Tssg ~ 47K due to a frustration
caused by interparticle interactions [18]. Such dynamics
was evident in low-temperature experiments suggesting the
formation of SSG low-temperature state. The SSG behaviour
was confirmed by revealing typical experimental signatures
(fingerprints) of cooperative behaviour through direct current
(dc) zero field cooled (ZFC) and field cooled (FC) memory
effects, as well as ac susceptibility measurements [18].
Magnetic relaxation dynamics was investigated through the set
of ZFC and thermoremanent (TRM) magnetization relaxation
measurements, which confirmed that the low-temperature SSG
dynamics was strongly influenced by the interparticle dipolar
interactions [19].

In this paper, the dynamics of a strongly interacting LCMO
nanoparticle system as well as crossover from paramagnetic
response to a slow spin glass like dynamics is further
probed by ac susceptibility experiments. The measurements
of the linear ac magnetic susceptibility were made on a
commercial superconducting quantum interference device
(SQUID) magnetometer MPMS XL-5 in the temperature range
2-80K at various w/2m frequencies ranging from 0.5 to
808 Hz. Both in-phase x’ and out-of-phase x” susceptibility
components were measured in the zero dc field, by applying an
oscillating field of small amplitude ok, = 0.25 mT in order
to avoid nonlinear magnetization effects and to maintain the
system ground state virtually unaffected. Before setting the ac
field, the ultra low field option was used to reduce the remanent
field in the superconducting magnet below 0.01 Oe.

3. Results and discussion

Both in-phase x’ and out-of-phase x” susceptibility compo-
nents show well-defined maxima at different temperatures,
figure 1. The peak position in the x’ susceptibility curve is
found at 47K for w/27w = 0.5Hz and shifts towards higher
temperatures with increasing frequency of the oscillating field.
Such a shift of the x’ peak position is characteristic of most
of the spin glass [21-23] and SPM nanoparticle systems [24].
The out-of-phase susceptibility curves x”(T) show different
shapes in the low-frequency (LF) region (0.5-20 Hz) and in
the high-frequency (HF) region (80-808 Hz), with maxima at
28 K and 34 K, respectively. The peak position shifts with
increasing frequency to higher values only for the x” curves
measured in the LF range (0.5-20 Hz).

Further analysis will focus on the out-of-phase
susceptibility x” because it singles out the processes with
relaxation time + &~ 1/w and hence is a direct indication
of the spectral distribution of the relaxation processes. In
contrast, the in-phase susceptibility x’ integrates over all
relaxation processes which are fast compared with t ~ 1/w
and, therefore, is rather inconspicuous [25].

3.1. Cole—Cole analysis

The ac susceptibility data were analysed for different
temperatures in terms of the Cole—Cole formalism, which
enables the description of spin dynamics at a given temperature
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Figure 1. In-phase x’ («) and out-of-phase x” (b) components of ac susceptibility as a function of temperature for different frequencies of

the oscillating ac field.

and extraction of relaxation time distribution [22]. Itrepresents
the magnetic analogue of the Debye theory, originally
developed to describe the low frequency dependence of the
dielectric constant in polar liquids. The thermodynamic model
for relaxation of a magnetic system in an oscillating magnetic
field was first derived by Casimir and du Pre [24,26]. It
considers energy exchange between magnetic moments and
lattice oscillations, i.e. a spin—lattice relaxation mechanism,
but can be adequately used to describe other relaxation
processes. This model was further modified in order to take
into account the presence of more than one relaxation time, or
the distribution of relaxation times, resulting in the following
expression for magnetic susceptibility [27]:

X0~ Xs
I+(iwT )~

x(@) = xs+ ey
where 7. represents the characteristic relaxation time while the
parameter « ranges from O to 1. The parameter y, represents
the isothermal susceptibility (susceptibility in the limit of zero
frequency of the applied magnetic field) [28]. Actually, if
processes relaxing magnetization towards equilibrium are very
rapid in comparison with oscillations of the magnetic field
then magnetization is able to follow the applied field almost
instantaneously. In this case, the system responds at a constant
temperature (‘isothermal’ response). On the other hand, if
the frequency of the applied field is very high in comparison
with the system relaxation rate then the magnetization cannot
follow the applied field. In such a case, the system response is
‘adiabatic’ suggesting the response of spins which are isolated
from the external field [28, 29]. In that sense, ;s is the adiabatic
susceptibility (susceptibility at a high frequency of the applied
oscillating field).

Essentially, this model introduces a distribution function
of the relaxation times g(7) as

sin ()

g(1) = — @

27 cosh [(1—0{) In (Tl)] —cos (am)
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Figure 2. Cole—Cole plots at various temperatures. Dots represent
experimental x”versusy’ data for different frequencies of ac field.
Lines denote fits of experimental data to equation (3c).

where « represents the width of the relaxation time distribution
[22]. For monodispersive ensemble of noninteracting SPM
particles (Debye model) the parameter « = 0. On the other
hand, & = 1 corresponds to an infinitely wide distribution.
Decomposing of equation (1) gives the expressions
for in-phase x'(w)and out-of-phase x”(w) susceptibilities
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Figure 3. Frequency dependence of the (a) x’ component and (b) x” component at various temperatures. Dots represent experimental data,
while lines denote fits of experimental data to equations (3a) and (3b). Fits in LF and HF regions are represented by solid and dashed lines,

respectively. X-axis is represented in logarithmic scale.

[22,30,31]:
X (@) = x50
< (1 sinh [(1—a) In (wt.)] Ga)
—_ a
cosh [(1—a) In (wte)] +cos [(3) (1—a) 7]
X// (@) = XO;XS

sin[(3) 1—a) 7]
cosh [(1—a) In (wte)] +cos [ (1) (1—a) ]
The experimental data were plotted in the complex plane as x”
versus x’ for selected temperatures and fitted to the equation
of a circular arc (Cole—Cole or Argand plot):

X// (X/)z _ X0~ Xs
2tan [(1— o) Z]

(3b)

_ 2
+\/ (X' =xs) Gro=x') (Xo—Xs) (30)

tan? [(1—a) %]

with three adjustable parameters xo, xs and (1 — «). Cole—
Cole plots obtained in the fitting procedure for different
temperatures are depicted in figure 2. Prominent flatness
and/or distortion of the displayed semicircles are expected to be
found in polydispersive systems, such as nanoparticle systems
with a wide distribution of particle sizes or some spin glasses
with a broad distribution of relaxation times due to collective
behaviour [21].

The parameter 7, was calculated afterwards from the fit of
x'(w) and x”(w) dependences (figure 3) to the equations (3a)
and (3b). During this fitting procedure, previously determined

parameters xo and ys were kept constant, while only 7. and
(1 — o) were allowed to vary. The whole set of parameters
was obtained using this two-step fitting procedure.

Cole—Cole plots at various temperatures revealed the
presence of a composite curve deviating from the usual single
semicircle (indicative of a single relaxation time [32]), figure 2.
Experimentally obtained x”(x’) data showed two distinct
flattened semicircles, one in the LF, and another in the HF
region. Each of the two broad overlapping arcs was fitted
separately according to equation (3c). It appears that the
distinction observed in the x”(T') curves measured in the LF
and HF regions (figure 1) reflects the simultaneous existence
of two distinct relaxation processes.

This assumption was further confirmed through the
analysis of the fitting parameters, which revealed different
characteristic relaxation times 7. for two processes.
Temperature dependences of the characteristic relaxation
time for both processes are depicted in figure 4. In both
cases, characteristic relaxation time t, shows anomaly/jump at
T = 47K, as might be expected on the basis of conventional
critical slowing down of the spin relaxation time according
to the dynamical scaling hypothesis near a phase transition
temperature [21]. The parameter t. increases rapidly with
decreasing temperature starting from ~30 K. For the process
observed at low frequencies 7. changes from 10725 to 10’ s,
while for the HF process 7. changes from 10™*s at high
temperatures to 1072 s at low temperatures.

The behaviour of o parameter appears to be different in
the LF and HF cases, figure 5. In the LF susceptibility curves,
the behaviour of « is similar to that reported for different spin
glass systems [23,32-36]. It varies slowly, almost linearly
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at low temperatures. The slope of the «(7T") curve becomes
more pronounced for temperatures above 30 K. The fitting
procedure performed in the fine temperature step revealed
irregular change of parameter o for temperatures around 30 K.
As o can be understood as the width of the relaxation time
distribution, it is clear that in the LF case we deal with an
extremely broad distribution (o & 0.85 ) at low temperatures
(below T =~ 30 K), which gradually narrows down to the value
a =~ (.7 with the increase in temperature. Such behaviour is
indicative of a spin glass like freezing process [21]. Although
the origin of the slope change in the «(7") curves at T =~ 30K
is still unclear, it is noticeable that it appears at the temperature
close to the temperature of maximum in the x”(7T) curve for
low frequencies.

In the HF case, the width of the relaxation time distribution
narrows more rapidly with the increase in temperature, from
a ~ 0.85 at low temperatures to the value ¢ =~ 0.4
obtained at the highest measured temperature. The gradual
change of distribution width with temperature can be related

to progressive blocking of particle moments. The pronounced
anomaly at 47 K is visible only in the HF case.

Parameters x5 and xo show a pronounced peak at 47 K,
with similar temperature behaviour in both LF and HF cases,
figure 6.

The behaviour of both 7, and o parameters gives clear
evidence that at least two relaxation mechanisms govern the
slow relaxation of the sample. Two relaxation pathways can
be assigned to the relaxation of different magnetic entities.
It may be expected that susceptibility coming from the total
magnetization in a magnetic domain will be substantial rather
at low frequencies [24]. This kind of relaxation process
in our LCMO sample can be assigned to the clusters of
nanoparticles whose existence was confirmed by TEM analysis
[17]. Tts characteristic feature is slow magnetic relaxation
(te~ 107%s at the highest measured temperature) with a
change in characteristic relaxation time of five orders of
magnitude in the measuring temperature interval. On the
other hand, it is obvious that there are magnetic entities, which
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respond easily to the ac field even at high frequencies, as their
equilibrium state can be easily disturbed. They exhibit faster
magnetic relaxation (10_4 S < Te< 1072 s) in the measured
temperature interval. We attribute these magnetic entities
to nonagglomerated individual particles, which do not feel
the strong local dipolar field of the surrounding moments.
Consequently, the relaxation of their magnetic moments is not
hierarchically constrained. In addition, the peak in the HF
x"(T) curves does not shift with the increase in frequency,
suggesting that those individual particles behave as entities
with bulk-like properties.

With the known values of o and 7. parameters, by
applying equation (2), it was straightforward to calculate the
distribution of relaxation times g(t) for both processes at
different temperatures, figure 7.

As the temperature decreases, the distribution profile for
the relaxation process observed in the LF region broadens and

the position of the profile continuously moves towards longer
relaxation times, thus indicating constant slowing down of the
most probable relaxation time .. A more pronounced increase
in the mean relaxation time happens upon cooling down
through the freezing temperature. Temperature-dependent
distribution width can be expected in SSG nanoparticle
systems, in which the correlation length and the corresponding
relaxation times of interacting magnetic moments increase
with decreasing temperature. In any case, slowing down
of the characteristic relaxation time in our LCMO system is
less drastic than in the archetypal spin glass systems, where
dramatic slowing down of the mean relaxation time upon
cooling (even for 16 orders of magnitude) through the freezing
temperature was reported for several systems [23,24,37]. The
behaviour of the distribution of relaxation times in our case
suggests that both entities experience additional slowing down
at temperatures below approximately 30 K.

3.2. Dynamical scaling

Ageing and nonequilibrium dynamics previously reported for
the LCMO sample [18, 19] indicate, but does not provide
decisive evidence for a thermodynamic phase transition at T,
to a low-temperature SSG state. Regarding that, we employed
a dynamical scaling of ac susceptibility in order to investigate
the nature of transition to the SSG state. Being an independent
approach, it is conventionally used as supporting evidence for
the critical behaviour at the spin glass transition [20].

In a full dynamical scaling analysis, the imaginary
component of the dynamic susceptibility measured at various
frequencies f = w/2m is scaled according to [38—40]

x"(T,0)

_ B
() & H @),

T>T, @)

where x.q is the equilibrium susceptibility in the limit w — 0,
while ¢ denotes the reduced temperature ¢ = (1 — (T/Ty)).
Data for various frequencies should collapse onto the master
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curve expressed by the H(wt.) function. t. represents the
critical correlation time related to the spin—spin coherence
length £ via exponent z as 7. X Th&° o &€7%", where 1, is
a microscopic time scale. For spin glasses 7, ~ 1073 s is the
fluctuation time of an atomic moment, while for nanoparticles
itcan be assigned to the SPM relaxation time of a single particle
of average size and approximated by the Néel-Arrhenius
expression T, = toexp(E/kgT).

Experimentally obtained out-of-phase susceptibility
data x” were scaled according to equation (4) by plotting
(T)Ty — 1)"3)’(‘—eq versus T, figure 8. The function xeq
is approximated by the Curie-~Weiss expression x.q = T{—OTO,
where parameters o = 0.00157emu and 7 = 136K are
obtained by the fit of the LF in-phase susceptibility x (T)
data in the high-temperature region (I’ > 150K). The
first attempt of dynamical scaling with 7. o« t,67*" and the
assumption that the microscopic flip time t,, is temperature
independent (as in archetypal spin glasses) failed to scale all
curves onto a single master curve, figure 8(a). However, with
an assumption of Néel-Arrhenius temperature dependence
for 1, i.e. 7o &« Tme ¥ & Toexp(E/kgT)e™*", the scaling
was significantly improved, figure 8(b). The trial value for
E ~ 10*K was previously obtained as the anisotropy energy
barrier of an average-sized nanoparticle in our sample [17].
The most satisfactory collapse of data is obtained for the
following choice of consistent parameter set: T, = 47K,
zv = 8, B = 1.0, where the zv3 and B values comply with
the analysis on SSG systems [20].

Improved scaling in the case of temperature-dependent
microscopic flip time implies that satisfactorily good
collapsing of curves could be obtained by a more suitable
choice of t, temperature dependence. However, the
performed dynamical scaling analysis cannot undoubtedly
confirm that the LCMO nanoparticle system exhibits a

3 The used zv value is close to the value zv = 7.4 (1) obtained from the power
law fit of X’(T) experimental data in [18] where the driving amplitude of the
ac field was higher, pohyc = 0.4 mT. In addition, the power law form in [18]
assumed the 7, = 79 = const condition.

thermodynamic phase transition, although it clearly exhibits
spin glass dynamics. A static scaling analysis, as performed
in [41], should provide a crucial tool to disclose a possible spin
glass phase transition.

There is a consensus that full dynamic scaling would
reveal a phase transition to a low-temperature SSG state
only if the single particle contribution to x” is vanishingly
small for T > T,, ie. if the slow dynamics is due
to collective behaviour. This condition is fulfilled only
for strongly interacting nanoparticle systems with a narrow
anisotropy barrier distribution [42].  Consequently, the
existence of nonagglomerated individual nanoparticles, which
do not exhibit collective behaviour, may mask the underlying
phase transition. Their contribution to the measured
susceptibility has been clearly observed in HF ac susceptibility
measurements.

4. Conclusion

The nonequilibrium dynamics in the low-temperature SSG
state of an interacting LCMO nanoparticle sample was found
to strongly resemble the corresponding spin glass dynamics.
However, certain differences compared with the archetypal
spin glasses were observed.  Contrary to temperature-
independent monodispersed relaxation times of atomic spins in
spin glasses, Cole—Cole analysis revealed a wide distribution of
relaxation times and its temperature dependence. Two parallel
relaxation pathways were experimentally observed and the
possible mechanism for such relaxation effects was suggested.
Along with the expected relaxation of the collective SSG
phase, the existence of individual, nonagglomerated particles,
which do not take part in the collective phase and relax
independently, was proposed. The nature of the transition to
the low-temperature SSG state was discussed in terms of full
dynamical scaling. Although interacting LCMO nanoparticles
clearly exhibit spin glass dynamics, crucial evidence for the
existence of thermodynamic phase transition is still missing.
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