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Tuning the spontaneous exchange bias effect in La; sSry)sCoMnQOg with sintering temperature

C. Macchiutti®,! J. R. Jesus®,'2 F. B. Carneiro,' L. Bufaigal,3’* R. A. Klein® *> Q. Zhang ,° M. Kirkham®,°
C. M. Brown,>’ R. D. dos Reis,® G. Perez.’ and E. M. Bittar®!-*
L Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, RJ 22290-180, Brazil
2Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ 21941-853, Brazil
3 Instituto de Fisica, Universidade Federal de Goids, Goidnia, GO 74001-970, Brazil
4Materials, Chemical, and Computational Sciences, National Renewable Energy Laboratory, Golden, Colorado 80401, USA
SNIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
®Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
"Department of Chemical Engineering, University of Delaware; Newark, Delaware 19716, USA
8 Laboratério Nacional de Luz Sincrotron, Centro Nacional de Pesquisa em Energia e Materiais, Campinas, SP 13083-970, Brazil
9Departamem‘o de Engenharia Mecanica, Universidade Federal Fluminense, Niterdi, RJ 24210-240, Brazil

® (Received 3 November 2023; accepted 12 April 2024; published 24 April 2024)

Here, we present a study of the influence of microstructure on the magnetic properties of polycrystalline
samples of the La; sSrysCoMnQOg double perovskite, with primary attention to the spontaneous exchange bias
effect, a fascinating recently discovered phenomena for which some materials exhibit unidirectional magnetic
anisotropy after being cooled in zero magnetic fields. By sintering La; 5Sry sCoMnOg at different temperatures,
we obtained samples with distinct average grain sizes, ranging from 1.54-6.65 um. A detailed investigation of the
material’s structural, morphologic, electronic, and magnetic properties using x-ray powder diffraction, powder
neutron diffraction, x-ray absorption near edge structure spectroscopy, scanning electron microscopy, and ac and
dc magnetometry has revealed a systematic enhancement of the exchange bias effect with increasing the average
grain size. This evolution is discussed in terms of changes in the material’s porosity and grain morphology and
its influence on the exchange couplings at the magnetic interfaces.

DOL: 10.1103/PhysRevMaterials.8.044408

I. INTRODUCTION

Transition-metal-based oxides usually exhibit strong elec-
tronic correlation and complex interplay between charge, spin,
lattice, and orbital degrees of freedom that can lead to a
plethora of interesting physical properties such as multifer-
roicity, high-temperature superconductivity, metal-insulator
transitions, giant magnetoresistance, and many others [1-3].
A fascinating effect observed for some (but not restricted
to) polycrystalline oxides is the exchange bias (EB) effect, a
phenomenon of unidirectional magnetic anisotropy (UA) set
by uncompensated exchange interactions at the interfaces of
distinct magnetic phases present in the material, manifested
by a shift in the curve of magnetization as a function of applied
magnetic field [M(H)] [4]. It was first observed in polycrys-
talline nanoparticles consisting of a ferromagnetic (FM) core
of Co embedded on a CoO antiferromagnetic (AFM) shell [5],
but later on it was also found on FM-ferrimagnetic, AFM-
ferrimagnetic, FM-spin glass (SG), and other heterogeneous
systems [4,6].

The EB effect finds its applicability in spin valves,
magnetic recording heads, and tunneling devices; thus, the un-
derlying mechanisms responsible for its exchange anisotropy
have been widely debated over the last decades. In the case

“Ibufaical @ufg.br
Thittar @cbpf.br

2475-9953/2024/8(4)/044408(10)

044408-1

of polycrystalline oxides, the role of grain size on the EB
was systematically studied. The results show that there is not
a simple direct relation between grain size and the magni-
tude of the EB effect, resulting from the fact that changes in
grain size affect several parameters such as the spin structure,
the texture, the anisotropy, and others, and the influence of
each parameter on the EB may vary from one material to
another [4,6].

Usually, the UA of an EB material emerges after cooling
it in the presence of an external magnetic field (H). However,
recently some compounds were found for which the UA is
set spontaneously, i.e., it occurs even without the assistance
of a cooling field [7,8]. This is the so-called spontaneous
exchange bias (SEB) effect, which is characterized by the fact
that all the SEB materials discovered so far have a glassy
magnetic state in common at low temperatures. It has al-
ready been shown that the unusually long-lasting relaxation
of the SG-like moments plays a vital role in the asymmetry
of the M(H) curves of SEB systems [9,10]. In this context,
the double-perovskite oxides with general formula A,BB' Og
(A = rare-earth/alkaline-earth, B and B’ = transition-metal
ions) stand as prospective candidates to exhibit SEB since the
cationic disorder at the B/B’ sites and the competing magnetic
interactions caused by the presence of distinct transition-metal
ions often lead to SG-like behavior [3,11].

The first observation of SEB on a double-perovskite ox-
ide was on the La,CoMnOg polycrystal doped with 25% of
Sr at the La site [12]. Regarding the magnetic interactions
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on La; 5Srg sCoMnOg (LSCMO), besides the Co?t-O-Mn**+
FM coupling typically found in the La,CoMnQOg parent com-
pound, the partial substitution of La** by Sr’* leads to mixed
valence states on the transition-metal ions, resulting in ad-
ditional exchange interactions that, together with the antisite
disorder at the Co/Mn site, drive the system to a SG behav-
ior at temperatures below the ordinary FM/AFM transitions,
making this a reentrant spin glass material that shows a sub-
stantial SEB effect [12,13].

After the observation of SEB on LSCMO, other
similar polycrystalline double-perovskite oxides
such as La, ,A,CoMnOg with A = Ba, Ca, Sr,

La; 5Srp5sCo;_B,MnOg with B = Fe, Ga, Pr,_,Sr,CoMnOQg,
Sm; sCagsCoMnOg were also discovered to exhibit
spontaneous UA [14-22]. At the same time, it was recently
demonstrated that single-crystalline samples of LSCMO
and La; sCagsCoMnOg do not show SG-like behavior nor
SEB effect [23], further evidencing that glassy magnetism is
required for the appearance of SEB on double perovskites.
Nevertheless, it remains a puzzle that competing magnetic
phases leading to an SG-like state are shared among several
double-perovskite oxides. Still, most of them, including
CoMn-based ones, do not show any trace of SEB effect [3].
So, besides the SG-like behavior, what are the other
fundamental parameters responsible for the emergence of
spontaneous UA? At first glance, one may suspect the
material’s morphology since a striking difference between
single and polycrystals is that in the former the order
extends, in principle, over the entire volume, although in
practice it may be divided into domains. Simultaneously, for
polycrystals, the order only exists over small regions of the
crystal, the grains, which can be further divided into even
smaller domains whose boundaries usually present defects,
frustration, spin canting, etc.

The previous characterization of LSCMO makes this ma-
terial the ideal playground for further study on the underlying
physics responsible for the SEB. In this work, we use this
compound as a prototype to investigate the influence of
microstructure on the spontaneous UA observed on double-
perovskite oxides. We synthesized polycrystalline LSCMO
at different sintering temperatures to produce samples with
distinct average grain sizes and coalescence. By using powder
x-ray diffraction (PXRD), powder neutron diffraction (PND),
x-ray absorption near edge structure (XANES) spectroscopy,
scanning electron microscopy (SEM), and ac and dc magne-
tization techniques, we were able to get a deeper insight into
the mechanisms involved in the evolution of the UA and its
correlation with grain size and boundaries.

II. EXPERIMENTAL DETAILS

The four polycrystalline samples of LSCMO here inves-
tigated were produced by conventional solid-state reaction
at four distinct sintering temperatures: 1100°C, 1200° C,
1300° C, and 1400° C. Each sample will be hereafter called
by its sintering temperature. The synthesized samples under-
went a thermal treatment methodology described as follows.
Initially, precursors of La; 03, MnO, Co304, and SrCO3 with
a purity higher than 99.9% (Sigma Aldrich) were used as start-
ing materials, weighed in stoichiometric ratios and then mixed

in a mortar until complete homogenization. Subsequently, a
thermal treatment routine was established, where the sample
was heated/cooled to/from 1100°C at a rate of 3°C/min
after 48 h at the maximum temperature. This procedure was
repeated eight times, always performing homogenization in
an agate mortar and sieving of the powder between each
turn. After obtaining a homogenous powder in the desired
crystallographic structure, the pellets were sintered for 24 h
at four different temperatures (1100°C, 1200° C, 1300° C,
and 1400° C), always heated/cooled to/from the maximum
temperature at a rate of 3° C/min.

The structural properties of the samples were investigated
by PXRD and PND. PXRD data were measured using a PAN-
alytical Empyrean diffractometer with Cu-K,, radiation (A =
1.5406 A). All data were collected in Bragg-Brentano geom-
etry in the continuous mode with a 26 range from 20°-80°,
with a step size of 0.013°, and a scanning speed of 0.5°/min.
PND data were collected using frame 1 (A centered around
0.8 A, d coverage from 0.1-8 A) at the POWGEN time-of-
flight powder diffractometer at the Spallation Neutron Source,
Oak Ridge National Laboratory. One pattern was collected for
sample 1300 using frame 2 (A centered around 1.5 A). We
analyzed the data using the TOPAS ACADEMIC software pack-
age [24] in conjunction with the CMPR software package [25].
Le Bail /Pawley fits using these data were initialized using the
lattice parameters derived from the fits of the PXRD pattern
for each sample.

The morphological analysis of the samples was performed
with a field emission gun Jeol JEM 7100FT high-resolution
scanning electron microscope (SEM) operated at 15 kV in
secondary electrons mode. The grain size of the images was
obtained using the IMAGEJ software. To improve statistics,
different axes of the particles were considered.

XANES spectroscopy experiments at ambient conditions at
Co and Mn K edges were performed in transmission geometry
at the Extreme Methods of Analysis (EMA) beam line of the
fourth generation Brazilian synchrotron, Sirius [26]. Further
details of the XANES experiments can be found in the Sup-
plemental Material at Ref. [27].

Magnetic data were collected on a Quantum Design
PPMS-VSM magnetometer. dc magnetization against tem-
perature was measured at zero-field-cooled (ZFC) and field-
cooled (FC) modes. ac magnetic susceptibility was measured
with driving field H,. = 5 Oe at the frequency range of 100—
10000 Hz. All M (H ) loops were performed at 7 = 5 Kup toa
maximum magnetic field of Hp,x = +90 kOe after a 300-min
wait time to guarantee thermal stabilization.

III. RESULTS

The PXRD patterns attest to the crystallinity and bulk
purity of the samples, all belonging to the rhombohedral
R3c space group, in agreement with previous reports [12,13].
While the Rietveld refinements resulted in nearly the same
lattice parameters for all the samples, magnified views of the
(102), (110), and (104) Bragg reflections depicted in the insets
of Fig. 1(a) reveal that the peaks get sharper and more defined
as the sintering temperature (7;) increases, suggesting that
higher 7 leads to larger grain size and higher crystallinity.
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FIG. 1. Rietveld refinement fittings of (a) PXRD and (b) PND
patterns of LSCMO sample 1400. The vertical bars represent the
Bragg reflections for the R3c space group. The top insets show
magnified views of the PXRD patterns for all samples at the (102),
(110), and (104) reflections.

The similar x-ray scattering cross sections for Co and Mn
in conventional Cu-K, radiation preclude an accurate assess-
ment of the antisite disorder in LSCMO with PXRD alone.
Since the antisite disorder at the transition-metal ion sites is
known to impact the electronic and magnetic properties of
perovskites directly [3,28], and given the significantly differ-
ent coherent neutron scattering lengths for ™Mn and ™'Co
(—3.73 fm and 2.49 fm, respectively [29]), we conducted
room temperature PND measurements on all samples to de-
termine the extent of antisite disorder. Figure 1(b) shows
the PND pattern collected using A centered around 0.8 A (d
coverage from 0.1-8 A) for sample 1400 as representative of
all the others, for which the same overall behavior was found.
In the Supplemental Material is shown the data analysis for all
samples [27].

We do not detect any reflections corresponding to rock-
salt double-perovskites in the PND patterns, in which the
transition-metal ions would systematically alternate positions.
Instead, our results confirm that Co and Mn are disordered
at the centers of the oxygen octahedra. For sample 1300, we
have additionally measured PND using A centered around 1.5
A (d coverage from 0.5-12.5 A), and no additional peaks
were observed in this d-spacing range with respect to the data
collected with A centered around 0.8 A.

Simultaneous Rietveld refinements of the PXRD and PND
data confirm the similarity between the lattice parameters (see
Table I). Furthermore, the occupancies of the Co and Mn ions
are nearly the same for all samples. To further test possible
trends in the antisite disorder with increasing 75, we attempted
refinements of the PND patterns using a modified R3 structure
in which Mn and Co ions were constrained to separate sites.
This model gave substantially worse fits to the data, indicating
that the data are likely best represented by the R3¢ model,

TABLE I. Main results obtained from the PXRD, PND, and SEM data. Occupancy and isotropic displacement parameters for each atom
for the four LSCMO samples as determined by simultaneous Rietveld refinements of the PND and PXRD patterns. Values in parentheses
indicate =10 . Additional information on the structures can be found in the CIFs (CSD deposition numbers 2300498-2300501). Displacement
parameters of atoms sharing a site were constrained to one single refining value. *Indicates values from the corefinement of patterns collected
with A centered around 0.8 A and 1.5 A simultaneously with the PXRD pattern.

T, °C) 1100 1200 1300* 1400

a (A) 5.46306(7) 5.46809(4) 5.46788(3) 5.46910(4)
c(A) 13.2830(4) 13.2638(2) 13.2636(1) 13.2523(2)
\% (A3) 343.32009) 343.455(5) 343.423(3) 343.284(4)
Composition Lay 477S10.500C00.967 Lay 500S10.498C00.978 Lay 500S10.504C00.984 Lay 488S10.510C00.996
Occupation: Mny.98706.000 Mnj 52006.000 Mnj 02005 .952 Mnj 0205 .983
La 0.739(5) 0.749(4) 0.749(4) 0.744(3)
Sr 0.250(5) 0.250(4) 0.251(4) 0.256(3)
Co 0.483(2) 0.490(2) 0.491(2) 0.499(1)
Mn 0.493(2) 0.509(2) 0.509(2) 0.501(1)
(0] 1.000(1) 1.000(1) 0.997(1) 0.998(1)
Beq (A%):

La/Sr 0.450(3) 0.586(4) 0.497(4) 0.469(2)
Co/Mn 0.08(4) 0.68(3) 0.89(3) 0.35(2)
(0] 0.651(3) 0.916(3) 0.749(5) 0.787(2)
Ryp (%) 5.239 4.824 6.739 3.449
GOF 2.70 2.74 2.94 2.04

(D) (wm) 1.54(53) 1.93(84) 2.89(118) 6.65(252)
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a disordered structure in which Co and Mn share the same
crystallographic site. Both the antisite disorder and the occu-
pancy of the transition-metal ions at their sites are known to
rule the physical properties of perovskites. In our case, the
PXRD and PND results indicate that the LSCMO samples in-
vestigated here are nearly stoichiometric (especially the three
ones produced with higher 7;) and that there are no significant
changes in the antisite disorder, suggesting that the evolution
of the magnetic properties that will be discussed later is not
directly related to changes in the lattice parameters nor to the
distribution of Co and Mn along the lattice.

At the same magnification, the SEM images in Fig. 2 evi-
dence a systematic increase in the grain size with increasing 7
(see Table I and Fig. S12 of the Supplemental Material [27]).
The images also indicate enhancing the system’s density, re-
ducing porosity, and exhibiting increased coalescence with
T;, typical of the sintering process. The smaller grain size
observed for the 1100 sample helps to explain its poorer crys-
tallinity since its grains present a large surface-to-core ratio.
The grain boundaries usually exhibit a high degree of frus-
tration, disorder, nonstoichiometry, and other defects [4,6,30].
Changes in the grain’s morphology as a function of T are also
observed in Fig. 2, with the 1400 sample presenting faceted
interfaces with impingement of the grains. This further sug-
gests that changes in the exchange coupling at the intergrain
interfaces may also occur for the different samples, impacting
the material’s magnetic properties.

The dc ZFC-FC magnetization against temperature [M (T')]
curves measured with H = 2.5 kOe, Fig. 3, show an FM-like
transition below 200 K for all investigated samples, most
likely associated with the Co?*-O-Mn** coupling [12,15,31].
The ZFC and FC curves bifurcate at lower temperatures,
a characteristic feature of disordered polycrystalline com-
pounds exhibiting phase competition, especially those pre-
senting glassy magnetism [3,11].

Another essential detail to be noticed in the M (T") curves is
that the magnetization values are much smaller than expected
for an FM coupling between Co and Mn, and it systematically
decreases with increasing 7;. For LSCMO, apart from the
Co?*-O-Mn*" FM coupling usually found for the pristine
La,CoMnOg compound, the 25% of Sr*>* to La** substitution
leads to the Co?* /Co** and Mn** /Mn** mixed valences ob-
served on the XANES spectra that, together with the antisite
disorder, turn on other relevant magnetic interactions such
as C02+/3+-O-C02+/3+, Mn3+/4+—O-Mn3+/4+, and C02+/3+_
O-Mn3*/4* [12-16]. Furthermore, the presence of antiphase
boundaries, in which neighboring FM domains couple an-
tiparallel, is often invoked to explain the small magnetization
of CoMn-based double-perovskite oxides [23,31]. For several
TM-based polycrystalline oxides, small grains usually repre-
sent single domains. In contrast, for larger grains, there is a
tendency for each grain to be subdivided into two or more do-
mains [32,33]. Therefore, for the case of the LSCMO samples
investigated here, the decrease of magnetization with grain
size enhancement may be explained by a likely concomitant
increase in the number of intragrain antiphase boundaries.

The inverse of dc magnetic susceptibility (x ') curves,
measured at H = 2.5 kOe, depicted in the insets of Fig. 3 re-
veal nonlinear behavior for a wide temperature interval above
the FM transition temperature, suggesting that short-range

FIG. 2. SEM images, at 2000 times magnification, 10 mm work-
ing distance, and operating at 15 kV, for LSCMO samples (a) 1100,
(b) 1200, (c) 1300, and (d) 1400.

correlations become relevant above the FM transition. This
phenomenon, already found for similar CoMn-based double-
perovskite oxides [19,21], is observed for materials presenting
the so-called Griffiths phase, for which FM clusters start to
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FIG. 3. ZFC-FC M(T) curves measured with H = 2.5 kOe for
LSCMO samples (a) 1100, (b) 1200, (c) 1300, and (d) 1400. The
insets show their respective x ! (H = 2.5 kOe) curves measured
up to 800 K, where the straight lines represent the best fit with the
Curie-Weiss law.

develop in the paramagnetic matrix well above T¢, and their
volume increases continuously as temperature decreases until
the FM coupling finally percolates around T [34,35]. It is
also possible that this anomaly in the x~! curves is related
to some other type of short-range correlation associated with
magnetic inhomogeneity [36], or even with Co®* spin state
transition [37]. A detailed study regarding the above T prop-
erties of these LSCMO samples is in progress.

For temperatures above 600 K, the linearity of the x~
curves is undoubtedly established. From the fits of the purely
paramagnetic regions with the Curie-Weiss (CW) law, we
observe that the Curie-Weiss temperature, ¢y, is largely pos-
itive for all samples (see Table II), indicating that the FM
coupling is dominant, in agreement with previous reports for
LSCMO and resemblant CoMn-based compounds [12,22,31].
Table II also reveals a decrease in Ocw with increasing T7j,
which, at first glance, could suggest a progressive weakening
in the coupling between the TM ions. However, since a sys-
tematic decrease of Ty does not accompany this trend, it most
likely indicates that AFM interactions become relatively more
relevant as the grain size increases.

The K-edge XANES data indicate the same Co and Mn
valence states for all the LSCMO samples here investigated
(see Fig. S1 of the Supplemental Material [27]). Thus, one can

1

TABLE II. Main results obtained from the ZFC-FC dc M(T),
Xac» IRM, and ZFC M (H) curves.

T, ° C) 1100 1200 1300 1400
e (K) 187.2 183.2 184.8 185.1
T, (K) 152.8 148.0 145.2 1435
ew (K) 303 298 276 270
et (/f.0) 4.7 55 55 55

T, (K) 59.2 65.1 69.0 71.9

7o (s) 10X 105 15x10°° 1.7x 1077 8.6 x 1078
v 6.9 6.2 7.3 7.6
5Ty 0.095 0.081 0.071 0.065
M, 0.56 0.59 0.65 0.68
M, 0.44 0.41 0.35 0.32

) (s) 1.6 x 105 9.9 x 108 4.2 x 1010 4.5 x 10
n 0.070 0.063 0.086 0.089
Hig (Oe) 279 783 3545 4271
He (Oe) 2696 3719 8002 10245

expect nearly the same effective magnetic moments (gig) for
these samples. Indeed, from the Curie-Weiss fits, we obtain
Wett = 5.5 ug/f.u. for all the samples except 1100, which has
the lower occupation of the transition-metal ions at their site.
The fact that s is the same gives evidence that the Co and
Mn valences do not have any dependence for 7; > 1100° C,
in agreement with what was observed from XANES. We can
estimate the valence states of the transition-metal ions present
in these samples by comparing the . experimentally ob-
served with the theoretical value calculated by the following
equation for systems with two or more transition-metal ions:

o=+ + a2 (1)

Assuming that the valence state of Co and Mn are ap-
proximately Co?>** and Mn*°*, as previously observed
for LSCMO employing L, 3-edge x-ray absorption spec-
troscopy [15], and using the standard individual magnetic
moments for the transition-metal ions present (uc2+ 4.8
Ug, Moo+ 254 Up, Myt 225 Ugs Uyt =4 ug [38]), we
obtain u© = 6.5 pg/f.u., which is somewhat larger than the
experimental value. On the other hand, assuming the low-spin
configuration for Co*™ (i1, g3+ = 0) yields o = 5.5 ug/fau.,
precisely the same as the experiment. Indeed, this is just a
rough estimate since other parameters, such as the off stoi-
chiometry of oxygen and transition-metal ions and deviations
from the here-assumed individual magnetic moments, cer-
tainly affect the system’s effective moment. In any case, our
results suggest a low-spin configuration for Co®*, and the
presence of this nonmagnetic ion may play its part in the
uncompensated exchange interactions responsible for the EB
effect [15,19].

To investigate the spin dynamics in the LSCMO sam-
ples and further verify how the multiple valence states affect
its magnetization, we measured ac magnetic susceptibility
(Xac) as a function of temperature, with oscillating field H,.
= 5 Oe and five frequencies ranging from 100-10000 Hz.
The results in Fig. 4 reveal some unnoticed anomalies in
the dc curves. The higher temperature peak (77) seen on
the real part of x, (x) corresponds to the Co’*-O-Mn*"
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coupling, while the second one (73) gives further evidence of
the effect of multiple valence states on LSCMO. It could be
related to Co*T/3+-0-Co?t/3+, Mn3*+/*t_O-Mn>*/*+ AFM
interactions, Mn>*-O-Mn** FM interaction, or even vibronic
Co*t-0O-Mn** FM coupling, as already suggested in liter-
ature [15,31]. It is important to notice that there are some
subtle changes in the magnitude of these first two peaks,
but their horizontal positions do not change with the fre-
quency, demonstrating that they are associated with ordinary
magnetic transitions [39,40]. On the other hand, a somewhat
more prominent change in the magnetization with frequency
at lower temperatures is noticed, as well as the appear-
ance of a rounded peak that becomes more evident in the
higher-7; compounds. The presence of this anomaly is more
apparent in the imaginary part of x,. (x”), Fig. 4(b), where
it shifts toward higher temperatures as the frequency in-
creases. This is a signature of glassy magnetic behavior,
as expected for a disordered system presenting compet-
ing magnetic phases [11,13,15]. For all the samples, the
frequency-dependent freezing temperature (7y) could be well
described by the critical slowing down model of the dynamic

scaling theory [41,42], which predicts the following power-
law relation between 7 and the frequency

v
I [(Tf Tg)] ’ @
70 Tg
where T = 1/ f is the inverse of the frequency, 1y is a parame-
ter corresponding to the characteristic relaxation time of spin
flip, T, is the glassy transition temperature as the frequency
tends to zero, z is the dynamical critical exponent, and v is the
critical exponent of the correlation length. The solid lines at
the insets of Fig. 4(b) represent the best fits to Eq. (2). The
79 and zv values obtained, depicted in Table II, are typical
of cluster SG systems [13,42,43]. Moreover, the decrease of
79 with increasing grain size is noticed, hinting at a tendency
toward canonical SG behavior as T; increases [42,44].
Another criterion that is often used to classify the mate-
rial as canonical SG, cluster SG, or superparamagnet is the
so-called Mydosh’s parameter, 67y = ATy /Ts(Alogf) [45],
where for canonical SG 8Ty < 0.01, for superparamagnets
8Ty 2 0.1, and for cluster SG it has intermediate values
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FIG. 5. IRM curves measured at 5 K on the LSCMO samples,
normalized by their + = 0 values. The solid lines represent the fits
with Eq. (3).

between those of SG and superparamagnets [13,42—44]. The
8Ty values here obtained classify the samples as cluster SG
(Table II), and its systematic decrease confirms the tendency
toward canonical SG with increasing the 7.

Since previous studies propose that the SEB of LSCMO
and similar double-perovskite oxides are related to the dynam-
ics of relaxation of the SG-like moments under the effect of
H [9,10], we have measured isothermal remanent magnetiza-
tion (IRM) curves for the samples of interest. The protocol to
obtain the curves was as follows: each sample was ZFC down
to 5 K, then H was continuously increased up to 90 kOe at a
constant H sweep rate of 100 Oe/s, followed by its continuous
decrease down to zero at the same sweep rate. Immediately
after H reached zero, the material’s remanent magnetization
was captured as a function of time (¢). Importantly, this proto-
col of increasing H up to 90 kOe followed by its decrease to
zero corresponds to the measurement of the first quadrant of a
M (H) curve.

The IRM curves of an SG-like system are known by their
long-lasting decay, where the remanent magnetization usually
obeys a stretched exponential equation [11,46]. In our case,
LSCMO is a reentrant spin glass system presenting its SG-like
phase concomitant to other conventional magnetic phases.
Therefore, the IRM curves can be fitted by the following
equation,

M(t) = Mg, + Mge™ /", 3)

where M, corresponds to the spontaneous magnetization of
the ordinary FM phase, M, is the initial magnetization of
the SG-like phase, ¢, and n are the time and the time-stretch
exponential constants, respectively. Figure 5 shows the IRM
curves normalized by the magnetization value at ¢+ = 0. From
the data in Fig. 5, we can note that the magnetization’s decay
gets slower as 7} increases. Besides, from the results of the fits
shown in Table II, we observe that the SG-like phase’s relative
fraction decreases with increasing 7;. These results will have
an impact on the SEB effect, as will be discussed next.

As aforementioned, the EB effect is manifested as a shift
in the M(H) curves. The EB field, defined as Hgg = |[H™ +
H™|/2 where H and H ™~ are, respectively, the coercive fields
at the ascending and descending branches of the hysteresis
loop, gives a measure of the magnitude of the UA. The average
coercive field is calculated as He = (H+ — H™)/2. Figure 6
displays the M(H) curves measured at an H sweep rate of
100 Oe/s, after ZFC the samples down to 5 K. As Fig. 6(e)
and Table I show, Hgg and H¢ systematically increase with
T;. The inset of Fig. 6(d) gives a comparative view of the
asymmetry of the curves measured for sample 1400 at two
distinct H sweep rates, 100 and 200 Oe/s. As can be noticed,
the SEB effect depends on the sweep rate, further evidencing
that the relaxation of the SG-like moments plays a role in
it [9,10].

IV. DISCUSSION

Our IRM curves show a decrease in the fraction of SG-
like phase present in the LSCMO samples as 7 increases,
while the SEM images reveal the increase of grain size with
T;. Since the surface-to-core ratio naturally decreases as the
grain size increases, these results suggest that the SG-like
phase might be in the surfaces of the LSCMO grains, as
often found on polycrystalline EB systems [4,6,8,47,48]. Our
previous study corroborates this scenario, demonstrating that
a single-crystalline sample of LSCMO does not show SG-like
(nor SEB) behavior [23].

From the above and given that the SG-like phase seems
to be a ubiquitous ingredient of SEB on double per-
ovskites [8,12,13,21,22], at first glance, one could guess that
Hgg should decrease with the increase of the grain size, i.e.,
with the decrease in the fraction of the glassy magnetic phase.
However, the opposite trend is observed here, ruling out this
possibility.

Here, we recall that the EB phenomenon is known as
an interface effect, with the exchange coupling at the in-
terface between distinct magnetic phases giving rise to
pinned moments responsible for the UA [4,6]. In this sense,
the SEM images depicted in Fig. 2 (and Fig. S12 of the
Supplemental Material [27]) show small and isolated grains in
the samples produced at lower 7. Indeed, there is no interface
coupling between the isolated grains since superexchange is
an atomistic exchange interaction that persists only up to a few
A. Although impingement between some grains can be ob-
served, for which the defective and frustrated character of the
coalesced regions could be understood as barriers to the per-
colation of long-range magnetic order along adjacent grains,
the application of a magnetic field during the M(H) cycle,
however, may favor the alignment of the initially frustrated
moments toward field direction, signifying a field-induced
collective behavior where the two impinged grains may be
now roughly viewed as a single domain.

As Fig. 2 also demonstrates, besides the increase of av-
erage grain size that occurs with enhancing Tj, there is a
simultaneous tendency of formation of faceted grains, where
a clear distinction between adjacent grains is established.
The intergrain region that connects adjacent facets may still
be defective and frustrated, i.e., it is an SG-like phase. At
the same time, the systematic decrease in the magnitude of
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FIG. 6. ZFC M (H) loops measured at 5 K on samples (a) 1100, (b) 1200, (c) 1300, and (d) 1400. The inset in (d) shows magnified views
of the coercive fields for M (H ) curves measured on sample 1400 with field sweep rates of 100 and 200 Oe/s. (e) Evolution of Hgg with T;.

magnetization with increasing 7; suggests that these inter-
grain regions impinged faceted interfaces may act as antiphase
boundaries. Within this scenario of antiphase boundaries,
typical of CoMn-based perovskites [31], the antiparallel align-
ment of adjacent grains results in competing magnetic phases
at the interfaces. At the same time, the glassy region connect-
ing the facets acts as the pinning centers necessary for the
onset of the EB effect.

Our current findings suggest that Hgp initially enhances
with 7§ due to the strengthened exchange coupling at the inter-
grain interfaces. Still, at some point, the systematic decrease
of the SG-like phase with 7; should dominate, leading to the
decrease of the SEB effect until it vanishes for the single
crystal, since it was demonstrated the absence of SEB (as
well as the SG-like phase) on single-crystalline LSCMO [23].
Here, it is worth mentioning that it was already reported SEB
effect on a single-crystalline perovskite, namely the SmFeO3
compound, for which magnetic force microscopy revealed
the formation of cluster glasses and magnetic phase separa-
tion [49]. Although its SEB was attributed to the formation
of pinning points at small parts of the clusters, it is unclear
whether these parts correspond to the domain boundaries.
Further investigation of this material and related compounds
is necessary to verify whether the underlying physics of its ex-
change anisotropy is similar or fundamentally different from
that of our system of interest.

At this stage, it is not possible to precisely determine the
magnetic texture at the interfaces of adjacent grains in our
LSCMO samples. Additional experimental techniques, such
as x-ray tomography, are necessary to unravel this issue.
Nevertheless, regarding the polycrystalline SEB materials, our
results attest to the fact that an SG-like phase is an essential
ingredient of SEB. Additionally, it shows that this is not the
only condition for the emergence of spontaneous UA. There
must be some minimal degree of coupling between the grain’s
interfaces for the SEB to become noticeable. This makes
designing strategies to tune the SEB effect with adequate sin-
tering conditions possible. Also important, it helps to explain
why, albeit all SEB compounds are reentrant spin glasses, not
all reentrant spin glass materials exhibit SEB.

V. SUMMARY

Here, we produced four polycrystalline LSCMO samples
presenting different grain sizes by sintering them at dis-
tinct 7;. While the PXRD and PND data show that there
are no significant changes in the lattice parameters nor the

Co/Mn-site occupation, SEM images demonstrate the in-
crease of grain size with T, with the samples presenting larger
grain size exhibiting faceted morphology. The Co and Mn
K-edge XANES spectra indicate the same formal valence
states for the transition metals on all samples. In contrast, the
dc M(T) curves indicate the presence of multiple magnetic
phases that, together with the antisite disorder at the Co/Mn
site, lead to reentrant spin glass behavior at low temperatures.
The x.. and IRM curves indicate that the SG-like phase lies in
the grain boundaries and, although the fraction of the glassy
magnetic phase decreases with increasing 7§, the antiphase
formed between adjacent grains establishes the presence of
competing magnetic phases at the faceted interfaces, neces-
sary to the onset of EB. Our experimental results demonstrate
an effective method for synthetically tuning the SEB effect
in the LSCMO family of materials, and this synthetic control
over SEB may be generalizable.
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