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Magnetic properties of compacted La, gCa,,MnO3; manganite nanoparticles with average particle size of 18
and 70 nm and Curie temperatures 7c=~231 K and T-=261 K, respectively, have been investigated. The
relative volume of the ferromagnetic phase has been estimated to be 52% for ensembles of 18 nm particles and
92% for 70 nm particles. It was found that applied hydrostatic pressure enhances T of LajgCay,MnOj3
nanoparticles at a rate d7c/dP=~1.8—1.9 K/kbar, independently on the average particle size. Pronounced
irreversibility of magnetization below T;,~208 K and strong frequency dependent ac susceptibility below T
for smaller 18 nm particles have been observed. 18 nm particles have also shown aging and memory effects in
zero-field-cooled (ZFC) and field-cooled magnetization. These features indicate the appearance of spin-glass-
like state, partially reminiscent the behavior of La;_,Ca,MnOj crystals, doped below the percolation threshold
x<xc=0.225. In contrast, ensembles of larger 70 nm particles have shown insignificant irreversibility of
magnetization only and no frequency dependence of ac susceptibility, similarly to the behavior of
La;_,CaMnOj crystals with x> x¢. The temperature of the ZFC magnetization maximum for 18 nm particles
decreases with increasing magnetic field and forms a critical line with an exponent 1.89 = 0.56. The results
suggest that superspin-glass features in ensembles of interacting 18 nm particles appear along with

superferromagnetic-like features.
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I. INTRODUCTION

Nanosized materials, such as nanoparticles (NPs), nano-
wires, nanotubes, and nanocomposites are currently a focus
of intense investigations. When the size of NPs is reduced to
the nanometer scale, some of the basic magnetic properties
become strongly size dependent and differ significantly from
the properties of the bulk material.!~® Ensembles of NPs with
weak interparticle magnetic interactions show superpara-
magnetic (SPM) behavior. Systems with pronounced inter-
particle interactions exhibit collective behavior capable of
overcoming anisotropic properties of individual particles.
Strongly interacting and dense NP systems showing spin-
glass (SG) behavior are referred to, by analogy with atomic
spin glasses in bulk materials, as superspin glasses (SSG).%7
SSG NP systems exhibit peculiar slow dynamics, aging, re-
juvenation phenomena, and memory effects.3> NP en-
sembles at higher densities and stronger interparticle interac-
tions convert into so-called superferromagnetic (SFM) state
in which, below some temperature, the magnetic moments of
all NPs are correlated in a ferromagnetic-like fashion.!*!3

In recent years, a plethora of unusual nonequilibrium dy-
namics and time-dependent phenomena in phase-separated
perovskite manganites have been reported.'®-2° In particular,
relaxation and memory effects in magnetization and resistiv-
ity, irreversibility of magnetization, frequency-dependent ac
susceptibility, aging, and rejuvenation, similar to those ob-
served in classical spin glasses, were detected in colossal
magnetoresistance manganites.'®2! On the other hand, the
glassy behavior in phase-separated manganites is strongly
connected with the dynamical coexistence of magnetically
distinct phases'®2! and therefore, manganites do not behave
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like canonical spin glasses.?? In manganites, the most impor-
tant prerequisites for the spin-glass-like behavior, frustration,
and disorder are caused by competing interactions together
with the phase separation associated randomness in spin po-
sitions. Since the dominant interactions leading to frustration
appear between nanosized phase-separated clusters, the
glassy state in manganites is referred to as a cluster spin
glass, see (Ref. 21) and references therein.

A rich variety of phenomena resembling spin/cluster glass
effects was found in low-doped ferromagnetic
La;_,CaMnO; for x below the percolation threshold xc
=0.225. In particular, neutron diffraction,”> NMR,** ac sus-
ceptibility and dc magnetization,” Mossbauer,”® heat-
capacity, and resitivity” data, all indicate that bulk
La;_,Ca MnOj; samples with x close to 0.2 undergo an addi-
tional phase transition at temperatures well below the Curie
temperature 7 of para-to-ferromagnetic transition. The ad-
ditional phase transition is accompanied by peculiar features,
such as strong frequency dependence of ac susceptibility,?
remarkable rotation of the easy magnetization axis,” wipe-
out of the '*La NMR signal upon heating,2* excess specific
heat,” and orthorhombicity reduction below the critical
point.”? The ensemble of such features is considered to be a
fingerprint of a cluster spin-glass transition in disordered
manganites.>'?> Remarkably, all glass-like features disappear
when the doping level x in La;_,Ca,MnO; bulk samples ap-
proaches and exceeds the percolation threshold xc.%>

In this paper, we discuss magnetic and glassy properties
of ensembles of Laj3Cay,MnO; (LCMO) NPs with distinct
average particle sizes. We show that ensembles of compacted
70 nm NPs do not show any spin-glass features while com-
pacted smaller 18 nm particles exhibit frequency-dependent
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ac susceptibility, aging, and memory effects typical for su-
perspin glasses.

II. SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION

Nanocrystalline LCMO particles have been prepared by
the glycine-nitrate method, similar to that developed for
preparation of nanosized La,;Ca,;MnO; powders.?” A stoi-
chiometric amounts of La(NOs);-6H,0, Ca(NOs),-6H,0,
Mn(NOs3),-4H,0, and glycine (C,HsNO,) were dissolved in
water to form precursors solutions. A molar ratio of ~0.5
between glycine and nitrate turned out to be appropriate for
producing a single-phase perovskite compound. The precur-
sor solution of each nitrate with glycine was well mixed by 4
h long stirring. The solutions were merged together and
mixed again by stirring for another 15 h. The resulting ho-
mogenous solution was then dehydrated by heating at T
~ 100 °C for 1.5-2 h until it converted into a transparent
viscous gel. The gel heated to 7~300 °C auto ignites and
after a short combustion converts into a black porous ash of
La, 3Ca;,MnO5; compound. Upon calcination of the powders
for 1 h at 600 °C (900 °C) in the flow of 40% O, and 60%
Ar, small (large) LCMO nanocrystals are formed. Thus ob-
tained powders were compacted under pressure of 5 kbar
into cylinder and pellet shaped samples for magnetic and
transport measurements, respectively. The density of the
compacted material was about 60% of the density of the bulk
crystal.

The NPs were characterized by x-ray powder diffraction
(XRD) and transmission electron microscope (TEM)
equipped with energy-dispersive x-ray spectroscopy (EDS)
facilities. The XRD data were collected by means of powder
diffractometer, with a graphite monochromator on diffracted
beam providing K|, radiation (\=1.541 A) and operating at
V=40 kV and =30 mA. The XRD pattern of the as-
prepared sample was found to be a mixture of perovskite and
amorphous phases. After annealing at 7~600 °C, pure
orthorhombic structure definitely dominates and only a small
amount of amorphous phase was detected. The XRD patterns
of the samples calcinated at 600 and 900 °C are shown in
Fig. 1(a). The diffraction peaks were indexed in the ortho-
rhombic setting of the Pnma space group.

The EDS analysis confirmed the composition and homo-
geneous distribution of the constituent elements. The average
composition obtained from EDS spectra recorded at different
areas agrees well with the starting composition in terms of
the atomic ratio, La:Ca:Mn=0.8:0.2:1.0. To determine the
lattice parameters and crystallite sizes the Rietveld analysis
of XRD spectra was performed using the FULLPROF com-
puter tool.”® The Rietveld plot for the sample annealed at
900 °C is shown in Fig. 1(b). Lattice parameters derived
from the analysis are a=5.478(2) A, b=7.735(3) A, and ¢
=5.508(2) A for the sample annealed at 600 °C and a
=5472(1) A, b=7.736(1) A, and ¢=5.505(1) A for this
annealed at 900 °C. These lattice parameters are consistent
with the literature data for similar ceramic samples.??>26

The average crystallite size (D) was calculated using
Debye-Scherrer equation and was found to be 18 =1 nm for
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FIG. 1. (Color online) (a) XRD spectra of samples 18 nm
LCMO and 70 nm LCMO annealed at 600 and 900 °C, respec-
tively. Indexing is done in the orthorhombic setting of the Pnma
space group; (b) Rietveld plot for 70 nm LCMO sample. The ex-
perimental data points are indicated by open circles, the calculated
and difference patterns are shown by solid lines. The Bragg posi-
tions of the reflections of the orthorhombic manganite are indicated
by vertical lines below the pattern.

sample annealed at 600 °C and 70 =3 nm for this annealed
at 900 °C. In the following text, the nanocrystalline samples
with 18 and 70 nm average grain sizes will be referred to as
18 nm LCMO and 70 nm LCMO, respectively.

The bright field TEM image of 18 nm LCMO powder
dispersed in an alcohol and placed on a carbon grid is shown
in Fig. 2(a). The powder is composed of nearly spherical
nanoparticles with average size of 18 nm. The bigger par-
ticles appearing in the image were formed by aggregation of
smaller particles in the process of preparation of the speci-
men for TEM. The SEM micrograph in Fig. 2(b) of the
grinded surface of 18 nm LCMO pellet prepared for resistiv-
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FIG. 2. (a) Bright field TEM image of 18 nm LCMO particles;
(b) SEM image of the same sample after compacting into the pellet;
(c) the normalized histogram of particle size distribution.
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FIG. 3. (Color online) (a) Temperature dependence of zero-field
cooled Mg (open symbols) and field cooled Mgc (solid symbols)
magnetization of 18 nm LCMO sample in magnetic field H
=100 Oe at ambient pressure and at P=8.9 kbar. Inset shows tem-
perature dependence of the derivative dMyc/dT. (b) Difference be-
tween Mpc and Mypc as a function of temperature. (¢) FC magne-
tization of 18 nm LCMO recorded in H=5 Oe in extended scale.

ity measurements shows a collection of almost uniform
spherical nanoparticles. The normalized histogram of particle
sizes computed from SEM micrographs is shown in Fig.
2(c). The average size obtained from this distribution agrees
well with the one obtained using XRD data.

III. MAGNETIC AND TRANSPORT PROPERTIES

For magnetic measurements La, gCa,,MnOz; NP powders
were compacted under pressure of ~5 kbar, applied at room
temperature, into cylinder-shaped samples with diameter of
2.4 mm and height of 3.0 mm. Most of the magnetization
measurements were conducted in the temperature range
5-290 K and magnetic field up to 15 kOe, applied perpen-
dicularly to the rotation axis of a sample, employing a com-
mercial vibrating sample magnetometer PAR 4500. The ac
susceptibility was measured in the same temperature range
using the magnetic option of the physical property measure-
ment system of Quantum Design in which some of the mag-
netization measurements were also performed.

Temperature dependence of the field-cooled (Mpc) and
zero-field-cooled magnetization (M) of 18 nm LCMO
sample is shown in Fig. 3. The curves were recorded at ap-
plied field of 100 Oe under ambient and at 8.9 kbar hydro-
static pressure. The temperature of the peak in Myp(T)
curve can be associated with the blocking temperature 7. At
ambient pressure Tg=154 K while at applied pressure of
8.9 kbar Tg =175 K. For zero applied pressure, the Mn spin
sublattice undergoes magnetic transition at Curie temperature
Tc=231 K, determined as the temperature of a minimum in
the derivative of the magnetization curve dMgo(T)/dT, see
inset in Fig. 3(a). The magnetic transition is very broad due
to some distribution of NP sizes and shapes in the ensemble,
as well as due to interparticle and intraparticle magnetic in-
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FIG. 4. (Color online) Magnetic field dependencies of magneti-
zation of 18 nm LCMO sample measured after ZFC. Inset shows
low-field part of hysteresis loops in the extended scale.

teractions. The broadening of the magnetic transition is a
characteristic feature of FM nanoparticle ensembles as dem-
onstrated in studies of the grain size and oxygen stoichiom-
etry influence on magnetic and transport properties of
Lag 4;Cag33Mn0O; particles.?® Therefore, the values of T
~231 K and Tg=154 K should be understood as the aver-
age characteristic temperatures of the ensemble of 18 nm
LCMO nanoparticles. Applied pressure increases 7 at a rate
dT-/dP=1.9 K/kbar. At ambient pressure M zc(T) and
Mpc(T) curves diverge at the irreversibility temperature Ty,
~208 K, see Fig. 3(b), and the difference between them
increases strongly with decreasing temperature. At low tem-
perature Mg saturates and becomes almost temperature in-
dependent. However, as it is shown in Fig. 3(c), Mgc re-
corded at very small magnetic field of 5 Oe initially
increases slowly with decreasing temperature, almost satu-
rates below 150 K, and starts to decrease at temperatures
below 40 K.

Figure 4 shows the magnetization of 18 nm LCMO
sample as a function of magnetic field applied at various
temperatures after ZFC. Applied pressure does not practi-
cally change M(H) curves. The nonlinearity in M(H), indi-
cating the onset of the ferromagnetism in the system, appears
already at 240 K, significantly above 7. Nonlinearity in
M(H) might be due to nonlinear nature of specific magnetic
processes in the ensemble of 18 nm LCMO nanoparticles or,
alternatively, may be related to the dispersion of particle size,
Curie temperature, and anisotropy in the ensemble. The co-
ercive field is relatively weak at temperatures slightly below
T and monotonously increases with decreasing temperature,
reaching 320 Oe at 7=10 K, as seen in magnetic hysteresis
loops in the inset in Fig. 4. The magnetization of 18 nm
LCMO sample at 10 K remains unsaturated even at H
=15 kOe, see Fig. 4. This is likely due to the superposition
of contributions from FM particle core, which tends to satu-
rate at low fields, and from magnetically disordered surface
spins, which remain unsaturated at 15 kOe. The spontaneous
magnetization M, obtained from a linear extrapolation of
the high-field magnetization to H=0 was found to be M,

134440-3



MARKOVICH et al.

6+ 70 nm LCMO —o0—=8—P=
—o——e— P=10.4 kbar
37 FC 100 Oe
ZFC oo
4 oo
o | o
\:5 | 0.00:
80
s \20-0.04 o R
2 E -0.08 é 0
_% 2
15 02 40 Lo o
HO— P=10.4 kbar
19 6 80, T
60 120 180 240 -15 -10 -5 5 10 15 \
0 T(K) H (kOe) L
T T T T T T T T T T T T
0 50 100 150 200 250 300
T (K)

FIG. 5. (Color online) (a) Temperature dependence of zero-
field-cooled Mg (open symbols) and field-cooled Mg¢ (solid sym-
bols) magnetization of 70 nm LCMO sample in magnetic field H
=100 Oe at ambient pressure and at P=10.4 kbar. Left inset shows
temperature dependence of the derivative dMgc/dT. Right inset
shows magnetic field dependencies of magnetization measured at
T=10 K for 70 nm LCMO sample at ambient pressure and under
P=10.4 kbar after FC.

~47.6 emu/g for 18 nm LCMO at 10 K, corresponding to
the relative content of FM phase of 52%. Note that both,
appearance of the peak in Myr-(T) and M(H) hysteresis be-
low Ty are general characteristic features for magnetic
nanosystems.!~!!

The temperature dependence of Mz and Mpc for 70 nm
LCMO sample recorded in magnetic field of 100 Oe, at am-
bient pressure and at 10.4 kbar, is shown in Fig. 5. The
difference between M - and M- below T is much smaller
than in 18 nm LCMO case and magnetic transition at 7
~261 K is significantly sharper, see left inset in Fig. 5. On
the other hand, T increases with pressure with a rate
dTc/dP=1.8 K/kbar, which is almost identical to that one
of 18 nm LCMO, and similarly, the applied pressure does not
practically affect M(H) curves, see right inset in Fig. 5.

In contrast to behavior of M(H) for 18 nm LCMO, the
magnetization of 70 nm LCMO sample saturates in H
~5 kOe. Spontaneous magnetization of 70 nm LCMO at
T=10 K is My=87.6 emu/g (right inset of Fig. 5), corre-
sponding to the relative FM phase content of about 92%.

The temperature dependence of real part of ac suscepti-
bility xy’ was measured at several frequencies between 10 Hz
and 10 kHz, with probing field amplitude of 10 Oe and tem-
perature decreasing in short steps from 300 to 5 K. The ac
susceptibility of 18 nm LCMO presented in Fig. 6(a) shows
wide magnetic transition and significant frequency depen-
dence in a wide temperature range below 7~ 230 K. In gen-
eral, at all temperatures, ' decreases with increasing fre-
quency. The temperature 7}, at which the broad maximum in
x' appears, shifts to lower temperatures with increasing fre-
quency and is equal to about 182 K at f=10 Hz while T,
~174 K at f=10 kHz. This is a surprising and puzzling
result since for both interacting and noninteracting
NPs,!13031 a5 well as for spin glasses,?” the temperature of
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FIG. 6. (Color online) Temperature dependence of real compo-
nent of ac susceptibility (y’) measured during heating, at different
frequencies and ac magnetic field of 10 Oe for (a) 18 nm LCMO
and (b) for 70 nm LCMO sample. Insets show the imaginary part
(x") of ac susceptibility measured at frequency of 1 kHz and ac
magnetic field of 10 Oe.

the peak in x’ is known to increase with increasing fre-
quency. Most likely, the real evolution of the susceptibility of
18 nm LCMO is masked by effects of smeared FM ordering
in the ensemble of NPs with some distribution of sizes, Curie
temperature, and anisotropy field.

In a marked contrast, the susceptibility characteristics of
70 nm LCMO, shown in Fig. 6(b), resemble the behavior of
ac susceptibility for conventional ferromagnets. In-phase
component ' exhibits an abrupt sharp increase in the vicin-
ity of Tc~240 K and only slight decrease with temperature
decreasing below T. Very weak frequency dependence of
the in-phase component, overall change of about 1.6% in the
entire 10 Hz to 10 kHz frequency range, is seen only below
Tc. There is some very small change in the slope of the
temperature dependence of y’ around 140 K but the physics
of this feature remains unclear at the moment. Out of phase
component x” of ac susceptibility for both samples was
found to be much smaller than real part x’ especially in
low-temperature range and it also exhibits large scattering of
experimental points particularly for curves recorded at low
frequencies. Because of such large scattering we show in the
insets in Figs. 6(a) and 6(b) representative curves of x” mea-
sured at f=1 kHz. In the inset in Fig. 6(a) we observe wide
peak in the vicinity of 7 for 18 nm LCMO while for larger
particles (70 nm LCMO) the peak is much sharper, see the
inset in Fig. 6(b). Since x”(T) affords the dissipated magnetic
energy, the peak in y”(T) should correspond to the irrevers-
ibility temperature Tj, at which the Mypc(T) and Mpc(T)
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FIG. 7. (Color online) (a) Temperature dependence of zero-
field-cooled M g (open symbols) and field-cooled M¢ (solid sym-
bols) magnetization for 18 nm LCMO sample in magnetic field H
=100 Oe and 1200 Oe; (b) Mg recorded at various applied fields.
The dotted line is a guide to the eye.

dependencies split below T¢.’? Indeed, the temperatures of
peaks in x"(7) (201 K and 250 K for 18 nm LCMO and 70
nm LCMO, respectively) agree fairly well with the values of
T, see Figs. 3(a) and 5.

It is well known that in spin glasses the irreversibility
temperature T, at which the M p-(T) and Mp(T) dependen-
cies split depends strongly on the applied magnetic field.*
Data presented in Fig. 7(a) prove that the same effect appears
in our 18 nm LCMO sample. T;,(H) decreases progressively
with increasing magnetic field until any noticeable difference
between the ZFC and field-cooled (FC) magnetization van-
ishes at magnetic fields above 1500 Oe. Increasing magnetic
field broadens and shifts the maximum of M,gc(T) to lower
temperatures, as illustrated in Fig. 7(b). The dotted line in
Fig. 7(b) is a guide to the eye for the M pc(T) maximum
position. This behavior indicates that with increasing field
the magnetic energy becomes higher than the energy barrier
between possible equilibrium orientations of magnetic mo-
ments, thereby decreasing both Ty and T, (H).>* Similar be-
havior, recently observed by Suzuki et al.’> in ensembles of
Fe;O, NPs, was interpreted as a manifestation of a
superspin-glass behavior.

Electrical resistance measurements were performed in a
standard four-point arrangement using dc of 2 uA. Figure 8
shows the resistivity, recorded under zero magnetic field, as a
function of temperature. Temperature dependence of resistiv-
ity for 70 nm LCMO demonstrates a clear insulator-to-metal
transition at T,,,,=~251 K and quasimetallic (dR/dT>0)
behavior in a wide temperature range below 7,,,. In con-
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FIG. 8. (Color online) Resistivity p of 18 and 70 nm LCMO
samples as a function of temperature.

trast, the resistivity of 18 nm LCMO monotonically increases
with decreasing temperature and already at 7<<150 K be-
comes too large to be measured with our experimental setup.

IV. AGING, MEMORY, AND REJUVENATION
EFFECTS

A characteristic feature of any glassy system, including
SSG, is the aging effect in ZFC magnetization.?>*3 When
magnetic field is applied to a glassy system which was
cooled in zero field from a temperature above the glass tem-
perature 7, to a temperature T\, <T,, the time evolution of
magnetization at T, depends on the time spent by the system
at low temperature before application of the field. In our
experimental protocol the sample was cooled down to 100 K
in zero magnetic field, maintained at low temperatures at H
=0 for the waiting time t,, after which the magnetic field of
10 Oe was applied. The time evolution of magnetization re-
sulting from slow relaxation is shown in Fig. 9(a). The ob-
served time dependence of magnetization can be well ap-
proximated by a stretched exponential form3°

M(t) =My~ M, exp[- (t/7)P], (1)

where M|, is the magnetization of an intrinsic FM component
while M, is the initial magnetization of the glassy one, which
provides the main contribution to the relaxation. The time
constant 7 and the dispersion parameter S are related to the
relaxation rate of the spin-glass phase. The value of exponent
B depends on the nature of energy barriers involved in the
relaxation. For uniform energy barrier =1 while for the
system with distribution of energy barriers, what is typical
for spin glasses, 0<<1. Fit of the stretched exponential
Eq. (1) to the experimental data from Fig. 9(a) renders the
following values of the fitting parameters: S~=0.455, 0.461,
0.446, M;=0.2049, 0.2151, 0.1983 emu/g, 7=2602, 2711,
3638 s, for z,, of 100, 1000, and 10 000 s, respectively. The
results indicate a slow increase in time constant 7 with in-
creasing waiting time t,,.

In a generic aging process, the magnetization dependence
on waiting time implies that the system is in a nonequilib-
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FIG. 9. (Color online) (a) Relaxation of ZFC magnetization of
18 nm LCMO at T=100 K for #,=100, 1000, and 10 000 s; (b)
Magnetic viscosity S(¢)=(1/H)dM(r)/d(In ) of 18 nm LCMO mea-
sured at 100 K for various waiting time. The curve for ¢,
=1000 s is shifted up by 0.2 107> to show better the position of
maximum of S(7).

rium state during #,, and that it keeps a memory of the wait-
ing time after which field is applied. In classical SG systems,
the time dependence of magnetization shows an inflection
point at ¢,,, which is usually detected as a peak at t=1,, in the
magnetic viscosity S(t)=(1/H)dM(t)/d(In ) plot versus
1467223139 The effect is predicted for SG systems by the
droplet model,** associating the maximum in magnetic vis-
cosity S(#) with a crossover from quasi-equilibrium dynamics
at t<<t,, to nonequilibrium dynamics at >1,,.

Time dependence of the magnetic viscosity S(r) for 18 nm
LCMO sample is shown in Fig. 9(b) for various t,,. In re-
semblance to classical SG systems,?? the peak in the S(f)
shifts to longer times with increasing f,, confirming the
glassy magnetic behavior. However, in contrast to the behav-
ior of classical SG systems and in some resemblance to the
behavior of the S(7) in polycrystalline LaygY;CaysMnO;
manganites,”® La, ¢,Sr, §C00; cobaltites,*! and polymer-
coated 7 nm magnetite NPs,*> the waiting time dependence
of the magnetic response in 18 nm LCMO is relatively weak.
Note that the maximum of S(7) moves only from 2600 to
3640 s upon three orders of magnitude changes in waiting
time.

In order to investigate memory effects in ZFC magnetiza-
tion we have employed a single stop-and-wait aging proto-
col. The sample was first ZFC cooled from room temperature
down to 8 K at the rate of 5 K/min. The reference magneti-
zation, M5k, was measured in magnetic field of H=5 Oe
during reheating back to room temperature with the rate 0.5
K/min. In the next run the sample was cooled in zero mag-
netic field from 300 K to a stop point at Tg=100 K at the
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FIG. 10. (Color online) (a) Temperature dependence of the ref-
erence magnetization Mrzeéc (open triangles) and of the magnetiza-
tion with a stop and waiting protocol, Mynt (open squares) at a
magnetic field H=5 Oe. First, 18 nm LCMO sample was cooled
from 300 to 8 K with the rate of 5 K/min. Then magnetization was
measured at heating, see MrZeFfC. After that the system was cooled
again from 300 K to a stop temperature 7g. The system was an-
nealed at stop temperature 7g=100 K for the wait time 10 000 s.
The cooling was resumed from T to 8§ K. Then the magnetic field
was turned on and the magnetization M%‘}g was measured at heat-
ing; (b) AM=M}4 ~M5E. vs temperature.
same cooling rate. The system was aged at Tg for ¢,
=10 000 s. After the waiting time has elapsed, the ZFC was
resumed and the sample cooled down to 8 K. At that tem-
perature the magnetic field of H=5 Oe was turned on and
M magnetization was measured again during the reheat-
ing cycle with the same heating rate 0.5 K/min as in Mrzeé_c
measurement. The temperature dependence of both Mrzeéc
and M}{¢ is shown in Fig. 10(a). Figure 10(b) demonstrates
that the difference between M3at and Mt exhibits an aging
dip in the vicinity of Tg. The dip results from spontaneous
reconfigurations of magnetic moments toward the equilib-
rium state, through a growth of equilibrium domains at 7.
For systems with pure SG behavior, the reference and the
stop-and-wait ZFC magnetization curves coincide at low and
high temperatures and deviate only when the temperature 7T
is approached from below.”*%37 However, in a difference to
behavior of pure SG, our data show that splitting between
M3 and ML is not restricted only to the vicinity of T but
persists also at temperatures below and above Tg. This is
likely a result of only partial rejuvenation which is consid-
ered as a hallmark of the superspin-glass behavior of
strongly interacting nanoparticles because the number of cor-
related superspins in SSGs in the experimental time scale is
much smaller than in canonical atomic spin glasses. Rejuve-
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FIG. 11. (Color online) Temperature dependence of FC magne-
tization of 18 nm LCMO measured in the following protocol: Mgc,
measured in magnetic field H=5 Oe, is defined as M{fé LCMO18
sample was FC cooled again from 300 K to intermittent stop tem-
peratures T5=120, 70, and 20 K, in H=5 Oe. At each Tg, the field
was turned off and 18 nm LCMO was aged for a waiting time t,,
=1X10* s. Corresponding FC magnetization is denoted as
MIFSC(TL). The arrows point out the relaxation of MIFSC(TL). MIFSC(TT)
is measured in H=5 Oe at increasing temperature after the above
cooling.

nation effects involve a hierarchy of embedded active length
scales what requires a large enough number of correlated
spins in the system for the rejuvenation to be detectable.
Therefore, rejuvenation effects in SSGs can be strongly re-
duced or even completely depressed.*?

In the investigations of the memory effect in field cooled
magnetization Mgc of 18 nm LCMO sample, we have
adopted the methodology and definitions suggested recently
by Suzuki et al.® According to the experimental protocol,
the field-cooled reference magnetization Mis.(T) is measured
in magnetic field H=5 Oe. Next, the sample is cooled down,
in the same field, from 300 K to intermittent stop tempera-
tures Tg=120, 70, and 20 K. At each Tg, the field is turned
off and the system undergoes aging during the waiting time
ty=1X10* s. While the system is aging at fixed temperature
T, its magnetization M{:SC(TL) decreases through relaxation,
where IS stands for an intermittent stop. After the elapse of
waiting time ?,,, the magnetic field H=5 Oe is again turned
on and the cooling is resumed. Such aging procedure leads to
a steplike behavior of Mf3.(T|) curve, as shown in Fig. 11.
After reaching the final low temperature of 6 K the cooling is
stopped and the magnetization is next measured with raising
temperature M-(T7), in the presence of H=5 Oe during a
continuous increase in the temperature at a constant rate of
0.5 K/min. Despite monotonic increase in the temperature in
the heating run, M-(T7) undergoes step-like changes around
each T, indicating that the system keeps a memory im-
printed in the FC process.!>!>3 The magnetization My(T|)
is almost parallel to the reference curve M., with exclusion
of the temperatures around the intermittent stops 7.

V. DISCUSSION

Densely packed ensembles of fine magnetic nanoparticles
with strong interparticle interactions show most of the fea-
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tures which are characteristic of glassy systems.*”’ Glassy
behavior originates here from a complex interplay between
surface and finite-size effects, interparticle interactions, and
randomness of the distribution of anisotropy axes of nano-
particles. The values of the exchange coupling constants are
expected to be different for individual interfaces and the
form of their distribution may have a great influence on mag-
netic properties of the system.'* The anisotropy of nanopar-
ticles is somewhat related to slight deviations of their shapes
from perfect spheres. Since all contributions act together,
often with opposite effects, the glassy features are much less
pronounced than in canonical spin glasses.*

FC magnetization memory is typical for SSG
systems®!233 and FC magnetization behavior very close to
that one shown in Fig. 9 was recently observed in SSG en-
sembles of small 5 nm Fe;O, NPs.? However, several pa-
pers show that superparamagnets may also exhibit similar
memory effects.””!3 A simple model of a noninteracting NPs,
i.e., of a superparamagnetic system, as well as experimental
investigations of superparamagnetic system, such as ferritin
proteins, show that aging and memory effects may originate
solely from a broad distribution of relaxation times arising
from the anisotropy of energy barriers in paramagnets.'? In-
deed, FC magnetization memory was observed in various
SPM systems such as y-Fe,0; NPs,? permalloy (NigFe,o),?
and Co particles.**

In contrast, the memory effect in the ZFC magnetization
is an unequivocal signature of SSG and in general of spin-
glass behavior.'> SPM should not exhibit any memory effect
during ZFC below blocking temperature since the occupation
probabilities of spin-up and spin-down states are always
equal.’> Moreover, the simultaneous decrease in Mpg and
M }:SC(TL) in 18 nm LCMO is a common characteristic feature
only for SSG and SFM systems because SPM systems ex-
hibit a simultaneous increase in Mie: and ME(T]) 812133544
This enable us to conclude at this point that aging and
memory effects in 18 nm LCMO ensemble are not due to its
SPM nature and result either from SSG or SFM nature of the
system.

Unfortunately, waiting time-dependent magnetization re-
laxation appears in both SSG and SFM systems,’ what does
not allow us to discriminate between them. Investigations of
magnetic  relaxation of superferromagnetic granular
multilayer [CogoFe,o(1.4 nm)/Al,O5(3 nm)];,, have re-
vealed two competing relaxations with different characteris-
tic rates:* rapid relaxation of SFM domain walls and slow
relaxation of superspins inside SFM domains toward higher
colinearity against inherent random anisotropies.”*> SFM
systems can also exhibit chaotic behavior similar to SSG,
which may lead to relaxation, memory, and rejuvenation ef-
fects, through strong dependence of SFM order on tempera-
ture variation.”#

Nevertheless, the waiting time dependence of the mag-
netic response in our samples is weaker than in archetypal
spin glasses.” Thakur et al.*? suggested that the relaxation
processes in ensembles of magnetic NPs is due to combined
effects of FM and SG components, what might cause the
relaxation to deviate from a conventional SG behavior. We
believe that sufficiently strong interactions in an ensemble of
18 nm LCMO particles result in formation of a collective
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state and in an appearance of additional relaxation character-
istic for SFM state. This in turn, modifies waiting time de-
pendence and makes it different from that of conventional
SG systems.

Other specific measurements should, in principle, allow
one to distinguish between SSG and SFM behaviors. In par-
ticular, it was suggested that x” vs y’ Cole-Cole plot of SFM
differs markedly from that of a SSG system.® Unfortunately,
the Cole-Cole analysis of our data did not render any results
that are different from those seen in both SSG and SFM
systems. Possibly, it is related to a complex behavior of ac
susceptibility and to absence of sufficiently pronounced
glassy transition. We note that, a similar behavior has been
already reported for Y_,Ca,Mn;_,Cr,05 (x=0.3-0.4) man-
ganite system*® and for low-Cr-doped manganite a transition
from a typical spin-glass system to the nonuniform state with
ferromagnetic clusters has been evidenced. In these experi-
ments a number of features characteristic for spin glasses
have been observed, nevertheless, the Cole-Cole analysis
failed to reproduce the spin-glass behavior.0

Coexistence of nonequilibrium ferromagnetic and spin-
glass components may modify dynamic characteristics of the
system since both phases are in nonequilibrium states.*346
The system may exhibit magnetic aging and relaxation but
typical characteristic features of canonical spin glasses, such
as sharp dip of ZFC memory or appearance of maxima at t,,
in S(r) will be considerably less pronounced.*!47:48

The stability of spin-glass systems may be checked by the
magnetic field dependence of their freezing temperatures.
The real-space droplet theory®® restricts SG correlations to
so-called field crossover length, thus excluding appearance
of long-range SG order in any magnetic field. On the other
hand, the mean-field theory*® predicts the existence of a criti-
cal de Almeida-Thouless (AT) line in the (H,T) plane. At
low magnetic field AT line is given by

H(T) =Hy(1 = TITy?, (2)

where 7% is the spin freezing temperature, H,, is the magnetic
field, and the exponent p=3/2. For Ising systems, the AT
line directly separates the FM phase from the reentrant one
with coexisting FM and SG orders. The behavior of ZFC
magnetization maximum as a function of magnetic field in
various materials is generally consistent with the AT line,3*
introduced originally for SG systems. In cluster glass mod-
els, ZFC magnetization peak is interpreted in terms of com-
petition between randomly oriented moments of individual
short-range clusters and the applied magnetic field.>!

It was shown that temperature 7',,, of magnetic NPs en-
sembles with the spin disorder due to a surface spin-glass
layer decreases with magnetic field following the H*3
dependence.*>® When the spin disorder extends to entire
particle, T,,,, is expected to follow the H'"? dependence. In
Fig. 12 we plot the temperature at which the maximum in
M ;ic(T) appears (see Fig. 7) as a function of magnetic field.
Fit of Eq. (2) to our experimental data yields p
=1.89+0.56, Ti=Tn=188*=31 K, and H,
=2012%136 Oe. Thus determined exponent p is close to the
AT value of 1.5, indicating possible existence of AT critical
line in the H-T phase diagram. On the other hand, the ex-
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FIG. 12. (Color online) Temperature of the peak in ZFC mag-
netization as function of magnetic field for 18 nm LCMO particles.
The solid line is fitted by Eq. (2) with following parameters: T
=188 31 K; Hy=2012*=136 Oe; and p=1.89*+0.56.

perimentally determined exponent p=1.89%+0.56 is close to
both p=3/2 and p=2, predicted by the theory for surface
and volume spin disorder, respectively, what makes difficult
to decide whether or not the system behaves as a re-entrant
spin glass.’! However, taking into account the fact that FM
phase occupies only about 50% of the sample volume, we
can deduce that the remaining half of the sample volume is
occupied by the spin disordered phase. For 18 nm particles,
half of the volume is occupied by surface shells of the thick-
ness of about 2 nm. We conclude, therefore, that spin disor-
der is associated with surfaces and it is reasonable to assume
that this increases the value of p toward 2. Recently, very
similar AT critical line was obtained from the field depen-
dence of the ZFC ac-susceptibility peak for 5 nm Fe;O0, NPs
ensembles.? This system exhibits number of features char-
acteristic for SSG such as aging, memory effects, and tem-
perature independent Mpc at low temperatures. With increas-
ing field, the temperature of the peak of ZFC susceptibility of
Fe;O04 NPs shifts toward lower temperatures following AT
line with the exponent p=1.78 = 0.26.33 Furthermore, param-
eter p=3/2 is not unique for spin-glass states but it can also
arise from the superparamagnetic behavior.> Therefore, the
set of data, including the frequency dependence of suscepti-
bility and low-temperature FC magnetization, as well as ZFC
memory measurements and aging phenomena, are helpful to
identify a glassy state. Somewhat larger parameter p for 18
nm LCMO sample may indicate the presence of considerable
surface spin disorder or, alternatively, some intermediate
state between SSG and SFM, if the interparticle magnetic
interactions are sufficiently strong.

Let us discuss the magnetic structure and the nature of
interparticle interactions in ensembles of small manganite
NPs. In order to explain magnetic properties of manganite
NPs with sizes in the range of tens of nanometer, a core-shell
structure was proposed.’® The model assumes that the inner
part of a particle, the core, has the same properties as the
bulk material, whereas most of oxygen faults and vacancies
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in the crystallographic structure are contained in the outer
shell of the width r and constitute a magnetically dead layer
(MDL). Recent magnetic and high-resolution TEM studies of
25 nm diameter Lay ;M) 33MnO; (M =Ca,Sr) NPs have re-
vealed the existence of 2 nm thick shells with properties
different from those of the core.* Curiale et al>* demon-
strated that atoms in the shells are arranged in a noncrystal-
line arrays, what explains 50% reduction in the surface mag-
netization with respect to the bulk. This is in a good
agreement with the relative volume occupied by the FM in
18 nm LCMO. We claim that 18 nm LCMO NPs have FM
cores surrounded by 2 nm thick surface MDL with crystal-
line and magnetic disorder. Curiale et al.>* proposed that the
MDL consists of small FM clusters containing just tens of
Mn ions in a frustrated configuration that may result in ap-
pearance of a spin-glass-like layers at NPs surfaces.

We have previously established that due to the different
nature of magnetic interactions in bulk La;_,Ca,MnO; below
and above the percolation threshold xc, the pressure coeffi-
cient dT/dP exhibits a sharp change in the vicinity of x¢
and varies only slightly with doping increasing up to x
~0.3.% In the case of x>xc, FM double exchange (DE)
interactions control the magnetic and transport properties,
whereas at x<<xc DE is partly replaced by superexchange
(SE) FM interactions. Double exchange is more sensitive to
the pressure than SE and therefore the pressure coefficients
are significantly different: d7-/dP=0.2—0.3 K/kbar and
dT-/dP~2 K/kbar for x<x. and x>xc, respectively.
Since the pressure coefficient d7¢-/dP~1.8—1.9 K/kbar is
very close for our NPs ensembles to that of metallic
La,_,Ca,MnOj; (x> xc) bulk manganites it seems reasonable
to assume that a dominant magnetic interaction in the NPs
cores is the ferromagnetic DE.

For all fine-particle systems, different interparticle inter-
actions exist and play a decisive role in formation of collec-
tive states and determine magnetic behavior of NP en-
sembles. At higher particle densities, apart from the classical
dipole interactions,®” the exchange and other nonclassical
interactions, such as tunneling exchange interactions,
Ruderman-Kittel-Kasuya-Yosida, superexchange interac-
tions, start to play a role in the system.” The evaluation of
dipolar energy of interaction between two particles with mo-
ments u=3000ug and a center-to-center distance of D
=6 nm Wlll be Ed_d/kBZ(M0/47TkB)(/.L2/D3)=26 K.6’7 Tak-
ing into account all neighbors, the mean dipolar energy may
increase to ~100 K.%7 It appears that dipole-dipole coupling
may account for formation of collective states in ensembles
of small NPs at 7~ 100 K. Taking into account the size and
core-shell structure of 18 nm LCMO particles, we estimate w
to be ~20 000up, giving rise to Ey4/kg of ~45 K and the
mean dipolar energy ~180 K. Analogous evaluation made
for 70 nm LCMO particles gives even larger values: E4 4/ kg
of ~80 K and the mean dipolar energy of about 320 K.

FM nanoparticles interacting only through dipolar interac-
tions tend to create glassy disorder at high enough densities,
while the formation of SFM state requires additional
exchange-like interparticle interactions.’®>’ At high densities
of particles, when their shells are in strong direct contact, the
effective thickness of a shell is doubled and the exchange
coupling interactions between atoms from neighboring par-
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ticles start to play a role in the system along with classical
dipole ones.”’

Additional magnetic interparticle interaction, which may
significantly contribute to the formation of collective SSG or
SFM states in NP manganite ensembles, arises from the
mechanism recently proposed by Rozenberg et al’® It was
suggested that electrons tunneling between two Mn ions lo-
cated in adjacent manganite NPs may induce FM DE corre-
lations due to local spin polarization of these electrons, simi-
larly to electron hopping between two Mn ions in the bulk.
The DE correlations across the interface between two NPs
are likely to be even stronger than the bulk counterpart due
to dangling of some of Mn-O-Mn bonds on the grain
surfaces.’® Consequently, the FM-correlated spin clusters ap-
pear at the contact interfaces between neighboring grains.
Spatial frustration of NPs in an ensemble results in random-
ization of FM moments and formation of SPM-like phase at
temperatures 7>Tc. Upon cooling toward T this effect
starts to compete with the FM ordering in the cores and, as a
result, the SPM-like electron magnetic-resonance signal be-
comes unobservable below T (Ref. 58) due to formation of
the collective SFM-like state.

In the frame of the core-shell model individual FM nano-
particles consist of a FM core with collinear spin configura-
tion and spin-glass-like shell with disordered spin
configuration.’>>* It should be underlined that the precise
nature of the surface shell contribution remains unclear, what
is well reflected in variety of terms used to describe its prop-
erties, such as, “disordered surface state,” “uncoupled spins,”
or “spin-glass-like behavior.”>® High-resolution TEM inves-
tigations show that magnetically dead layer (shell) of
Lag 67X33Mn0O; (X=Ca,Sr) nanoparticles with a mean di-
ameter of about 25 nm is approximately 2 nm thick.>* It was
proposed that ~2 nm thick surface shell has an internal
structure containing small FM clusters, in form of 1.2 nm
side cubes embracing four Mn ions, in frustrated configura-
tion. Typically, the thickness of the surface layer, which has
magnetic properties that are different from properties of the
core, decreases with increase in the particle size.%*-%> There-
fore spin-glass-like properties completely disappear in large
particles. Experiments of Zhu et al.®’ confirm that pro-
nounced spin-glass-like features in FM La,;Sri3MnO;
nanoparticles well seen for 25 nm particles, completely dis-
appear when the particles size exceeds 50 nm. Our observa-
tions of the absence of spin-glass features in 70 nm LCMO
particles are consistent both with the core-shell model pre-
dictions and results of known experiments. We conclude that
significant surface spin-glass shell contribution together with
strong interparticle interactions are vital prerequisites for ap-
pearance of SSG/SFM in ensembles of manganite nanopar-
ticles.

Magnetic state and the phase diagram of dense
ensembles of FM  nanoparticles embedded in
[CoggFeyg(t,)/ Al,O5(3 nm)];, multilayers were recently
investigated® as a function of the nominal thickness #, using
x-ray photoemission electron microscopy and magneto-
optical Kerr microscopy. With increasing #, the system
shows first the SPM state at 7,=0.5 nm, followed by the
SSG behavior for 0.5<f,<1.1 nm, and the SFM state at
1.1 nm=¢,=1.8 nm. Finally, percolated three-dimensional
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ferromagnetism along with the Ohmic conduction develops
above the physical percolation threshold at #,~ 1.8 nm. The
conclusion is that in the SFM state FM long-range order,
referred to as “magnetic percolation,” is already well estab-
lished even if the “physical percolation” and corresponding
metallic conductivity is still absent.>

We suggest that magnetic state of ensembles of FM
La;_,Ca,MnO; nanoparticles evaluates with increasing par-
ticle size in the way very similar to that described above. We
propose that 18 nm LCMO shares properties of both SSG
and SFM systems while the behavior of 70 nm LCMO par-
ticles is similar to a three-dimensional ferromagnetic with
Ohmic conduction corresponding to the physical percolation.

VI. CONCLUSIONS

The results presented in this paper allow to conclude that
magnetic and transport properties of LCMO NP ensembles
with distinct particle sizes are in many aspects different. The
magnetization of 18 nm LCMO is unsaturated at low tem-
peratures while the resistivity has a semiconducting-like
character. Furthermore, 18 nm LCMO exhibits strong
frequency-dependent ac susceptibility, aging, and memory
effects in wide temperature range allowing to conclude that
below T a collective state is formed in ensembles of 18 nm
LCMO particles. The collective state involves both spin-
glass-like and nonequilibrium FM components and their in-
teraction results in specific dynamic of the observed phe-
nomena. In contrast to this behavior, the magnetization of 70
nm LCMO saturates at low temperatures while the resistivity
exhibits well pronounced metallic-like behavior below Tc.
Moreover, ensembles of larger particles do not show charac-
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teristic spin-glass features and their magnetic and transport
characteristics resemble rather those bulk FM La;_ Ca MnO;
manganites with x> x¢ (percolation threshold).

The aging and memory effects, studied in series of dc
magnetization measurements for 18 nm LCMO NPs using
various cooling protocols, show the waiting time dependence
in the magnetization relaxation due to a field change after
ZFC. Nevertheless, clear waiting time dependence of ZFC
relaxation is significantly weaker than that in canonical SG
and SSG systems. The FC magnetization recorded with in-
termittent stop-and-wait method exhibits a step-like increase,
at each stop temperature 20, 70, and 120 K, in reheating
cycle. The genuine ZFC magnetization after ZFC procedure
with single intermittent stop-and-wait event shows an aging
dip at the stop temperature on the reheating. The flatness and
even weak decrease in FC magnetization is observed for 18
nm LCMO below ZFC peak temperature. The ZFC-peak
temperature monotonously decreases with increasing mag-
netic field, forming critical line with an exponent p
=1.89*0.56 in rough agreement with the de Almeida-
Thouless exponent (p=3/2). All results suggest the forma-
tion of collective state in ensemble of interacting 18 nm
LCMO NPs with superspin-glass features developing to-
gether with superferromagnetic-like ones.
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