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Magnetic double perovskite oxides have steadily emerged as an important class of functional materials. A
clear understanding of the complex interactions that govern the magnetic behavior, and thereby, the
functionality in these mixed valence compounds, however, remains elusive. In this study, we show that the
complex nanostructure that forms in these compounds is at the root of their magnetic behavior. Using
complementary experimental and micromagnetic simulation results, we have uncovered the complex na-
nostructure of polycrystalline Sm;CoMnOg, a typical double perovskite oxide, and established how the
nanostructure drives its magnetic behavior. Our results show that Sm;CoMnOg exhibits a Griffiths phase
with the formation of ferromagnetic clusters above the ordering temperature. The isothermal magnetiza-
tion curves show no sign of saturation, even at the highest measured field (9 T), and irreversibility in the
entire magnetic field range. Despite a very clear indication of the presence of antiferromagnetic antisite
defects, surprisingly, no antisite defect-induced exchange bias occurs. This is explained from the micro-
magnetic simulations that confirm the presence of ferromagnetic nanoclusters and nanosized, random, and
uncorrelated antisite defects, resulting in no exchange bias. This work provides a clear understanding of the
role of antisite defects, in particular, on how their structure can lead to the presence/absence of exchange
bias. The fundamental insight offered in this work fills an important knowledge gap in the field and will be
of immense value in realizing the true potential of double perovskite oxides for future technological ap-
plications.
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B-site accommodates 3d, 4d, or 5d transition metals. Magnetic
double perovskites have gained their own importance in physics and
materials science due to the rich variety of multifunctional proper-

1. Introduction

Perovskite oxides, with the general formula, ABOs, in which A

and B are cations, represent an important class of functional mate-
rials [1] that have interested the scientific community increasingly
over the years due to their unique structural and compositional
flexibility, allowing for tunable magnetic and electrical behaviors [2].
Research on these strongly correlated materials is located right at
the intersection between fundamental science investigations,
striving for a basic understanding of the complex interactions, and
technological applications, connected to emergent functionalities.
Double perovskites, formed by a “doubling” of the perovskite unit
cell, form a sub-family with the general formula A’A”B,0g (double A-
site) [3] or A;B'B"Og (double B-site) [4]. In general, the A-site ac-
commodates an alkali, alkaline earth, or rare-earth metal, while the
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ties they exhibit including multiferroicity [5,6], magnetoelectric
coupling [7], magnetocapacitance [8], magnetoresistance [8], mag-
netocaloric effect [9-11], half-metallicity [12], thermoelectric prop-
erties [13-15], and exchange bias [16-18]. Furthermore, they are a
perfect platform to study the physics behind the complex interac-
tions that give rise to such exotic properties. In the rare-earth based
transition metal double perovskites of the form R,M’'M”Og, where R
is the rare-earth cation and M’ and M” are transition metal cations,
these different magnetic phenomena have their origin in oxygen-
mediated cationic exchange interactions. In addition, the transition
metal ions often present mixed valence states. Antiphase boundaries
and antisite defects between the mixed valence magnetic ions are
also believed to play a major role in determining the magnetic be-
havior [19,20]. Thus, apart from the choice of the M’ and M” ions, the
magnetic behavior is affected by the local ordering of these ions.
While the existence of antisite defects has been confirmed via first
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principle calculations [21,22], their exact role in determining the
magnetic behavior in these complex quaternary oxides is yet to be
understood.

The R,CoMnOg (R = La,..., Lu) compounds form a subclass of the
magnetic double perovskites, where, in the ideal ordered structure,
the alternating Co?* and Mn** ions lead to long-range ferromagnetic
(FM) ordering. The ferromagnetic Curie temperature decreases with
the size of the rare-earth ion from T = 48 K for Lu,CoMnOg to Tc
= 204 K for La;CoMnOg [23]. On the other hand, incomplete alter-
nation of Co?* and Mn*" ions results in local antisite defects where
C0?"-0-Co** or Mn*-0-Mn*" arrangements lead to anti-
ferromagnetic (AFM) interactions [24,25|. Antiferromagnetic or-
dering involving the valence states Co>*0-Mn>* can also occur [26].
The balance between the different ionic valence can depend on
synthesis conditions and particle size [27]. Furthermore, doping at
the Co and/or Mn sites also affects the magnetic properties [28,29].

In this work, we report a combined experimental and micro-
magnetic simulation exploration with the aim of understanding the
origin of the complex magnetic behavior of polycrystalline
Sm,CoMnQOg. Sm,CoMnOg occurs approximately midway between
the series R = La,...., Lu and accordingly has a Tc ~135 K [23,30]. It is a
type-Il multiferroic material, while also exhibiting other exotic
magnetic properties like metamagnetism [30,31] and huge sponta-
neous exchange bias (on doping at the Sm-site) [32]. The sample in
this work was prepared using a conventional solid-state reaction
method. Despite the expected presence of antisite defects, our
sample shows a marked absence of exchange bias, contrary to usual
expectations of antisite defects being a source for exchange bias
[33,34]. This unusual behavior is later explained from our micro-
magnetic simulation results. This work provides a platform for a
deeper understanding of the role of the ubiquitous antisite defects in
double perovskite systems, in particular, on the presence/absence of
exchange bias in these systems. In the following sections, we first
present the synthesis and structural and morphological character-
ization of polycrystalline Sm;CoMnOQg, followed by detailed mag-
netic measurements and micromagnetic simulations.

2. Methods
2.1. Sample preparation

Polycrystalline Sm;CoMnOg was prepared via a conventional
solid-state reaction method. Stoichiometric amounts of Sm,Os,
CaCos, Co304, and Mn,03 with a purity of 99.9% (from Sigma Aldrich)
were mixed using a ball mill and calcined at 1200 °C. The obtained
powder was ground and pressed into cylindrical green compacts and
subjected to sintering at 1350 °C for 12 h in air. After sintering, the
pellets were slowly cooled to 500 °C at a rate of 1 °C /min, and then
furnace cooled to room temperature. More details of the synthesis
steps are provided in the electronic supplementary information
(Supplementary Material).

2.2. X-ray diffraction measurement and data analysis

The sample was structurally characterized using X-ray powder
diffraction (XRPD), acquired at room temperature using a Siemens
D5000 diffractometer with Cu-Ka radiation (A = 1.5418 A). The dif-
fraction pattern was recorded over the range of 26 = 10-90° with a
step size of 0.02°. Structural refinements were performed by the
Rietveld method using the MAUD software [35]. The refinement was
done on the Crystalline Open Database entry 4514503 reported for
monoclinic La,CoMnOg with space group P2;/n [36], and for the
entry 7029461 for orthorhombic Y,FeMnOg Pnma [37], after ad-
justing the two structures to the Sm,CoMnOg composition. The re-
finement was corrected for the instrumental broadening, estimated
from the refinement of a standard Al,O3 sample.
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2.3. Scanning electron microscopy and X-ray photoelectron
spectroscopy

The surface morphology of the sintered pellet was analyzed using
a field emission scanning electron microscope (FESEM, Carl Zeiss,
LEO1550 model) at an operating voltage of 3-5 kV and magnification
of 5-8 kX. The images were collected in secondary electron mode.
The compositional analysis of the sample was performed via energy
dispersive X-ray (EDX) analysis attached to the FESEM. Room tem-
perature X-ray photoelectron spectroscopy (XPS) measurements
were performed using a physical electronics Quantera II XPS with
monochromatic Al operated at 15 kV with a total power of 50 W. The
spot size was 100 pm. The base pressure in the measurement
chamber was maintained at approximately 7 x 1077 Torr. The high-
resolution XPS was obtained with 55 eV pass energy. All the spectra
were calibrated using the carbon peak.

2.4. Magnetic measurements and simulations

Magnetic measurements were performed using a physical
property measurement system-based vibrating sample magnet-
ometer from Quantum Design Inc. Magnetization versus tempera-
ture scans (in zero field cooled (ZFC) and field cooled (FC) modes)
were recorded in the temperature range 5-380 K, while isothermal
magnetization curves were recorded in the magnetic field range
+9Tto-9T. To eliminate the small residual field in the instrument,
before each measurement, we applied a manual degauss process
with an oscillating field. At the end of the degauss process, the ef-
fective residual field was estimated to be smaller than +/- 0.1 Oe. The
micromagnetic model of the sample was developed with the GPU
accelerated micromagnetic software MuMax3 [38], which solves the
Landau-Lifshitz-Gilbert (LLG) equation using a finite-difference dis-
cretization method.

3. Results and discussion
3.1. Structural and morphological characterization

Scanning electron microscopy (SEM) analysis reveals the pre-
sence of agglomerates of multiple grains (2-5 pm in size, Fig. 1a).
The individual grains are visible at higher magnification (Fig. 1b).
Their size distribution can be described by a lognormal curve
(Fig. 1c) that shows an average size of approximately 1140(20) nm,
with a large standard deviation of 410(20) nm.

The X-ray powder diffraction (XRPD) pattern of the sample
(Fig. 1d) reveals the presence of a single phase, with a monoclinic
structure (space group P2:/n), as observed for bulk single crystals
[23]. The results of the Rietveld refinement confirm the poly-
crystalline nature of each grain, constituted of crystalline domains of
size approximately 190 nm. The results of the refinement are re-
ported in Table 1. Alternative refinements using an orthorhombic
structure (space group Pnma), or a mixture of monoclinic and or-
thorhombic structures did not provide better results (see
Supplementary Material for detailed information).

Room temperature energy dispersive X-ray (EDX) analysis con-
firmed that the stoichiometry of the sample (metal cations) was in
accordance with the nominal composition. Oxygen was not con-
sidered because the EDX technique is not suitable for quantifying
light elements.

X-ray photoelectron spectroscopy (XPS) measurements reveal
that the Co and Mn peaks are deconvoluted into multiple compo-
nents evidencing multiple valence states [39]. The experimental and
fitted Mn-2p, Co-2p, and Sm-3d core-level spectra of Sm,CoMnOg
are shown in Fig. 2a-c, The measured XPS spectra were analyzed and
fitted with a combination of Gaussian and Lorentzian functions; this
combination minimizes the least-square fitting error. Further, a
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Fig. 1. Structural and morphological characterization of polycrystalline SmyCoMnOg: SEM micrographs using a (a) lower and (b) higher magnification, (c) size distribution
estimated from the SEM micrographs, and (d) XRPD pattern along with the Rietveld refinement fit and residues.

Table 1
Results of Rietveld refinement of XRPD pattern of poly-
crystalline Sm,CoMnOg.

Parameter Value

a 5.3612(2) A
b 5.5636(2) A
c 7.6105(3) A
Angle B 90.01(4)°
Crystallite size 188(6) nm
Microstrain 0.00099(2)
Density 7470 kg m™
Ruwp 24.05%

Rexp 20.27%

linear-type background function was used for the elimination of the
inelastic background from the obtained XPS spectra. XPS spectrum
of Mn-2p is shown in Fig. 2a. The Mn-2p spectrum consists of two
distinct asymmetrical peaks located at 641 and 653 eV which cor-
respond to the Mn-2psj; and 2pq,, resulting from the spin-orbital
splitting of the 2p orbitals [40,41]. Further, the Mn-2ps;; peak is
deconvoluted into three components at the binding energies of
640.7, 641.8, and 643.7 eV corresponding to Mn?*, Mn®*, and Mn**,
respectively. These results match with reported literature [42-44].
Similarly, the spin-orbital splitting of Co-2p consists of two main
peaks located at 780 and 795 eV, corresponding to Co-2ps; and Co-
2p1)2 along with two satellite peaks beside the Co-2p [45,46], as

shown in Fig. 2b. The deconvolution of Co-2p;, results in two
components at the binding energies of 779.7 and 781.7 eV, ascribable
to the Co>" and Co?" states, respectively [47]. On the other hand,
spin-orbit splitting of Sm-3ds, and 3dsj, are found at 1082 and
1109 eV confirming that Sm exists in +3 oxidation state [48]. The XPS
results thus confirm that in our sample, both Mn and Co exist in
mixed valence states. In the case of cobalt, Co?* and Co>"* signals have
an area ratio of 0.357:0.643. For manganese, the spectrum evidences
the presence of Mn?*, Mn>*, and Mn** with a relative proportion of
0.1852, 0.5848, and 0.2300. Further details of the XPS analysis are
provided in the Supplementary Material.

3.2. Magnetization measurements

Fig. 3a shows zero-field cooled (ZFC) and field-cooled (FC) curves
recorded under a magnetizing field of 2.5 mT. They reveal a ferro-
magnetic-like signal (increase in magnetization) below approxi-
mately 153 K (also seen in Fig. 3b, where we show the evolution of
dM/dT versus T), with irreversibility between the two curves setting
in from below 147 K. On cooling, the ZFC curve shows a peak at 135K
followed by a reduction in magnetization that finally reaches a
plateau at lower temperatures. The ordering temperature Tc, defined
as the temperature at which the ZFC dM/dT versus T curve has the
largest negative peak, is estimated at ~140 K (Fig. 3b).



G. Muscas, K. Prabahar, F. Congiu et al.

(a)

—
(2)
~—

Journal of Alloys and Compounds 906 (2022) 164385

Intensity (arb. units)

Intensity (arb. units)

Intensity (arb. units)

656 652 648

644
Binding energy (eV)

Binding energy (eV)

808 804 800 796 792 788 784 780 776

1120 1110 1100 1090 1080 1070

Binding energy (eV)

Fig. 2. XPS core level spectra of Sm,CoMnOg of (a) Mn-2p core level spectra, (b) Co-2p core level spectra, and (c) Sm-3d core level spectra. The blue circles indicate the
experimental data and the solid lines are the respective fitted peaks.
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Fig. 3. Effect of temperature on the magnetic behavior of polycrystalline Sm,CoMnOg: (a) ZFC and FC M versus T curves recorded under a low magnetizing field of 2.5 mT, (b) the
corresponding dM/dT versus T curves, (c) inverse susceptibility plot along with the Curie-Weiss fit. The inset shows the expanded region around the ordering temperature, (d) log-
log plot of 3! versus (T-Tc"9), see text for details.
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The inverse susceptibility data in the high-temperature region
(T > 200K) was used for performing a fit using the Curie-Weiss law,
x=C[(T-0cw). The fit (Fig. 3c) yields a positive Curie-Weiss tem-
perature, Ocy = 136.6(4) K, which is very close to the ordering tem-
perature. From the Curie constant, C, we obtained an effective
paramagnetic moment of 6.900(2) pg/f.u. The theoretical moment
per formula unit for Sm,CoMnOg can be calculated from the for-
mula [49]:

Mo =\ Y Pybty? (1)

where p, and 1, are the populations and ion moments of each cation.
Considering 3.87 pg and 4.90 g for the high spin states of Co?*/Co>*,
5.92 g, 4.90 g, and 3.87 pg for Mn?*/Mn>*/Mn#*, respectively, and
0.85 115 for Sm®* [50], the result corresponds to a theoretical moment
of 6.80 pg/f.u, which is compatible with the value extrapolated from
the experimental results of Kim et al. on single crystalline
Sm,CoMnOg [23], but lower than the experimental value from the
Curie-Weiss fit. The result can be explained considering the presence
of a Griffiths phase, i.e., the formation of ferromagnetic clusters
above the long-range ordering temperature. Thus, the presence of
short-range ferromagnetic clusters in the paramagnetic state is re-
sponsible for the enhanced effective paramagnetic moment [51].

The Griffiths phase can be characterized by the downturn de-
viation from the Curie-Weiss law behavior of the ;! curve on
cooling from above the long-range ordering temperature [52]. This
downturn deviation is evident in the inset of Fig. 3c and it is ana-
lyzed in Fig. 3d. One can fit the ! curve with the equation:

1 (T _ T(r_and )l -1

x G (2)

where G and 4 are free parameters, and - represents the critical

temperature of the random ferromagnetic cluster formation, where
the susceptibility tends to diverge. Although a full consensus in in-
terpreting the physical meaning of T/ is still to be reached within
the scientific community, by definition, T should lie between the
actual ordering temperature T¢ and the highest ordering tempera-
ture of any ferromagnetic cluster. Hence, fitting the ! curve slightly
above and below such temperature should identify the two extreme
conditions: a pure paramagnetic system with 1=0, and a randomly
clustered ferromagnetic one with 1= 1. This assumes a correct esti-
mation of T2 [52]. In oxides, T is found to be very close to the
Curie-Weiss temperature 6cy [39], hence one can use T = gcy,.
Thus, using T¢*¢ =136.6K, we have plotted ;! as a function of
(T-TZ™Y in a log-log scale (Fig. 3d). The fit of 5! in the two regimes
yielded 4=0.0093(5) and 0.994(1), above and below T, respec-
tively. These results strongly support the presence of a Griffiths
phase in the sample.

The M-H curve recorded at T=5K is shown in Fig. 4a. The system
shows no sign of saturation, even at the highest measured field of
9T. Considering the calculated theoretical effective moment of
6.80 pg/f.u. and the density of 7470 kg m™ obtained from the Riet-
veld refinement, the saturation magnetization for an ordered fer-
romagnetic arrangement should be 74 Am? kg™'. This value is much
higher than what is achieved in our sample at 9 T. In addition, the M-
H curve exhibits irreversibility up to a very high field.

The reduced value of magnetization as compared to the theore-
tical maximum moment is explained by the fact that, apart from the
ideal ordered structure with only ferromagnetic Co-O-Mn inter-
chains, the structure also has Co-0-Co, Mn-O-Mn, and Co-O-Mn
antiferromagnetic chains [33] arising from the exchange of the Co/
Mn positions forming the so-called antisite defects [39]. The pre-
sence of antiferromagnetic order not only decreases the net mag-
netization but also creates competition with the ferromagnetic
order, thereby reducing the ordering temperature and promoting
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frustration and metamagnetism [30]. The observed M-H curve is a
result of this complex framework of magnetic ordering.

The M-H curve evolves as a function of temperature (selected
temperatures shown in Fig. 4b), showing a typical reduction in the
remanent magnetization (M) and coercivity (H¢) (Fig. 4c), with the
disappearance of the hysteretic behavior near the ordering tem-
perature (~140K). However, the M-H curves recorded above the
transition temperature still retain an “S” shape, and a perfect para-
magnetic behavior is observed only for temperatures >200 K. This
observation agrees with the presence of local random ferromagnetic
clusters in a Griffiths phase slightly above the long-range ordering
temperature (T¢).

The presence of antisite defects has usually been understood as a
source of exchange bias in double perovskites [34,53]. As such, we
carefully checked for the presence of exchange bias in our sample by
measuring M-H loops at 5 K after field cooling (FC) the sample under
applied fields of +3 T and -3 T. Interestingly, despite the most likely
presence of antisite defects responsible for the strongly reduced
magnetization, we observed no exchange bias in the sample
(Fig. 4d), with the FC processes leaving no trace in the subsequent
M-H curves.

3.3. Micromagnetic modelling

To explain our unexpected observation of lack of exchange bias in
the sample, and to gain a deeper understanding of the mechanism of
magnetization reversal in these complex systems, we performed
micromagnetic simulations. We based our model on the assumption
that all the magnetic properties are determined by the internal
structure of each crystalline grain. To reproduce the micromagnetic
structure, we used supra-grains representing the large crystalline
coherent domains. The experimental evidence of the Griffiths phase
indicates the presence of regions, typically few tens of nm in size
[54], with variable local ferromagnetic exchange with respect to the
average long-range ferromagnetic ordering. To include this clustered
internal structure, each supra-grain is divided by Voronoi tessella-
tion [55] into internal magnetic sub-grains. Inside each cluster, a
general FM order is established with a positive value of exchange
stiffness which varies according to a Gaussian distribution, to ac-
count for the Griffiths phase behavior. Such clusters have uniaxial
magnetocrystalline anisotropy with anisotropy constant (K,) varying
in each cluster according to a log-normal distribution with a defined
average and standard deviation (STD). All clusters in each supra-
grain share the same easy axis. This allows us to preserve the crys-
talline continuity of the supra-grain while introducing the variability
due to local chemical inhomogeneity arising from the mixed valence
states. The supra-grain size was investigated in the range 192-48 nm
with no significant variation in the results besides the statistical
random noise. For optimization of the code, we used 128 nm cubic
supra-grains (Fig. 5a) with evident speed-up of the calculations, but
without compromising the accuracy or quality of the results (Fig. S2a
in the Supplementary Material). Similarly, we analyzed the cluster
size effect in the range 50-5 nm, observing similar behavior in the
range 50-20 nm, and a sharp magnetization reversal, not compatible
with the round and smooth curve observed experimentally, only for
10 and 5 nm clusters (Fig. S2b in the Supplementary Material). Ac-
cording to these results, we used an intermediate size of 30 nm, in
agreement with the observation of Asaka et al. [54]. Each simulation
run used a block of 8 supra-grains, repeated with periodic boundary
conditions 10 times in both positive and negative X-Y-Z spatial di-
rections. This improves the statistics and allows us to consider long-
range interactions. Finally, the model was simulated 5 times with
different initial seed, to produce 5 different random configurations.
It is worth noting that to reproduce the system correctly, it was
discretized in cubic cells with an edge of 2.00 nm, smaller than the
exchange length, 2.27 nm, determined by the weakest exchange
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Fig. 4. Effect of magnetic field on the magnetic behavior of polycrystalline Sm;CoMnOg: isothermal magnetization curve recorded at (a) T=5K and (b) different selected
temperatures after zero field cooling, (c) evolution of the remanent magnetization and coercivity with temperature, and (d) isothermal magnetization curve recorded at T=5K

after zero field cooling and field cooling with applied fields of + 3 T.

stiffness value among the ferromagnetic clusters, and smaller than
the domain wall width determined by the large magneto-crystalline
anisotropy (2.76 nm) [56].

To explain the observed lack of saturation magnetization even at
9T we need to include the presence of antiferromagnetic elements.
Within the framework of micromagnetic simulations, although one
cannot include AFM interactions at the atomic scale, we have created
effective AFM inclusions using individual cells with AFM exchange
interactions with the neighboring ones. The antiferromagnetic de-
fects (AFM cells) have random direction of the anisotropy axis to
create a frustrated structure, as is usually observed in this kind of
double perovskites [33,57-59]. To reproduce the sample, all cells
have a value of magnetization corresponding to the theoretical value
of 74 Am?kg™! for full parallel FM ordering. In this way, the amount
of AFM cells has been optimized in order to produce a final effective
magnetization such as recorded in the experimental M(H) curve.

The micromagnetic model was optimized by adjusting the AFM
cells amount, the exchange, and the anisotropy parameters, so as to
reproduce the experimental M-H loop at 5K. The optimized

exchange stiffness (Aey) inside each magnetic cluster is approxi-
mately 3.0 pJ/m (STD 0.5 p]/m), reasonably smaller than 4-5 p]/m,
reported for Lag;Sro3MnOs, which has a larger T¢ [60,61]. At the
cluster boundaries, Ay is calculated by the software as the harmonic
mean of the individual values of the adjacent clusters. This dis-
tribution of Aex values among clusters allows ferromagnetic ordering
of some of them above the long-range bulk ferromagnetic ordering
of the structure, as in the Griffiths phase model. Finally, the optimal
amount of antiferromagnetic cells is found to be 20% of the total
amount. The AFM cells are coupled to the ferromagnetic clusters
with an exchange stiffness of -3.0 pJ/m (STD 0.5 pJ/m). The best
results were obtained for 30 nm FM clusters with a lognormal dis-
tribution of anisotropy constant with a mean value of 1.8 MJ/m? and
a standard deviation of 0.8 MJ/m> (all relevant parameters are
summarized in Table 2).

The simulation of the M-H loop was repeated also after a simu-
lated field cooling process. The effect of thermal fluctuations is in-
troduced in MuMax3 via a stochastic thermal field [62]. While
thermal fluctuations act on each individual atomic spin, in the
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Fig. 5. (a) Model used for micromagnetic simulation (for details, see text) and (b) comparison between the experimental and simulated M-H curves.

micromagnetic simulation, the stochastic field acts on single cells.
This typically causes an overestimation of the critical ordering
temperatures. Nonetheless, the simulated temperature T, can be
compared to the experimental value T, by taking into account the
ratio between the simulation cell size a.; and the interatomic dis-
tances, such as, for cubic crystals, the lattice parameter a, [63]:

Acell
Tex
Qjat ? (3)

Tsim =

and it can be scaled to compare the results qualitatively. We have
applied a simulated temperature large enough to overcome any
exchange interaction. Then, with an applied field of + 3 Tor -3 T, the
temperature was reduced to zero reproducing a conventional field
cooling process.

The presence of antiferromagnetic order in micromagnetic si-
mulations can be a controversial aspect. Indeed, the micromagnetic
theory assumes that the exchange among two adjacent spins is valid
only if their angle is < 25°. However, in the present model, the an-
tiferromagnetic elements represent defects and can be approxi-
mated as effective canted antiferromagnetic elements where the
continuity of the magnetization is not valid. Moreover, MuMax3
calculates the exchange energy density from the cosine of the angle,
such as in the Heisenberg atomistic model, thus allowing a correct
estimation of the exchange energy even in the non-continuous
model [64].

As can be observed in Fig. 5b, our simulations yield a good cor-
relation with the experimentally observed M-H curves, describing
accurately both the coercivity and remanent magnetization, as well
as the magnetization reversal at high field, with visible irreversibility
up to the maximum applied field (see Fig. S3 in Supplementary
Material). Furthermore, the M-H loops simulated after the field
cooling protocol using both +3 T and -3 T resulted in no exchange
bias or any other effect, in agreement with our experimental ob-
servations. These results confirm the accuracy of our model, which

in turn proves that the magnetization reversal in polycrystalline
Sm,CoMnOg is the product of a complex nanostructure. The main
contribution comes from FM nanoclusters with large magneto-
crystalline anisotropy, with the additional partial realignment of
canted antiferromagnetic local defects. An example of magnetization
reversal for a typical random seed is described in the video provided
in the Supplementary Material. Most importantly, such anti-
ferromagnetic antisites represent random and uncorrelated point-
defects and, for this reason, they do not lead to any exchange bias.

To verify our model and conclusions unambiguously, we have
performed additional simulations with alternative models, refining
the structure, anisotropy, and exchange values to obtain the best
possible reproduction of the experimental M(H) curve. The simplest
alternative is to use ferromagnetic clusters with very high aniso-
tropy. The hypothesis here is that the measured M-H curve is a
simple minor loop. To obtain a reduced magnetization and re-
produce the high field reversal of the experimental M-H curve, one
needs to set the average anisotropy constant to 6.5 MJ/m> with a
very large STD of 5.0 MJ/m>. However, this model yields a too large
coercivity value, a spontaneous exchange bias shift of the M-H curve,
and a strong conventional exchange bias effect using FC with +3T
and - 3T protocols (Fig. S4a in the Supplementary Material).

A second alternative model could be used considering that the
high field irreversibility and low experimental magnetization are the
results of local canted ferromagnetic elements with extremely high
magnetic anisotropy. This model can reproduce only in part the
experimental zero field cooled M-H curve, when optimized using the
same anisotropy for the main FM cluster K, =1.8 MJ/m? (STD = 0.8
M]J/m3) and introducing 50% of the volume in a randomly canted
configuration with average K, = 14.0 MJ/m> (STD = 5.0 MJ/m>).
However, even in this case, there is a clear spontaneous exchange
bias, and the FC protocol leads to an even larger conventional ex-
change bias with both a horizontal and vertical shift (Fig. S4b in the
Supplementary Material).

Table 2
Magnetic parameters used for the micromagnetic simulation; FM =ferromagnetic, AFM = antiferromagnetic, STD =standard
deviation.
Simulation parameters Value
Ms 555 kA/m
Ky Mean 1.8 MJ/m?, STD 0.8 MJ/m?
Acx FM clusters Mean 3.0 pJ/m, STD 0.5 pJ/m
Aex AFM cells Mean - 3.0 pJ/m, STD 0.5 pJ/m

Aex among AFM cells and between FM clusters and AFM cells

Mean - 3.0 pJ/m, STD 0.5 pJ/m
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We have also reproduced the sample using a third alternative
model, without random uncorrelated antiferromagnetic elements,
using instead an effective antiferromagnetic ordering in part of the
magnetic clusters. This model can reproduce the ZFC M-H curve
reducing cluster size to 20 nm, fixing AFM order in 45% of them, and
using a common value of K, =2.0 MJ/m? (STD = 0.8 MJ/m?) for the
ferromagnetic and antiferromagnetic ones. However, the model is
sensitive to the FC protocols, showing a reduction of remanent
magnetization value in the corresponding M-H curves (Fig. S4c in
the Supplementary Material). Indeed, the FC process improves the
order at the antiferromagnetic interfaces created among the ferro-
magnetic and antiferromagnetic clusters resulting in a clear extra
demagnetization effect. This behavior is in stark contrast to the ex-
perimental results (Fig. 4d), and hence, this cannot be the correct
model for our sample.

Thus, our initial model using a minor antiferromagnetic phase
consisting of random uncorrelated antiferromagnetic elements (an-
tisite defects) is the correct one and provides a clear explanation of
the simultaneous reduction in magnetization from the theoretically
expected value and the unexpected absence of exchange bias. As
observed by Coutrim and coworkers [65], undoped double per-
ovskites show the coexistence of FM and AFM superexchange in-
teractions, nevertheless, with a lower degree of frustration with
respect to the relative doped versions, where the uncompensated
AFM couplings between Co and Mn lead to spin-glass like behavior
resulting in spontaneous exchange bias [66]. Similar conclusions
have been proposed in several experimental investigations on doped
double perovskites [32,34,58]. These results are in line with our
model, which assumes the presence of AFM antisite defects, as
suggested by the experimental magnetization curves, but their
point-like diffuse and uncorrelated presence, as confirmed by mi-
cromagnetic simulations, is not sufficient for the occurrence of the
exchange bias phenomenon. Additional investigation will be needed
to clarify the role of doping on the magnetic nanostructure and how
this connects to exchange bias. Finally, our model also reproduces
the observed temperature dependence of magnetization reasonably
well, within the limits of the micromagnetic simulation approach
(Fig. S5 in the Supplementary Material), thereby providing addi-
tional confirmation of the validity of the model.

4. Conclusions

In summary, via a combined experimental/micromagnetic si-
mulation approach, we have provided a detailed understanding of
the complex magnetic behavior of Sm;CoMnOg that arises as a direct
result of its complex nanostructure. The sample exhibits a Griffiths
phase with the presence of ferromagnetic nanoclusters above the
ordering temperature. Despite the presence of antiferromagnetic
antisite defects in the system (leading to a non-saturating M-H curve
even at very high fields), there is no antisite defect-induced ex-
change bias. This apparent inconsistency is explained by the mi-
cromagnetic simulations that reveal that such antiferromagnetic
antisites can be modeled as random and uncorrelated point-defects,
which do not lead to exchange bias. Alternative models using fer-
romagnetic clusters with very high anisotropy, local canting of the
ferromagnetic moments, and extended antiferromagnetic clusters
do not reproduce the experimentally observed M-H curves, con-
firming that our model based on random, uncorrelated anti-
ferromagnetic elements (antisite defects) is the correct one. This
work provides a clear understanding of the role of antisite defects in
double perovskite systems, and, in particular, their effect on the
presence/absence of exchange bias. The fundamental insight gained
in this work will be of great value in the future use of double per-
ovskite oxides in emergent technological applications.
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