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Unraveling Exchange Coupling in Ferrites

Nano-Heterostructures

Pierfrancesco Maltoni,* Gianni Barucca, Bogdan Rutkowski, Maria Chiara Spadaro,
Petra E. Jonsson, Gaspare Varvaro, Nader Yaacoub, José A. De Toro, Davide Peddis,*

and Roland Mathieu*

The magnetic coupling of a set of SrFe;,0,,/CoFe,O, nanocomposites is
investigated. Advanced electron microscopy evidences the structural
coherence and texture at the interfaces of the nanostructures. The fraction of
the lower anisotropy phase (CoFe,0,) is tuned to assess the limits that define
magpnetically exchange-coupled interfaces by performing magnetic
remanence, first-order reversal curves (FORCs), and relaxation
measurements. By combining these magnetometry techniques and the
structural and morphological information from X-ray diffraction, electron

two or more phases to create func-
tional materials with tunable magnetic
properties.[1% In this context, multiphase
nano-heterostructures have attracted a
huge interest in developing a new class
of materials with enhanced magnetic
properties.!''"13] In particular, the idea of
maximizing the energy product of per-
manent magnets through the design of
exchange-coupled systems made of mag-

microscopy, and Méssbauer spectrometry, the exchange intergranular
interaction is evidenced, and the critical thickness within which coupled

interfaces have a uniform reversal unraveled.

1. Introduction

Magnetic interactions play a crucial role in the effectiveness
of magnetic nanomaterials in industrial applications, such as
magnetic recording, permanent magnets, and spintronics.!']
Functional oxide nanocomposites (NCs) have demonstrated
great potential in this regard, based on the combination of

netically softer (with high saturation) and
harder (with large coercivity and rema-
nent magnetization) nanocrystallites is
well-established.l”* % Yet, achieving an
optimal exchange-coupling at the compos-
ite interfaces remains a highly debated
topic, despite numerous experimental studies.'’-?!l In fact, to
tune the magnetic properties via magnetic interactions at the in-
terface, many factors need careful consideration, including the
size and shape of the components and, crucially, interphase de-
tails, as they affect the energy barrier distribution and, thus, the
magnetization reversal. Examples of heterostructures with ef-
ficient interface exchange-coupling have mainly been reported
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in core-shell nanoparticles.[?2-2*] Recently, a strong coupling has
also been demonstrated in more complex morphologies such as
nanocomposites.!?%2-28] Such nano-heterostructures represent a
challenge in the elucidation of the interface magnetic interac-
tions. What is lacking is a proper and systematic study of the
magnetic interaction in such systems. There is also the need to
explore and find new material combinations to use as compo-
nents in these systems, leading to optimized magnetic properties
and suitable energy products, and operating temperatures.

In the present study, a series of ferrites-based NCs consisting
of a hard SrFe;,0,, (SFO) phase exchange-coupled with a softer
CoFe, 0, (CFO) ferrite were selected to study the effect of the ad-
dition of a phase with lower anisotropy on the overall reversal pro-
cess. The NCs exhibit an epitaxial growth at the interface between
SFO/CFO, as a result of the controlled annealing, evidenced here
by an advanced electron microscopy study. In these ferrimagnet-
ically ordered ferrites, the indirect exchange (typically mediated
by an oxygen anion between magnetic iron/cobalt cations located
in each of the two coupled phases) can only take place if a coher-
ent crystalline growth can be achieved. While the shape of the
field-dependent magnetization may reflect the strong coupling
between two magnetic phases, further studies are necessary to
determine whether the observed coupling stems from exchange
interactions.

We will demonstrate that the strong magnetic coupling has
its origin in this morphology, yielding single-phase-like hystere-
sis loops for the composites, in contrast with inhomogeneous
coarse mixtures lacking exchange coupling between the two mag-
netic phases. Beyond recording the isothermal magnetization as
a function of the applied field (i.e., hysteresis loops), there are
a number of different techniques to characterize more detail of
the magnetization reversal. These include remanence plots, first-
order reversal curves (FORCs) diagrams, and time-dependent
(i-e., relaxation) magnetization measurements.?* The right pan-
els of Figure S1 (Supporting Information) illustrate the remark-
able correlation between the results of these three protocols,
hereby suggesting their synergetic use to be described in detail
in this article.

To the best of our knowledge, for the first time, these tech-
niques were combined to thoroughly investigate the magnetiza-
tion reversal in an attempt to disentangle the aforementioned
complexity and extract qualitative and quantitative information
about the reversal in these nanocomposites. Our results unam-
biguously reveal exchange intergranular interactions and allowed
us to quantify the size limit for strong magnetic coupling at the
interface between interacting grains, and related to the epitaxial
growth that is found to take place at the interfaces.

2. Results and Discussion

2.1. Overview of Morphological and Magnetic Properties

A series of nanocomposites comprising hexagonal-
SrFe,;,0,,/spinel-CoFe, O, (SFO/CFO) was synthesized through
one-pot sol-gel self-combustion method, using citric acid as
a chelating agent.[”! Two different compositions, namely
90/10 and 50/50 SFO/CFO wt% (denoted NC_1 and NC_5,
respectively), were prepared to explore the effect of CFO as
nucleation site for the subsequent formation of SFO by high-
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temperature annealing, and the effect on the magnetic coupling
between the two components. This method was chosen to
synthesize homogeneously dispersed SFO and CFO particles
in the submicrometric range with crystallite sizes, (d)7° and
(d)CFO respectively, lower than critical single-domain diameters
(~600-800 nm and ~50 nm, respectively).?*3! In addition,
a reference sample (hereafter referred to as NC_MIX), was
prepared for comparison by mechanically mixing SFO pre-
cursors and CFO (90/10 wt.%) and subsequently annealing
them at the desired temperature to form the final SFO phase.
The homogeneous nanocomposites are formed by crystalline
platelets interconnected to form a sort of mosaic, as shown in the
TEM bright field images of Figure 1a,b corresponding to NC_1
and NC_5 samples, respectively, and in the low magnification
images of Figure S2 (Supporting Information). High-resolution
(HR)TEM analysis (inset of Figure 1la) shows a well-defined
texture in the growth of the two phases with the (111)cgq
atomic planes being parallels to the (002)y, ones. Moreover, the
samples display a homogeneous spatial distribution of the two
phases as evinced by the STEM-EDX composition maps of which
an example is reported in Figure S3 (Supporting Information).
STEM-EDX measurements reveal that the Co and Sr atoms are
complementary in the regions where Fe and O are homoge-
neously distributed (Figure S3, Supporting Information), and
that one phase is always associated with the presence of the
other, in agreement with the HR(TEM) results where the growth
of one phase on top of the other was observed. STEM-EDX is not
the ideal method to quantify light elements’ content and in our
work, this analysis has been performed simply to visualize the
oxygen spatial distribution. As expected, in NC_MIX (Figure 1c),
the two magnetic phases tend to form separated agglomerates
that prevent the homogeneous distribution of a phase inside
the other and reduce their contact surfaces. Two regions are
evidenced, which correspond to the hexagonal and cubic phases
of SFO (white arrow) and CFO (green arrow), respectively, as
revealed by the corresponding selected area electron diffraction
(SAED) patterns (insets). In particular, the interplanar distances
were calculated from the diffraction patterns and compared
with those reported in the International Center for Diffraction
Data (ICDD) cards for SFO (card n. 33-1340) and CFO (card
n. 22-1086). The two agglomerated phases are segregated from
each other; indeed, all the diffraction spots can be individually
associated in one case with the single SFO phase and in the
other with the single CFO phase. To further investigate the
interface between SFO and CFO grains, high angular annular
dark field (HAADF) STEM analysis was performed on NC_1 and
NC_5 samples. A typical high-resolution HAADF-STEM image
of an NC_1 interface is shown in Figure 1d. The visible contrast
is due to the average atomic number of the columns of atoms
in the direction of the electron beam inside the microscope
(Z-contrast), therefore the experimental image is a map of the
atomic positions, inside the CFO and SFO crystals, projected
in the electron beam direction. The experimental image was
compared with the expected distribution of atoms in the CFO
and SFO phases opportunely projected, as evidenced in the
atomic model included in the image. In particular, pink circles
describe the position of the Co/Fe atoms inside the CFO crystal
projected along the [1-10].g, direction, while green and light
Dblue circles are the position of Sr and Fe atoms, respectively, in
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Figure 1. Bright-field TEM images showing the nanocomposites morphology: a) NC_1, b) NC_5, and c) NC_MIX. Inset of (a) shows a high-resolution
(HR)TEM image revealing the oriented growth of the SFO and CFO phases in NC_T; insets of (c) are SAED patterns taken in the evidenced areas of
the sample. d) High-resolution HAADF-STEM image of a typical SFO/CFO interface in NC_1 (red line): atomic models of SFO (green-Sr** and light-
blue-Fe3* dots) and CFO (pink dots) crystals are superimposed. €) Model showing the distribution of the atoms at the interface plane according to
whether they belong to the CFO phase (dark orange dots) or to the SFO phase (red circles). “Front view” or “top view” refers to the direction in which

the interface atomic plane can be observed.

the SFO crystal projected along the [100]s;, direction. Oxygen
atoms are not visible in the experimental image (low atomic
number) and are not shown in the simulated crystals either.
The good agreement between the experimental atomic positions
and the atomic model has allowed to identify the orientation
relationships between the two phases, (001)gzo//(111)cro and
[100]sr0//[1-10]cro, and the atomic plane corresponding to the
interface between the two phases. Similar growth directions have
been detected in other structures, such as BaFe;;O,;/ Fe,0;.2!]
The interface plane is perpendicular to the [111]z direction in
the CFO phase and it is composed of Fe/Co atoms, belonging
only to the octahedral sites of the spinel structure, which give
rise to the spatial distribution shown in Figure 1e as dark orange
dots. The dots are distributed in a hexagonal-like structure and
the distance between the nearest neighbors is always 0.296 nm.
Looking at the SFO phase, the interface plane is perpendicular to
the [001]g;, direction and it corresponds to the plane composed
of only Fe atoms belonging to the octahedral 12k position in the
hexagonal SFO lattice (also Figure S4, Supporting Information).
The 12k Fe atoms give rise to the spatial distribution shown in
Figure le as red/white circles, and they have exactly the same
distribution as the previous Fe/Co atoms described by dark
orange dots. The only difference is the distance among nearest
neighbors (equal to 0.291 nm on one side and 0.298 nm on
the other; see Supporting Information for more details), being
however in average 0.2945 nm, very similar to the previous
one of 0.296 nm. This result indicates that the interface plane
between the two phases can be perfectly shared by the CFO and
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SFO phases. Starting from this plane, on one side the Co/Fe
atoms are distributed forming a spinel structure, while on the
other side, Sr and Fe atoms are organized to form the hexagonal
lattice. Consequently, this epitaxial growth gives rise to a strong
magnetic coupling between the two phases. The same interfaces
were typically observed in sample NC_5 indicating that this
epitaxial growth is characteristic of SFO/CFO nanocompos-
ites synthesized with the procedure reported in our previous
study.®! It is important to highlight that the same type of
epitaxial growth has been observed by Belec et al. in BaFe sO,;/
Fe,0; [?!] where composite nanoplatelets have been prepared by
seed-mediated approach based on co-precipitation synthesis. It
should be underlined that co-precipitation and self-combustion
synthesis have completely different thermodynamic profiles,
suggesting that the observed epitaxial growth is independent
of the synthesis method and on the stoichiometry of the spinel
phase.

To establish the role of the interface in the coupling inter-
action, *’Fe Mdssbauer spectra were recorded at room tem-
perature (300K) and 77K for the whole set of samples (see
Figures S5-S8, Supporting Information). The obtained hyperfine
parameters and spectral areas for SFO (in Tables S1 and S2, Sup-
porting Information) are all reasonably in agreement with other
reports.’23] The room temperature spectra for NCs are the di-
rect result of the combination between sextets of SFO and CFO
phase, whose overlapping and superposition of sub-spectra re-
sulting from the tetrahedral and octahedral sites of both phases
result in mean values for all the hyperfine parameters, except for

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) Room temperature magnetization M versus magnetic field H loops; in the inset, M versus H loops measured at 5K for NC_1 and NC_5.
b) Corresponding normalized irreversible component of the susceptibility, ;.

12k5FO that allow the quantification of SFO and CFO wt.% (found
to match XRF analysis). They reveal the presence of an additional
component (fit 4) with hyperfine field values (42.5-43.3 T) similar
to 12k5FO site in the composite, but different from octahedral sites
for pure SFO and CFO, which may correspond to a different envi-
ronment for the octahedral sites at the CFO-SFO interface, which
are shared between the two phases. This matches the (HR)TEM
analysis, and it was observed for the full set of nanocomposites.

The optimized interface along with the homogeneous dis-
tribution of particles, results in a fully-coupled magnetic re-
sponse (Figure 2a). The composites present single-phase-like
loops at room temperature with coercivities, H, ranging from
~0.22 to ~0.58T, demonstrating the absence of phase segrega-
tion, which would yield a double-loop (also known as constricted
or “hummingbird”) curves, owing to the difference in coerciv-
ity of the two constituent phases, shown in Figure S9 (Support-
ing Information).?*-”] Although such decoupling has been ob-
served before at low temperatures in systems effectively coupled
at room temperature,[*®*] the present nanocomposites do not
exhibit double loops down to 5K (see the inset of Figure 2a for
NC_1 and NC_5). This is a consequence of the increasing coer-
civity of CFO particles at 5K compared to the slightly lower co-
ercivity of SFO at 5K, which makes the difference in magnetic
anisotropy between the two phases smaller, thus making the cou-
pling even stronger (see Figure S9, Supporting Information). In-
cidentally, the coercivity of NC_5 at low temperature overcomes
that of NC_1.

The observed magnetic behavior of the homogeneous
nanocomposites is in stark contrast with the clear double-loop
M versus H curve of the NC_MIX sample, whose uncontrolled
growth of both phases, due to the physical method compared
to the chemical synthesis for NCs, was confirmed by X-ray
powder diffraction (XRPD) analysis that shows much larger
CFO crystallites than those in NC_1 (85 nm and 20 nm, respec-
tively, see Table 1). On the other hand, in the one-pot synthesis
each phase prevents the growth of the other, and, in turn, we
expect an effective coupling in systems for which the critical
thickness of the softer phase does not exceed around twice the
width of the domain wall of the hard magnetic phase.”*) The
coercive field of the nanocomposites (labeled “u,H(Exp)” in
Table 1) is significantly smaller than those extracted from the
calculated superposition of the constituent members (labeled
“uoHc(Calc)”), especially for NC_MIX sample (for info on the
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calculation see Section S4 and Figure S10, Supporting Infor-
mation). The reduced coercivity of the NCs with respect to the
simple (decoupled) superposition of the two phases is mainly
due to the incorporation of a lower anisotropy phase (CFO). This
i) reduces the coercivity of the SFO phase as expected by the
corresponding reduction of crystallite size of SFO achieved by
one-pot synthesis (from 118 down to 64 nm when introducing
50 wt.% of CFO)3%40l; and ii) may promote incoherent or even
multi-domain reversal modes (the critical diameter for single
domain Co ferrites has been established to be between 40
nm and 70 nm).B141:42]

The latter seems also to be the case for NC_MIX, whose CFO
crystallite size is equal to 85 nm as a consequence of the segre-
gation (as confirmed by TEM, see Figure 1c), where, despite the
rather close composition to NC_1, the coercive field drops to 0.2
T. Furthermore, the analysis performed by XRF hints at the pres-
ence of an additional Fe rich phase in this sample (see Table 1);
given the high annealing temperature, we may not exclude the
presence of antiferromagnetic hematite, or spinel maghemite,
as recently shown by P. Shyam et al.,!**] owing to an incomplete
formation of the hexagonal phase during the annealing (which
agrees reasonably well with the observed slight increase of the
saturation magnetization, Mg, with respect to NC_1), at the ex-
pense of the SFO content.

The coupled/decoupled magnetic response was stud-
ied in depth by investigating the irreversible process of

Table 1. Overview of the crystallites size of SFO (<d>°) and CFO

(<d>€FO) in the NCs,[?°l and NC_MIX extracted from XRPD, and com-

positions by XRF. Experimental (uoHc (Exp)) and calculated (uqHc(Calc))
SFO

coercive fields as a function of EZ;CFO (uncertainties are reported between

brackets).

Id <d>SF0 <d>SFO  SFO/CFO % poHCIEXP]  HoHc[Cald]
[nm] [nm] wt% M M

SFO 118(5) - Reference? - 0.58(3) -

NC_1 93(4) 20(2) 89/11(1) 46 043(2)  0.54(2)

NC_5 64(9) 65(2)  51/49 (2) 0.9 022(1)  0.34(2)

NC_MIX 119(10)  85(8) 88/10/2® (2) 14  020(1)  0.50(4)

? assumed stoichiometrically correct by ICP-analysis and used as a standard for the

composite measurements (100%); ) Fe-rich phase excess.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) FORCs used to determine the mixed partial derivative p(H, H,) shown in the inset; c) corresponding projection P(Hc) along the coercivity,
Hc. b,d,e) FORCs diagrams as a function of Hc and Hy; for NC_1, NC_MIX, and NC_5, respectively. f) FORCs projections along Hy; axis. The thick and
thin arrows in (b,d) indicate the downward shift and additional side humps, respectively. The dashed regions in (e) show the CFO and SFO independent

switching. The vertical dotted lines in (b, d, €) mark H-5FC.

magnetization reversal through the analysis of the DCD
curves (shown in Figure S11, Supporting Information).[?*! The
first derivative of the curve with respect to the magnetic field
corresponds to the irreversible susceptibility y,,(H), which rep-
resents a measure of the energy barrier distribution (associated
with the particles switching field distribution, SFD). The SFDs
obtained for the nanocomposites show a uniform reversal, while
that for NC_MIX clearly reveals two contributions centered at
fields that can be attributed to the reversal processes of the two
individual phases (SFO and CFO), Figure 2b. For comparison,
we prepared two physically mixed samples with preformed
particles without any heat treatment, thereby having SFO and
CFO crystallite sizes of the same order as in NC_1 (see Figure
S12, Supporting Information). Surprisingly, SFDs show that, as
the particles are closer in contact, the response becomes more
single-peaked, and no shift toward switching fields, Hgy,, smaller
than SFO’s is observed. Since the particles do not share clear
interfaces (they are not “intergrown”), such interactions must be
exclusively of dipolar nature. This evidence reinforces our claim
for NC_MIX to be a decoupled system.

2.2. First-Order Reversal Curves (FORCs) Results

A uniform (single-peaked) response in the SFD is usually taken
as evidence of a collective reversal process, however, it may hide
certain features produced by both long-range dipolar and short-
range exchange interactions between the particles. In this con-
text First-Order Reversal Curves (FORCs) measurements, such
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as that shown in Figure 3a (see Experimental Section for descrip-
tion) enable a more accurate determination of the coercive field
distribution, as well as the magnetic interactions in a multiphase
nanosystem.[*=#5] The high accuracy is gained at the expense of a
long measurement time, with ~500 times more data points than
a single hysteresis loop, which permits to distinguish the finger-
prints of different types of magnetic contributions in multiphase
systems.

Figure 3b,d,e) left column shows a selection of FORCs dia-
grams extracted from the analysis of FORCs. We observe a sin-
gle intense ridge in NC_1 evidencing a strongly coupled system,
which behaves as a rigid magnet in which the two phases re-
verse collectively.*’] The integrated component along Hy;, P(H)
projection in (Figure 3c), reveals a continuous evolution of the
response toward smaller H. from SFO to NC_5, upon increas-
ing the CFO fraction. Noticeably, a wider P(H.) distribution
for NC_1 and NC_5 can be appreciated compared to SFO (see
Figure S13, Supporting Information), as it represents the distri-
bution of coupling strengths between heterogeneous crystallites
(size distribution) across interfaces (with a likely distribution of
epitaxial quality) that possibly causes the wide distribution in H..
In other words, such distributions should be analogous to the
SFDs extracted from Mpqp, and qualitatively they do follow the
same trend.

The less intense tails, or side humps, with different slopes de-
parting from the “core” maximum along Hy, in the FORCs dia-
grams (grey arrows) are considered fingerprints of more complex
reversal mechanisms due to interparticle dipolar coupling (i.e.,

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) Relaxation curves, M(t), of NC_1 for several positive reversal fields; b) magnetic viscosity S(H) = d[/jn_’\:’t) of the selected samples at 300K,
estimated by fitting the M (¢) for each reversal field.
demagnetizing effects) and thermal relaxation.[*”*®] A closerlook  ponents, and thus the full coupling is not prevented for larger

at the maps confirms the magnetizing nature of the interactions
(i-e., the exchange coupling), as the low-H sector is shifted in
the negative Hy; direction and accompanied by a curvature in the
lower half of the contour plots.[*] Integrating along H_. gives the
vertical projections P(Hy;) shown in Figure 3f, which confirm the
shift to negative Hy, values for the full set of samples except for
NC_MIX, where the lack of such bias (as better observed in the
inset of Figure 3f) and the narrow Hy, distribution indicate that
most of the particles are not exchange-coupled, as expected in
this sample. Indeed, the diagram (Figure 3e) exhibits two modes
centered at low uyH-and at yyHe = poHe5C ~0.65T, revealing
the individual switching of the two phases (i.e., a decoupled sys-
tem), rather than a continuous distribution. The tight distribu-
tion of contours along the Hyaxis reflects the non-interacting
nature of the magnetic CFO particles (see Section S6.2, Sup-
porting Information for additional comments). This is consis-
tent with the nature of the synthetic method employed to pur-
posefully prepare a decoupled composite, confirming the sep-
aration between the two systems. The P(H,;) projections were
fitted to different functions in an attempt to discriminate be-
tween different magnetic interactions (see Figures S14 and S15,
Supporting Information),[*8] strengthening the results previously
discussed.

Additionally, for a certain combination of hard and soft phases,
we expect to observe rigid coupling only up to a critical thick-
ness of the softer phase. According to the Goto model for in-
terfacial exchange-spring coupling the maximum thickness of
the softer phase through which the rigid coupling can extend
soft 72 Aot

12,50 —
crit 2 Mfséﬁ g Hord

is called the critical thickness,['*%% given by d

where A% and Mg are the exchange stiffness and satura-
tion magnetization of the softer phase, respectively, and H, "
is the reversal field of the hard phase. Considering the experi-
mental values in this work (and calculating the uncertainty by
replacing them with the standard values for CFO and SFO) a
large critical thickness of 20 (5) nm was found, as expected,
from the moderate magnetocrystalline anisotropy contrast be-
tween the two phases K;SFO/K,“F0 =~ 1.2.81 This translates
into small differences in the individual switching of the com-
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distances.

FORCs measurements thus provide direct evidence of strong
exchange coupling in these samples. Nonetheless, we will show
that the wide distribution of coercivities P(H.) obtained for
NC_1 and NC_5 cannot be fitted by a single peak function, sug-
gesting a more complex reversal process possibly involving sev-
eral overlapped, which could appear on different timescales due
to the different coupling regime determined by the content of
SFO and CFO in the composites.

2.3. Relaxation M(t) Measurements

From magnetic relaxation measurements (shown for NC_1 as an
example in Figure 4a), it is possible to determine the magnetic
viscosity, dM/dln (t), which describes the thermally activated tran-
sition over an energy barrier.’! It is field-dependent and nor-
mally is highest close to the coercive field, reflecting the con-
nection between S(H) and y,.(H), as both are ultimately de-
termined by the system’s energy barrier distribution. The S(H)
curves are plotted in Figure 4b.

They reproduce closely the previous SFDs and P(H.) projec-
tions for all samples. As expected, the thermal-activated tran-
sition of NC_5 over the energy barrier appears at lower fields
than that of NC_1, while NC_MIX shows two separate viscos-
ity modes, with a perfect agreement between the independent
SFO component and the corresponding Hgy, (see Figure S16,
Supporting Information for more details). The S(H) curve of the
NCs seems to comprise several contributions akin to the FORCs-
determined P(H) curves depicted in Figure 3b. A cumulative
fitting of S(H) with Gaussian-like functions was performed as
illustrated in Figure 5a,c for NC_1 and NC_5. Up to three contri-
butions were identified, and ascribed to three different reversal
modes, corresponding to different regions of the particles: gen-
erally, the end modes of SFO and CFO, respectively appearing
at higher and lower switching fields, and the strongly coupled
interface (red curve). As shown in Figure 5b,d, the results agree
remarkably well with those obtained from the fitting of the P(H)
projections from FORCs, which display the same number of re-
versal components.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. a) Example of fitting of S(H) for NC_1; b) fitting of the FORCs’ distribution along Hc; (c,d) show the corresponding results for NC_5.

Next, the activation volume, V,; defined as the volume in-
volved in the process of overcoming the energy barrier for mag-
netization reversal, was derived, aiming at clarifying the reversal
magnetization process, by considering its correlation with mag-
netic interactions.[>233] The values of the corresponding coher-
ent sizes d_;, (effective diameter of the activation volume) are re-
ported in Table 2.

Considering NC_1, with a small CFO fraction (10 wt.%), the
CFO crystallite size (<d>“"" = 20 nm) matches d°F defined
above, supporting our claim of a rigidly coupled system. If

Table 2. Crystallite size (<d>, from XRPD) versus magnetic size (d.,, from
magnetic viscosity measurements).

Id Crystallites Size Coherent Size [From high reverse field to
low]
<d>3FO <d>F0 o, [NM] - dygpz [nM] g3 [nm]
[nm] [nm]

SFO 118(5) - 28(4) - -
NC_1 93(4) 20(2) 29(1) 39(3) -
NC_3 68(5) 48(3) 41(5) 38(3) 39(5)
NC_5 64(9) 65(2) 46(8) 38(3) 48(7)
NC_MIX 119(10) 85(8) 27(1) - 32(8)

* Uncertainties were calculated according to the choice of background in the fitting,
see Figure S17 (Supporting Information).
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the nanocrystallites are strongly exchanged-coupled, this should
yield an activation volume comprising a significant number of
nanocrystallites.’*>°! Indeed, as displayed in Table 2, the calcu-
lated coherent size for component (2), d, ,, is 40 nm, twice
the size of the CFO grains, and therefore the corresponding ac-
tivation volume V., ,, ~#2°<V>FC, i.e., about an order of mag-
nitude larger than the average CFO crystallite volume extracted
from XRPD.
Interestingly, d_, , is constant across the series of NCs
(Figure 6a), which implies, assuming the same critical thickness
ds°f, that the corresponding rigidly coupled area is maintained in-
variant for all the investigated composites despite the addition of
a larger fraction of the CFO phase. This supports our hypothesis
that the second, most intense, reversal component in the fits cor-
responds to the reversal of SFO/CFO crystallites strongly coupled
at their interface, with the two phases’ magnetization reversing
coherently as a single component.l”?!l Thus, when we increase
the CFO fraction up to 30 wt.% (i.e., additional NC_3 sample, see
Figure S18, Supporting Information) and then 50 wt.%, this rigid
coupling does not extend to the whole phase, as in these samples
the CFO size <d>“FO increases up to 65 nm. In this scenario, we
also observe individual-like reversal modes for CFO (component
3) and SFO (component 1) in regions far from the interface. In-
terestingly, d, ; (corresponding to the individual SFO reversal)
increases across the series by 64% (Figure 6a), suggesting that the
interaction volume of that component is enhanced by the higher
number of SFO/CFO interfaces affecting the reversal in the

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. a) Coherent sizes d_., (indices 1-2-3 refer to magnetic components extracted from the fitting); the red dashed line is a linear fitting (with a
nearly zero slope) for the critical thickness of the CFO phase. b) Summary of all the field parameters Hc, Hsy, Hs, H(p()), from the experimental
measurements. In the inset, ratios between Hgy, (from SFD) and H:Hs (from viscosity) and H p)), (from FORC projections along Hc) are shown;
c) SFO/CFO interface with the crystallographic orientation, and sketch of the magnetic reversal mechanism when the CFO fraction increases.

composite. This description corresponds to a “spring magnet”,
since the addition of a softer phase causes the reduction/increase
of the SFO/CFO coherent reversal sizes and, concomitantly, the
reversal process for each phase becomes less hard/soft. The same
trend could be observed for the CFO fraction. On the other hand,
in NC_MIX two clearly well-separated components were found,
respectively at high fields for SFO and low field for CFO: the
coherent diameter was estimated, and found to agree with data
obtained for CFO particles reversing independently (Figure S19,
Supporting Information).

The observed increase of activation volume for the coupled re-
gions can be explained by the intergranular exchange interaction
acting exclusively between nanocrystallites of SFO and CFO that
are in direct contact. In the more complex NCs with higher CFO
fractions with grain sizes above the critical thickness, only a re-
stricted interface softer region pinned by the hard phase reverses
with it, revealing exchange-spring phenomena. In Figure 6b a
summary of the different field parameters is presented, high-
lighting the remarkable agreement. In fact, the inset reveals that
the ratios between the switching field from DCD and the field pa-
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rameters extracted by viscosity and FORCs projection (Hgy /Hg
and Hgy/Hpy, respectively) are ~1 for SFO and NC_1 as ex-
pected for systems in the absence of reversible processes, while
for NC_5 the value deviates from 1, hinting at a more complex
reversal process.

Our nano-heterostructures are the result of the high control of
interface epitaxy achieved through controlled annealing, which
produces a [100]//[1-10] texture between SFO and CFO induced
by the (111) of preformed CFO (as depicted in Figure 6c¢, to-
gether with a schematic of the reversal). Knowing that the easy
axes are not parallel to each other (while the SFO core has an
out-of-plane easy axis, the CFO layer tends to lie along the [100]
axis)®*¢1l induce to believe that the strong coupling is not due
to dipolar interaction between the two materials, as it may be
the case for such misinterpretation if the easy axes were aligned.
In contrast, the physically mixed systems (with similar size as
in NC_1) for which we do not expect any exchange-coupling,
show an agreement with the superposition of the members, even
when the two phases are in closer contact (by applying pressure)
thus expecting higher dipolar interactions (as previously shown

© 2023 The Authors. Small published by Wiley-VCH GmbH
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in Figure S12, Supporting Information). This comparison sug-
gests an interesting alternative to combine two magnetic phases,
by obtaining a compromise between the size of the phase with
lower anisotropy and different types of particle interactions.*!
The potential as permanent magnets of nanocomposites, based
on exchange-coupled SrFe;,0,,/CoFe,O, nanocrystallites, was
evaluated by compacting the nanostructured powders into disc-
like pellets via spark plasma sintering (SPS) and measuring their
out-of-plane (oop) hysteresis loop in order to evaluate the energy
product. The details will be discussed in a separate study. The re-
sulting high-density magnet prepared from NC_1 (with a packing
fraction of 90% relative to the bulk), labeled SPS_NC_1, is shown
in Figure S21 (Supporting Information): it exhibits a square-
like shape, with a notable increase of the remanent magnetiza-
tion compared to the nanopowders. The experimental (BH),,.x
~16 k] m~> shows a remarkable increase of ~45% compared to
that of the SFO phase.

3. Conclusion

The epitaxial growth and local texture at the interfaces of
SFO/CFO nanocomposites were evidenced by electron mi-
croscopy. We have illustrated the correlations between several
magnetic protocols of different complexity to tackle the role of in-
teractions in multiphase systems. The synergetic combination of
FORCs and relaxation measurements helps to get a deeper un-
derstanding of the different mechanisms at play between ferri-
magnetic particles with different magnetic anisotropy, not only
qualitatively but also quantitatively. FORCs suggest a strong in-
tergranular exchange coupling. The magnetic coherence length
scales were estimated and compared to the critical soft thickness,
in order to establish the limit of the rigid coupling regime in this
kind of ferrites. Finally, our results corroborate a number of ex-
perimental studies, 23339621 indicating that the quick deteriora-
tion of the hard phase properties typically observed upon the in-
troduction of a phase with lower anisotropy in nanocomposites
may be avoided by developing synthesis conditions that allow to
control and reduce the size of the lower anisotropy phase, engi-
neer the interfaces to avoid impurities, and thus tailor the mag-
netic properties.

4. Experimental Section

Samples Details:  Two sets of samples were prepared:

1) A series comprising the individual pure SrFe;;,0;9 (SFO) and two
nanocomposites with different weight fraction wt.% of CoFe,0O,
(CFO): NC_1 and NC_5 (10 and 50 wt.% CFO, respectively). Briefly,
the composites were prepared by a sol-gel synthesis using Fe, Sr, and
Co nitrates in an appropriate ratio, and citric acid as chelating agent;
the post-synthesis powder-like products were subsequently annealed
at 950 °C for 3 h with a ramp of 5 °C min~" under air.[?°l All the samples
are composed of interconnected particles (see Figure 2). The increas-
ing CFO fraction in the composite prevents the grain growth of SFO,
resulting in a decrease of the average SFO crystallites size from 118
down to 64 nm in NC_5 (~45% reduction), and vice-versa for CFO (an
increase from 20 to 65 nm). The density of the samples was assumed
to be ~#30% of the bulk one (5290 kg m~3 for CFO and 5100 kg m~3
for SFO).12°]
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2) A series of assemblies prepared by physically mixing CFO-particles
(~20 nm in size, obtained by sol-gel self-combustion) and the precur-
sors of SFO (products of post-combustion from sol-gel, i.e., SrCO;,
and Fe-oxides) in a mortar for 1 h to obtain the desired final wt.%
of 90/10 SFO/CFO, which were then annealed to form the hexagonal
SFO phase ( referred as NC_MIX). The uncontrolled and segregated
growth of both phases (Figure 2c) does not favor the exchange cou-
pling of the two phases, as shown in this study. For comparison, to
investigate the role of magnetic interactions in more detail, two ad-
ditional systems were prepared for reference: i) NMIX, by mixing the
same CFO-particles (<d>F© ~20 nm) with the preformed SFO ones
from point (1) above without further treatments; and ii) NMIX-P, by
pressing NMIX with an applied pressure of a ~6.3-102 MPa.

Characterization: Transmission electron microscopy (TEM) studies
were carried out in a Philips CM200 microscope operating at 200 kV
and equipped with a LaBg filament. Scanning-transmission electron mi-
croscopy (STEM) analysis was carried out with a probe Cs-corrected FEI
Titan3 G2 60-300 STEM equipped with ChemiSTEM technology (X-FEG
field emission gun and Super-X EDX detector system) developed at FEI
(FEI application note AN002707-2010) for energy dispersive X-ray (EDX)
microanalysis. Samples for TEM and STEM observations were prepared
by dispersing a small amount of the sample, in the form of a powder, in
ethylic alcohol, and the solution was submitted to ultrasonic agitation for
1 min. Adrop of the suspension was then deposited on a commercial TEM
grid covered with a holed thin carbon film, and the grid was kept in the air
until complete ethanol evaporation. The atomic models of the SFO and
CFO phases were created by using Rhodius software from Universidad
de Cadiz (Pérez-Omil, J.A. TEM-UCA software (2018). University of Cadiz.
http://www.uca.es/tem-uca).[%3]

The powder samples were characterized by using a Bruker D8 Advance
diffractometer (solid state rapid LynxEye detector, Cu Ka radiation, Bragg—
Brentano geometry, DIFFRACT plus software) in the 10°-140° 20 range
with a step size of 0.013° (counting time was 4 s per step). The powder
samples were grounded in an agate mortar and suspended in ethanol.
A Si substrate was covered with several drops of the resulting suspen-
sion, leaving randomly oriented crystallites after drying. Rietveld analysis
was performed on the X-ray powder diffraction (XRPD) data by using the
FULLPROF program (see S| for more details on the refinement).[4] The
diffraction peaks were described by a modified Thompson—Cox—Hastings
pseudo-Voigt function. A peak asymmetry correction was made for an-
gles below 40°(20). Background intensities were estimated by interpolat-
ing between up to 60 selected points. In the Rietveld model, the CFO was
described assuming a Co:Fe stoichiometry of 1:2 and a random cationic
distribution between the crystallographic sites (equivalent). A NIST LaBg
660b standard was measured under the same conditions as the samples
to account for the instrumental contribution to the peak broadening. The
volume-weighted average crystallite size for SFO (space group P6;/mmc)
was refined as anisotropic platelets.[%3] For the CFO (Fd-3m) phase, it was
calculated by assuming isotropic crystallites and thus using the Scherrer
formula: dyy = (K4)/(B cos 0) where d, is the average volume-weighted
crystallite size, 4 is the wavelength, 6 is the scattering angle, f is the in-
tegral breadth and K is the Scherrer shape factor (assumed to be 0.9 for
spherical particles).[66]

Elemental analysis was performed by X-ray fluorescence (XRF) on the
selected samples, showing that only slight deviations from the target com-
position were observed (+2 wt.%). SFO and CFO powder samples were
adopted as standards for the analysis, by checking their atomic composi-
tion (Fe/Sr:12 and Fe/Co:2) by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES).

7Fe Méssbauer spectra were recorded using a >’ Co/Rh y-ray source
mounted on an electromagnetic transducer with velocity modulated ac-
cording to a triangular waveform. The spectra were obtained at 300 and
77 K without an external applied field. The hyperfine structure was mod-
eled by means of a least-square fitting procedure involving Zeeman sextets
composed of Lorentzian lines. The isomer shift (IS) values were referred
to that of a-Fe at 300 K.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Isothermal field-dependent magnetization loops were recorded at 300
and 5K (using a Quantum Design MPMS SQUID magnetometer), by
sweeping the field in the —5T to +5T range, and the obtained mag-
netization values were normalized by the weight of powders present
in the sample and expressed in Am? kg~'. To get information about
the irreversible processes, direct current demagnetization (DCD) rema-
nence curves were measured by applying a progressively higher DC re-
verse field to a sample previously saturated under a field of —5T and
by recording, for each step, the value of the remanent magnetization,
which was then plotted as a function of the reverse field. Magnetiza-
tion reversal characteristics of the samples were studied using two differ-
ent techniques: i) FORCs method and ii) relaxation measurements.[67.68]
i) FORCs were recorded at 300K using a vibrating sample magnetome-
ter (VSM; Lake Shore VSM model 7400) operated in a field range of
+2 T. A strong magnetic field was applied to first saturate the sample.
The field was then lowered to a specified reversal field H,, and the mag-
netization was measured as H was increased back to saturation. A se-
ries of these measurements at various reversal fields made up a com-
plete set of FORCs. The FORC distribution was then determined us-
ing a mixed partial derivative p(H,H,), calculated using the FORCinel
algorithm implemented in a Matlab code,[6>701 and then expressed in
terms of the local coercivity Hc = (H — H,)/2 and bias field Hy =
(H + H,)/2.88] Integration of p(H,H,) along H, and Hc leads to the
projection of the FORC distribution P (H¢) = /_J:: p (He, Hy) dHy) and
P(Hy) = 0+°° p (He, Hy) dH() axes, respectively. i) Magnetic relaxation
measurements were performed at 300K by two different instruments: a
physical property measurement system (PPMS)-Vibrating Sample mag-
netometer (VSM) from Quantum Design, equipped with a superconduct-
ing magnet of 9T, and repeated on the same samples by a MicroSense
Model 10 VSM equipped with an electromagnet generating a maximum
field of 2T, to rule out possible effects caused by different sweeping
ratios when the field was applied (see Supporting Information for de-
tails on reproducibility). The magnetization at 300K was recorded for
60 min in a reverse field after saturation in a given direction. The so-called
magnetic viscosity (S) was estimated for each applied field considering
M(t)xSin(t).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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