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ABSTRACT: We investigate the spatial distribution of spin
orientation in magnetic nanoparticles consisting of hard and soft core/sel
magnetic layers. The nanoparticles are synthesized in a core—shell nanoparticies
spherical morphology where the target stoichiometry of the synthess
magnetically hard, high anisotropy layer is CoFe,O, (CFO), while
the synthesis protocol of the lower anisotropy material is known to
produce Fe;O,. The nanoparticles have a mean diameter of ~9.2— Polarized
9.6 nm and are synthesized as two variants: a conventional hard/ "
soft core—shell structure with a CFO core/FO shell (CFO@FO) 45585444
and the inverted structure FO core/CFO shell (FO@CFO). High-

resolution electron microscopy confirms the coherent spinel

structure across the core—shell boundary in both variants, while

magnetometry indicates the nanoparticles are superparamagnetic

at 300 K and develop a considerable anisotropy at reduced temperatures. Low-temperature M vs H loops suggest a multistep reversal
process. Small angle neutron scattering (SANS) with full polarization analysis reveals a considerable alignment of the spins
perpendicular to the field even at fields approaching saturation. The perpendicular magnetization is surprisingly correlated from one
nanoparticle to the next, though the interaction is of limited range. More significantly, the SANS data reveal a pronounced difference
in the reversal process of the magnetization parallel to the field for the two nanoparticle variants. For the CFO@FO nanoparticles,
the core and shell magnetizations appear to track each other through the coercive region, while in the FO@CFO variant, the softer
Fe;0, core reverses before the higher anisotropy CoFe,O, shell, consistent with expectations from mesoscale magnetic modeling.
These results highlight the interplay between interfacial exchange coupling and anisotropy as a means to tune the composite
properties of the nanoparticles for tailored applications including biomedical/theranostic uses.

Improved

* Permanent Magnets
* Microwave Materials
*  Bio-Theranostics

Magnetic Configuration Assessment

Scattering
Region

Scattered
Neutrons

KEYWORDS: magnetic nanoparticles, core—shell nanoparticles, spinel ferrite, small-angle neutron scattering, polarized neutron scattering

Hl INTRODUCTION The miniaturization of magnetic systems into the nano-

Magnetic nanoparticles (NPs) are complex systems where region results in large surface area to volume ratios and, thusly,
unique properties such as enhanced magnetocrystalline 1ncrei\~3ses the fraction of sur-fa.c'e spins compared tc_) those in the
3 bulk.” As such, the sensitivity of the magnetic system to

anisotropy or variations in the Curie temperaturel_‘ can
emerge and these can differ greatly when compared to bulk surface contributions becomes crucial and surface effects
become driving forces in determining the overall magnetic

counterparts. Such properties can be further tailored in core— )
properties. ~ Surface spin disorder as a result of symmetry

shell NP structures by careful selection of the constituent THES
materials where interfacial coupling plays a strong role in the breaking in the crystal structure at the NP surface and altered
exchange interactions lead to canted spins and a reduction in

exchange interaction between layers." Indeed the role of
exchange coupling in composite structures containing both soft

and hard magnetic phases has been studied extensively over Received: February 3, 2023 R
the years as an avenue for tuning magnetic properties (Figure Accepted: May 26, 2023 A
1)~ Such a method pairs the high anisotropy of a hard Published: June 14, 2023
magnet with the high moment of the soft material for use in a

variety of applications including biomedicine,”'® data storage'"

and rare-earth free permanent magnets.'”
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Figure 1. Synthesis of core@shell NPs in hard@soft and soft@hard
configurations.

magnetic moment of the NP.” In general, surface spins are
more susceptible to spin canting than interior moments, and
such canting has been observed experimentally in many ferrites
and iron oxides NPs." ™' The degree of canting is influenced
by anisotropy,” intraparticle effects due to Dzyaloshinskii—
Moriya interactions and NP size™ allowing for possible ways
to tailor spin disorder in core—shell NPs through careful
selection of constituent materials and synthesis parameters.

Spinel ferrites of the form MFe,0,, where M is a divalent
transition metal, are an attractive class of ferrimagnets offering
both soft and hard phases as well as a common crystal structure
that allows for a high-quality crystal interface between core and
shell layers.”* In such materials the metallic ions are located at
either octahedrally (B) coordinated sites or those with a
tetrahedral (A-site) geometry and can adopt a normal, inverse
or mixed spinel structure.”® The ferrimagnetic nature of this
class of materials arises from the antiparallel alignment of spins
on the A and B sites. Of importance to this work is the inverse
spinel structure where Fe®* cations are equally distributed at
both A and B sites, while the divalent M ions are found only at
octahedral sites. In this work, CoFe,0, (CFO) was selected
due to its high anisotropy that should limit the degree of
canting or support uniform spin canting,26 as the spins will be
more tightly bound to the crystal lattice compared to Fe;O,
(FO), which has a relatively high moment but much lower
anisotropy. A common crystal structure and negligible
differences in lattice constant between the two materials
(8.40 A for FO, 8.39 A for CFO”) enables synthesis of high-
quality core—shell NPs. The synthesis reaction used to
generate the Fe oxide cores or shells in this study is known
to produce Fe30428, and Fe;O, can retain its signature
magnetic, electronic and structural order even after more than
150 days of oxidation at ambient conditions.”” We note,
however, that structurally and magnetically Fe;O, can be
difficult to distinguish from the closely related Fe oxide y-
Fe,0;. For convenience, we refer to the Fe oxide phase in our
core—shell NPs as Fe;O, as this is the most likely phase of Fe
oxide in our samples.

Two core—shell NP variants were examined in this study: a
conventional one in which the core is high anisotropy
CoFe,0, and is surrounded by a magnetically softer shell
composed of Fe;O, (core@shell, CFO@FO) and the inverted

structure (FO@CFO) where the higher anisotropy material is
now in the shell. Combinations of hard and soft magnetic
materials in quasi-spherical NPs enable optimization of
properties for diverse applications including information
storage,”””' permanent magnets’> and others. In the
biomedical field, magnetic NPs have found use as enhanced
contrast agents for magnetic particle imagin§33 and as sources
of localized heating of biological tissue.”"*> Hysteresis losses
occurring under high-frequency (AC) excitation are the
primary mechanism for localized tissue heating in single
magnetic domain NPs such as the bimagnetic NPs in the
present study, and guided modification of the size of the AC
hysteresis loop area will help promote the development of
core—shell NPs for magnetic hyperthermia applications.*®
Hence, developing methods to understand and control
parameters such as NP composition, size, morphology, hard
layer/soft layer ratio, and interfacial coupling, which directly
affect AC magnetic hysteresis losses, is of critical importance.

Although both variants of NPs in this study are composed of
the same set of materials (Fe;0, and CoFe,0,), there are a
number of intrinsic factors that may influence the spin
arrangement and interfacial coupling. Curvature effects
between the two NP variants will be different at the interface
for core—shell structures compared to other geometries;”** in
the CFO@FO system, the CoFe,O, core will have concave
curvature at the core—shell boundary, while the Fe;O, shell
will see convex curvature that is reversed in the FO@CFO
structure. Recent reports have demonstrated the effect of
curvature on magnetization in CoFe,0,/Fe;O, bent hetero-
structures that may be applicable to core—shell NPs as well.””
The outermost layer may see differences in surface chemistry
or uncompensated spins affecting surface contributions to
overall magnetic properties. Such effects can lead to noncol-
linear spin arrangements or canted layers that inhibit desired
magnetic properties as magnetic moments no longer lie parallel
to the applied field. The combination of magnetically hard and
soft layers can also lead to magnetic proximity effects as the
anisotropy of the CoFe,O, layer can delay the onset of
superparamagnetism (SPM) in the magnetite,”” "> and
generally SPM NPs are favored for biological applications as
the absence of remanent magnetization minimizes agglomer-
ation in the absence of external magnetic fields. We also note
that while the biocompatibility of magnetite is well-known,
there are methods to enhance the biocompatibility of
Col-"<e204.43_46

The structural and magnetic systems of each NP variant
were explored using a variety of techniques including
transmission electron microscopy (TEM), field- and temper-
ature-dependent magnetometry, mesoscale magnetic simula-
tions of NP ensembles, and also fully spin-polarized small-
angle neutron scattering (SANS). The latter is a technique
capable of providing both structural and magnetic details of the
individual core—shell layers as well as interparticle spin
correlations with differing length scales and degree of
coherence.”’ ™ The ensemble average of both the magnitude
and direction of magnetic moments can be resolved allowing
for differentiation between reduced moments and presence of
tilted spins. Field- and temperature-dependent magnetometry
were collected and compared to Langevin generated magnet-
ization curves as such methods can also provide evidence of
tilted spins in the NPs. Mesoscale magnetic simulations were
also performed to discern the mechanisms responsible for
tilting of spins in each CoFe,0,/Fe;0, NP variant.
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The paper is organized as follows: results of imaging,
magnetometry and magnetic simulations are presented in the
following subsection. Reduced SANS data and results of
multiscale modeling of the neutron scattering are presented in
the subsequent subsection. We conclude the main part of the
manuscript with a discussion and conclusions regarding the
results and analyses. Methods for the sample synthesis,
experimental and numerical simulation methods, and reduc-
tion and modeling of scattering data are contained in the final
section.

B RESULTS AND ANALYSIS

Nanoparticle Imaging and Magnetic Studies. CFO@
FO and FO@CFO NPs were synthesized using a seed
mediated thermal decomposition process. Transmission
electron micrographs (TEM) presented in Figure 2 indicate

Figure 2. HR-TEM images for the NPs used in the neutron scattering
study of (a) CFO@FO and (b) FO@CFO core—shell NPs confirm
the spherical shape and overall size. Owing to the thin shell and
similar material densities between the core and shell layer, it is not
possible to see the individual NP layers with TEM.

that each CoFe,0,/Fe;0, core—shell variant is primarily
spherical but with faceting showing 6-fold symmetry. Due to
the low Z-contrast between CoFe,O, and Fe;O, and shell
layers close to the minimum resolution of the TEM, it is not
possible to see the individual core—shell layers. Lattice fringes
are coherent across the core—shell structure indicating a
coherent structure. Note also that the NPs themselves appear
to be close packed, suggesting that a significant fraction of the
NPs locally self-assemble upon drying.

Temperature- and field-dependent magnetometry scans
were collected for each NP ensemble; Figure 3 shows
hysteresis loops at 5 and 100 K along with field-cooled (FC)
and zero-field-cooled (ZFC) M vs T curves for CFO@FO and
FO@CFO. Field cooling and other temperature-dependent
magnetometry were performed in a 10 mT field for all
measurements. Note that mass normalization contains
contributions from organic surfactants that coat the NPs and
we estimate the surfactants contribute between 2% to 4% of
the total mass. From Figure 3b,d it can be seen that the
blocking temperature for the CFO@FO NPs is well above
room temperature, whereas the FO@CFO NPs have a
blocking temperature of 2275 K. The hysteresis loops at 5
and 100 K confirm the ferrimagnetic nature of both NPs below
the blocking temperature with coercivity increasing as
temperature decreases.

Hysteresis loops at 5 and 100 K in Figure 3a for CFO@FO
NPs have similar saturation moments of 86 Am?/ kg and both
show a secondary structure, or knee-like feature, between 0 and
1 T, suggesting a more complex spin reversal process between
the core and shell. In the FO@CFO NPs, this step is only
present in the S K hysteresis loop as seen in Figure 3¢, while
the 100 K loop shows no inflection at low fields; the saturation
values for the FO@CFO NPs are considerably different too,
about 63 Am’/kg at 100 K and increasing to 80 Am?/kg at 5 K.
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Figure 3. Magnetization vs applied field curves at S and 100 K for (a) CFO@FO and (c) FO@CFO NPs with the corresponding FC and ZFC M
vs T curves shown to the right for each NP (b,d). In (a,c), black dots indicate fields where SANS measurements were performed at 100 K. Green

triangles are mSLDs from SANS analyses, scaled to M..
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Figure 4. Magnetization curves for (a) CFO@FOand (b) FO@CFO at room temperature (black lines). Also shown are the field magnetization
profiles extracted from the bare Langevin function (eq 1, red dashed line), the modified Langevin model (refs S1—53), green triangles, and the

mesoscale magnetic simulation (blue squares).

Table 1. Heisenberg Interaction Constant J; for the Macrospin Model”

NP Variant Jiz Ji3 Js Joa T34
CFO@FO 3.4 3.4 2.1 2.3 1.9
FO@CFO 3.1 3.1 —-1.8 2.1 2.2

]25 ]35 ]45 ]46 ]56
22 1.8 24 24 -18
2.3 1.7 2.8 2.8 -19

“All J; are in units of mRy. Vertical lines distinguish interactions within the core alone, between the core and shell, and solely in the shell.

The two NP variants also exhibit differences in coercivity
indicating changes in exchange coupling based on the selection
of hard or soft materials in the core and shell. At § K, when
magnetically hard CoFe,0, is in the core and paired with a
softer Fe;O, shell, there is a coercive field ~1.3 T (Figure 3a),
while the inverted variant (FO@CFOQ) has a smaller coercive
field of ~1 T (Figure 3c).

Reflecting the lower blocking temperature, the FO@CFO
NPs are superparamagnetic (SPM) at room temperature while
CFO@FO NPs have a small coercive field of 6 mT and
remnant magnetization on the order of 3.5 Am*/kg. Since both
NP samples were in or very near the SPM state, the magnetic
response can be approximated using a Langevin function £(x)
of the following form to simulate the M(yu, H) curves:

Mo Hp 1 1

M H = ) h = — = —

(,uo ) n,uL( kT ] where £(x) tanh(x) x
(1)

where n is the total number of particles, y is the magnetic
moment per particle (Am?*), poH is the applied field (T), kg is
the Boltzmann constant, and T is temperature.'® A value of
was assigned for each NP based on core radii and shell
thicknesses determined from modeling of the SANS data (see
below) and M derived from experimental M(H) curves shown
in Figure 4. In both NPs, there are deviations between the
experimental data and Langevin generated hysteresis loops
below 0.8 T for CFO@FO NPS and 0.7 T for FO@CFO
variants. If uniform magnetization is assumed for each NP in
eq 1, then the experimental values for y would describe
magnetic correlations at high and low fields. Near 0.1 T each
NP sees a ®25% reduction in the experimental moment
compared to the Langevin model indicating a reduction in the
parallel magnetic component at low fields likely as a result of
spin canting or spin disorder in a direction perpendicular to the
field."

The bare Langevin analysis assumes a uniform total moment
per particle, while TEM imaging and structural neutron
scattering (below) indicate a variation of particle size and

10989

hence of moment per particle. We also display in Figure 4a
modified Langevin model that includes a log-normal
distribution of NPs (green triangles).SI_53 The agreement
with the measured M vs H curve is improved considerably,
particularly in the low field region. For the FO@CFO system
(Figure 4b), the magnetic diameter from the modified
Langevin approach is 7 + 2 nm (lo), while the magnetic
diameter of the inverted CFO@FO variant comes in at 7 + 1
nm. This is considerably smaller than the apparent size in the
TEM images in Figure 2 and also smaller than the NP size
estimates derived from the structural neutron scattering below.
One possible reason is that even at 300 K the particles are not
completely in a superparamagnetic state, which is a
fundamental assumption of both the Langevin and modified
Langevin approaches. Indeed, the CFO@FO NPs exhibit a
small coercivity at 300 K of nearly 6 mT, which may be
expected as the blocking temperature for these NPs is above
room temperature (cf. Figure 3b). Another possible con-
tribution is spin canting or spin disorder in the near-surface
region of the NPs, which would tend to reduce the volume of
the nearly single domain core region.

To more closely capture the low field behavior of the NP
assemblies and also introduce some degree of noncollinearity
in the spin distribution across the NP, in Figure 4 we also
present calculations from mesoscale simulations of the 300 K
M vs H loops. In these simulations, the magnetic behavior of
each NP is modeled as six macrospins, three for the core and
three for the shell. In addition to anisotropy and Zeeman
contributions, the Hamiltonian includes intraparticle inter-
actions between the macrospins, angular-dependent dipolar
energies between the total magnetization of different NPs, and
Heisenberg interactions between NPs. Please refer to the
Methods section and ref 54 for a more complete description of
the model.

Tables 1 and 2 present the parameters used for the
macrospin model. For the different NPs, indices {1—3} refer to
the core and {4—6} to the shell. In all cases, the anisotropy was
assumed to be uniaxial for each particle, and its axis was
randomly selected per particle in the assembly. J, ., was set to
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Table 2. Anisotropy Constant k for the Macrospin Model”

NP Variant k, k, ky k, kq kg
CFO@FO 7.1 13.1 13.1 8.1 7.6 0.1
FO@CFO 0.8 6.4 6.4 9.2 8.1 8.0

“All k are in units of mRy. k; through k; simulate the core, while k,
through k¢ correspond to the shell.

0.2 mRy. To reduce the number of free parameters fit, one of
the three macrospins assigned per material, index {1} for the
core and index {4} for the shell, is restricted to interact with
the same exchange strength with the other two macrospins of
the same material (i.e., J;, = J;3 and J;5 = J4¢ see Table 1). In
this regime there are two exchange constants per material that
have to be tuned. Table 2 presents the anisotropy constants
used in the model, which highlight the difference in anisotropy
between the CoFe,0, and Fe;0,. Generally, one of the Fe;O,
macrospins exhibits a much smaller anisotropy: 0.1 mRy for k4
in CFO@FO and 0.8 mRy for k; in FO@CFO. The other two
Fe;O, macrospins require a larger anisotropy to match the field
hysteresis loops, and these higher anisotropy Fe;O, macrospins
represent the Fe;O, macrospins moments, presumably at the
core—shell interface, that couple with the harder CoFe,O,
material. In both cases, the hard/soft interface acts as a strong
pinning center which give rise to the large coercive field
measured at low temperatures.

The mesoscale calculations (blue squares in Figure 4)
present better agreement with the magnetometry data than the
bare Langevin approach, particularly for the FO@CFO variant
where the superparamagnetic nature of the NPs at room
temperature is recovered and the approach to saturation is
more gradual than the Langevin model. The multiple
macrospins per NP permit a simulation of spin canting that

can arise in the NPs, which is consistent with the observation
of perpendicular spins in the magnetic SANS data below. A
similar slow approach to saturation is recovered for the CFO@
FO variant, but the mesoscale model suggests a weak coercivity
(nonzero remanence) which is not observed in the 300 K data.
Additional details on calculations of the temperature-depend-
ent, ensemble-averaged magnetization, along with a fully
atomistic calculation of the spins from a single NP, are
presented in ref 54.

Small Angle Neutron Scattering. Neutron scattering
data were collected at temperatures ranging from 5 to 300 K
and a variety of fields from 0—1.56 T to probe the magnetic
configurations in the vicinity of the knee-like feature seen in
the hysteresis loops (refer to Figure 3a,c). The experimental
configuration utilized a polarized incident neutron beam
(either up spin 1 or down spin |) along with polarization
analysis of the scattered beam, resulting in four combined cross
sections (11, ||, 11, and |1). Representative 2D scattering
distributions are shown in Figure 5. In Figure Sa, the sum of
the non spin-flip (NSF) scattering cross sections (11 + ) is
nearly isotropic with angle () relative to a field applied along
the X-direction and reflects the dominant nuclear (structural)
scattering. In particular, the bright ring located about halfway
out in momentum transfer (IQl) corresponds to Bragg
diffraction scattering from coherent regions where the NPs
assemble into close-packed structures. The logarithmic color
scale used obscures any difference in intensity between
scattering along the field direction (X-axis, @ = 0°) and the
structural + magnetic scattering at § = +90°. However, in
Figure 5b, the difference between the non spin-flip neutron
distributions (|} — 11) reveals the scattering asymmetry
caused by the magnetization of the NPs. Refer to the Methods
section for additional details on the experimental configuration.

Qy (A7h)

Qx A7)

+O)/(nax

+er/nax

Qy (A7)

y
—Qunax +Qmax

Qx A7)

Figure S. Representative 2D scattering distributions for FO@CFO NPs in a 1.56 T field at 100 K for (a) sum of non spin-flip scattering (11 + | )
and (b) difference of non spin-lip scattering (JJ — 171). Panel (b) also presents the coordinate system for these measurements. Note that
intensities have been normalized, and both scattering distributions are plotted in a logarithmic color scale with a threshold to suppress low count
pixel noise. In panel (a), the structural diffraction peak is evident as a bright ring located away from Q. = 0, while in the difference distribution (b),
the magnetic scattering is evident as the bright regions at & = + 90°, where 0 is the azimuthal angle relative to the x-axis. In both panels, 1Q}}"l ~
0.13 A™" for the detector setting used. Sector cuts of the non spin-flip and spin-flip cross sections at = 0°, 180° and 6 = +90° for different fields
are used to extract out the nuclear and magnetic scattering; see eqs 3—6 in the Methods section.
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Figure 6. SANS nuclear (N?) intensities for each CS NP variant as a function of the scattering vector Q at S K under HF (1.56 T) conditions. The
solid lines show the best fit for each NP using a core + multishell model. Nuclear components were calculated as described in eq 3 in the Methods
section using +10° sector averages of the 2D data. In panel (c), a schematic of the model used in the structural and magnetic fits is presented. The
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Figure 7. Magnetic SANS data and fits for each core—shell NP variant as a function of the scattering vector Q for 100 K and a variety of applied
magnetic field conditions. Open circles represent experimental scattering data while solid lines show the best fit. Panels (a) and (b) present the
magnetic SANS data and fits for the CFO@FO NPs; data and fits for the FO@CFO variant are exhibited in panels (c) and (d). M7 is presented in
the left column (a,c) and Mﬁ is in right column (c,d). Note the logarithmic scales for the axes.

Each sample was cooled in zero field between temperatures,
as the FC M vs T curves showed negligible changes in
magnetization at lower temperatures. To reduce random
alignment of spins, prior to each SANS measurements the
samples were magnetically trained by first saturating the
samples to positive saturation, reversing the field direction to
negative saturation, back to zero field, and then measuring
SANS patterns at the desired positive field values.

Structural parameters were determined by fitting the nuclear
scattering; representative experimental data and fits at 5 K are
shown in Figure 6 on a semilog scale for each core—shell NP
variant. Error bars representing 1 — o distributions are shown
in blue but are typically smaller than the marker size. As
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suggested by TEM micrographs, the narrow size distribution of
each NP type results in a well-defined diffraction peak that
reflects the spacing between the NPs in a close-packed
structure. In CFO@FO NPs this diffraction peak is centered
around Q =~ 0.055 A™' for all temperatures and fields while
scattering of the inverted variants reveal a peak near ~0.07 A™".
The consistency in peak location and width indicates no
structural changes for both NP samples with varying field or
temperature conditions.

Modeling of the SANS data suggested contributions to the
scattering intensity originating from both a finite close-packed
ensemble of NPs, referred to as a “flake” which gives rise to a
relatively strong diffraction peak, and less coherently ordered
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Table 3. Fitted Magnetic Scattering Length Density (mSLD) Values in Units of 107 X A~2 for Core and Shell Layers of Each

NP Variant at 100 K“

CFO@FO FO@CFO
0.02 T 041 T 051 T 1.56 T 0.02 T 033 T 041 T 051 T 1.56 T
Mj
Core —0.63 031 041 142 —0.70 0.37 0.70 092 0.92
Shell ~111 023 035 142 —045 —0.37 —0.42 -0.30 0.45
Outer Shell - - - - ~0.30 —027 —0.20 —0.20 0.30
ML
Core 143 0.66 0.57 0.41 1.29 0.69 0.58 0.58 040
Shell 1.63 0.81 0.77 0.53 0.86 0.69 0.58 0.58 0.40
Outer Shell - - - - 0.58 0.59 0.49 0.50 0.17

“These fitted mSLD values include additive contributions from the hexagonal flake and raspberry models, though the percentage of each varies with
field, as discussed in the text. Note that the changes in the relative scaling among the contributions from the hexagonal flake and raspberry models
(refer to Methods section), which were used to model the structural and magnetic scattering, may introduce overestimates of the M3 values (eg,
0.02 T). The field-dependent trends, however, are robust. For comparison the mSLD values for bulk materials is 1.42 for CoFe,O, and 1.46 for

Fe;0,.

NP structures referred to as “raspberries” that contribute to
scattering intensity at lower momentum transfer. Refer to
Figure 6¢ and the Methods section for additional details. For
the CFO@FO variant, fitting results gave an estimated average
overall NP diameter of 9.2 + 0.15 nm with a CoFe,O, core
radius of 2.9 + 0.03 nm and a Fe;O, shell thickness of 1.7 +
0.03 nm. The inverted (FO@CFO) variant had a similar
overall NP diameter of 9.6 + 0.3 nm but different core and
shell dimensions; the Fe;O, core had a larger radius at 3.5 +
0.05 nm; the CFO layer was divided into two sublayers for
consistency among structural and magnetic fits with a first
CFO layer that is 0.8 nm thick and a second outermost layer
that is 0.5 nm thick with reduced neutron scattering length
density (SLD). In CFO@FO NPs the average core—shell
volume fraction is calculated to be V/Vs = 0.34 while the
inverted FO@CFO structure with a slightly larger core sees an
increase in the core—shell volume fraction to about x0.63.

Material compositions were confirmed with the model by
comparing fitted SLD values to known values for CoFe,O, and
Fe;0,. Fitted SLDs for CoFe,0, in the core were found to be
5.6 + 0.1 X 107 A=2 which is within 10% of the theoretical
SLD (6.07 x 107° A7) and matches well with reported
values from similar NP systems.’®*” To accurately capture the
evolution of the magnetic scattering (below), the model for the
FO@CFO NPs divides the CFO layer into two concentric
shells with slightly varying scattering parameters. In this model,
the SLD of the inner shell is 5.5 + 0.2 X 107¢ A2 (again,
within 10% of expected values), and the inner shell is
surrounded by a narrow, 0.5 nm thick outer CFO shell with
a reduced SLD of 2.2 + 0.2 X 107¢ A~2 This outer shell with
reduced SLD may indicate a narrow (~half a unit cell), more
porous CoFe,0, layer near the surface of the NP. Larger
variations in SLDs are observed for Fe;O,; when Fe;O,
comprises the core in the FO@CFO NPs, the estimated
SLD is 6.9 + 0.1 X 107 A2, close to the bulk value of 6.97 X
1078 A™2, while the SLD estimate drops to 5.9 + 0.1 X 1076
A™? when Fe;O, forms the shell of the CFO@FO NPs. For
both CFO@FO and FO@CFO, analyses of the SANS
structural (nuclear) scattering cross sections indicate a
reduction of the SLD in the outer layers of the NPs, possibly
from an increase in porosity or other form of structural
variation near the surface of the NPs.

A fully polarized SANS setup provides the capability to
probe the 3D magnetic structure of NPs at variable fields

allowing for determination of spin alignment.”” Representative
calculations of parallel (Mj) and perpendicular (M) magnetic
scattering cross sections from spin selection rules, where || and
L represent the orientation of the moments relative to the
field, are summarized in eqs 4 and 5 in the Methods section;
these data are presented in Figure 7 where changes in
scattering shape and intensity with field can be observed. A
common story emerges for perpendicular spins (M7) of both
NP variants (Figure 7a,c); at low field a well-defined magnetic
diffraction peak is present. For both the CFO@FO and FO@
CFO NPs the perpendicular magnetic diffraction peaks overlap
with those from nuclear scattering indicating this spin
alignment persists over a collection of NPs in the assembly.
The perpendicular alignment is uniform within each NP and is
correlated from one particle to the next.

The Mj magnetic scattering contribution is representative of
the net scattering between magnetic moments aligned both
antiparallel and parallel to the applied field. Figure 7b shows
parallel spin ordering for CFO@FO NPs at various fields; a
weak diffraction peak is observed at 0.02 T after application of
a —1.56 T field. However, as the field is increased near the
coercive field (yoHe = 0.41 T), parallel magnetic ordering
collapses with diffraction peaks that are not well-defined, starts
to reorder just above the coercive field (0.51 T) at higher Q,
and comes back strongly at high field (1.56 T). Parallel
scattering in FO@CFO NPs, shown in Figure 7d, indicates a
more complex spin ordering process; a diffraction peak
develops at low field (0.02 T), but as the field is increased
to near (0.33 T) and slightly above coercivity (0.41 T, and
0.51 T), the diffraction peaks shift to higher Q values until the
highest applied field (1.56 T) where the peak returns to its
original location.

While nuclear SANS data are well described by a correlated
core—shell model detailing coherent structural ordering among
the NPs, changes to the magnetic scattering near coercivity for
both parallel and perpendicular spin orientations suggest the
additional presence of uncorrelated magnetic contributions for
certain field strengths. Correlated contributions (i, in the
flakes) account for ordering in which spin alignment is
consistent across multiple particles, giving rise to a diffraction
peak. Reduced correlation (i.e., as described by the raspberries
in the model) refers to scattering resulting from particles that
are still magnetically ordered but with coherence among only a
few particles, whereas uncorrelated (i.e., as described by

https://doi.org/10.1021/acsanm.3c00510
ACS Appl. Nano Mater. 2023, 6, 10986—11000


www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

10! 10!
% (a) FO@CFO A M3 (c) FO@CFO
& HoH=0.02 T ) HoH=1.56 T
=3 O M | 100
0
< 101
g
8 102
=
1073
1074 1074
0.03 0.06 0.09 0.12 0.03 0.06 0.09 012 0.03 0.06 0.09 0.12
QA QA QA
10! 10! 10!
(d) CFO@FO (e) CFO@FO (f) CFO@FO
3 ]
10° 100350 10°
2 °
S 107! 1071 1071
£ : . -
81072 Bess o |107242 ) = 1072
NE o ?%AAAAAAAA 4 A AAAA$ Iy d
1073 o ) 10-3 ap 1073
AL m A
A A AA s
1074 1074 — — 1074
0.03 0.06 0.09 0.12 0.03 0.06 0.09 012 0.03 0.06 0.09 0.12
Q@A™ Q@A Q@A™

Figure 8. Perpendicular (M3, red squares), net parallel (Mﬁ, green triangles), and total parallel (Mﬁ,m, blue circles) magnetic scattering at 100 K
and at the fields presented. Top row (a—c) presents the magnetic scattering cross sections for the FO@CFO NPs, and bottom row (d—f) presents

the same for the CFO@FO variant.

independent particles in the raspberry) corresponds to no
magnetic coherence between particles.>”

The corresponding magnetic scattering data and fits are
shown in Figure 7 for each CFO/FO NP variant. At 1.56 T
when both samples are near saturation, the net parallel
magnetic scattering is comprised only of extended interactions
(from the flakes with 7 stacked layers) for FO@CFO NPs,
while the inverted variant also shows a 20% contribution from
shorter range correlations (from the raspberries with clusters of
13 NPs). Note, however that the parallel magnetizations of
both the FO core and CFO shell are smaller than those in the
CFO@FO NPs (Table 3), indicating that the FO@CFO NPs
are not fully saturated in a 1.56 T field. Following application
of a large, negative (—1.56 T) field, the component of the
magnetization in the core and shell parallel to the applied field
is still reasonably large near remanence (0.02 T) for both
variants. Shorter-range correlations are of increasing impor-
tance but primarily for the CFO@FO sample (35% scattering
from raspberry clusters). Though Mj scattering for the FO@
CFO can be completely described by the flake model, it was
necessary to decrease the number of hexagonal sheets from 7
to 1 in order to fit the low Q scattering, which suggests a loss of
coherence in 1D from one NP crystallite plane to the next. As
the field was further increased through the coercive field, the
extended ordering (i.e., from flake formations) is mostly
restored for both NP types, with a small addition from single,
isolated magnetic particles at 0.33 T and at 041 T for FO@
CFO and CFO@FO NPs, respectively. In the case of the
CFO@FO NPs, however, the fit for 0.51 T clearly deviates
from experimental results. In interpreting the results of the
modeling of the Mj scattering (Figure 7b,d), we stress that
near the coercive field (uoH = 0.41 and 0.51 T for CFO@FO
and poH = 0.33 and 0.41 T for FO@CFO), the scattering from
the Mj cross section is orders of magnitude weaker than near
the saturation field (u,H = 1.56 T).
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The model does not fully capture the magnetic reversal
behavior of the CFO@FO NPs, possibly due to complex
domain formation induced by the strong CFO anisotropy. The
field dependence of the relative alignment of the parallel
magnetization of the core and shell, however, differs
completely for the CFO@FO and FO@CFO systems. In
particular, the core and shell magnetizations remain aligned
with each other in the CFO@FO NPs in the measured fields of
0.02, 0.41, 0.51, and 1.56 T. While both reverse sign between
0.02 and 0.41 T, the drop in the magnitude of the net FO shell
magnetization is more substantial (Table 3). In contrast in the
FO@CEFO system, the net magnetizations in the two regions
are antialigned with each other through the coercive region
(033 T, 041 T and 0.51 T) with the FO core seeming to
reverse first (though gradually). The signature of this
antiparallel alignment is the shifted position of the diffraction
peak to higher Q. This behavior is most pronounced in 0.33 T
as shown in Figure 7-d.

In addition to the net parallel magnetization, a sizable
component of the magnetization is oriented perpendicular to
the applied field for both NP systems, even in fields as large as
1.56 T (Table 3). In contrast to the Mﬁ scattering, however,
the diffraction peak in the M] scattering is broad at all fields
(Figure 7a,c), indicating that the interparticle correlations are
of much shorter range. Near the coercive field (0.33 T, 041 T
and 0.51 T) and 1.56 T, the dominant component in the fits
(60—95%) is from the raspberry model (rather than the
hexagonal flake model) with cluster sizes of 9 and 7 from the
FO@CFO and CFO@FO, respectively. It is notable that more
than half of the raspberry scattering in these cases can be
attributed to single, isolated magnetic particles. The core and
shell magnetizations are aligned and are nearly matched in
magnitude, though the Fe;O, shell has a slightly higher
magnetization in the CFO@FO system. These magnetizations
systematically decrease with increasing field but persist to 1.56
T as noted previously. The exceptional case to these trends is
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that of 0.02 T after application of a —1.56 T field, in which the
diffraction peak in the perpendicular scattering (Figure 7a,c) is
well-defined for both NP systems. Specifically, the longer-range
perpendicular order is reflected in the fits which show a 33%
and 62% contribution from the raspberry clusters for the FO@
CFO and CFO@FO NPs, respectively, with the remainder
from flakes and with minimal additional scattering from
isolated magnetic particles. The magnitude of magnetic
scattering length density (mSLD) for the perpendicular
scattering at 0.02 T is significantly larger than that obtained
from the fits at other fields (Table 3), suggesting that a large
fraction of the magnetization is ordered perpendicular to the
field in large, correlated, multiparticle domains prior to field-
induced magnetization reversal.

The NP magnetization clearly has perpendicular and net
parallel components at all fields considered (Table 3). It is not
clear, however, if the NP moments are coherent and uniformly
tilted relative to the field over a given length scale, or if the
moments within each individual NP are canted in different
random directions but with a small net preference for a
particular orientation. To resolve this discrepancy, we consider
the total scattering along the field direction as extracted using
eq 6 in the Methods section, denoted as Mﬁ,m. Note that the
difference between the Mﬁ,m data and the Mﬁ data shown in
Figure 7b,d (and repeated in Figure 8) is that the former is
sensitive to all moments oriented parallel or antiparallel to the
field, whereas the latter is sensitive to the net magnetization
parallel to the field (which corresponds to what is measured
with magnetometry as in Figure 3). Strictly speaking, the Mj
scattering includes the contribution from Mj, but the data are
not particularly sensitive to the relative orientation of the core
and shell magnetizations in the fits.

The Mﬁ,m scattering relative to the M} and Mﬁ scattering at
different fields at 100 K is plotted in Figure 8 for both the
FO@CFO and CFO@FO NP variants. As shown in Figure
8be, Mﬁ]m is only slightly higher than M3 at fields through the
coercive region as the moments gradually align parallel to the
field. This correspondence suggests that the magnetization of
each magnetic region primarily has a random orientation in the
X, Y and Z directions with a coherence that is confined mostly
to single particles. In contrast, the Mﬁ,m scattering (Figures
8a,d) is somewhat lower than the M] scattering at 0.02 T, a
field which just precedes the reversal of the net magnetization.
In this case, the CFO anisotropy appears to dominate other
interactions and coherently drives a large fraction of the spins
perpendicular to the field, whereas a portion of the
magnetization along the field direction apparently breaks into
small domains (i.e., presumably smaller than the NP diameter)
that are not easily detectable with our SANS configuration. A
final note is that Mﬁymt is a closer match to Mﬁ, rather than M3,
for the CFO@FO NPs in 1.56 T (Figure 8f), indicating that
preferential orientation of the magnetization parallel to the
field supplants the random orientation as the field is increased.
The Mj, scattering in 1.56 T for the FO@CFO NPs (Figure
8c), however, nearly matches the M7 scattering, indicating that
a large fraction of the moments remain randomly oriented, and
not saturated, in this high field.

B DISCUSSION AND CONCLUSIONS

TEM micrographs of each CoFe,0,/Fe;O, NP variant, shown
in Figure 2, reveal nearly spherical NPs on the order of 10 nm
in diameter. In the nuclear SANS scattering data presented in
Figure 6, we show that the local structure of the NPs is well

described with a spherical core + multishell model. The
particle-to-particle distributions can be modeled with a
hierarchical arrangement of the NPs, consistent with the
morphology and self-assembly evident in the TEM micro-
graphs. Also, the TEM images reveal the good epitaxy between
the spinel core (either CoFe,O4 or Fe;O,) and the spinel
ferrite shell. Magnetometry of CFO@FO NPs (Figure 3a,b)
indicates a blocking temperature well above room temperature
while hysteresis loops at S and 100 K reveal the coercive field is
increasing at lower temperatures. FO@CFO NPs, shown in
Figure 3c,d, have a lower blocking temperature around 275 K
and smaller coercive fields values compared to the CFO@FO
variants. The well-known first-order Verwey transition in
Fe;0,, characterized by a sharp decrease in the magnetization
at Ty, at 120 K, is not observed in our FO@CFO NPs as
the small core size of the Fe;O,core (~7 nm) and the relatively
thick, high-anisotropy CoFe,O, shell act to suppress the
magneto-structural Verwey transition. A similar lack of a
Verwey-type magnetization decrease is observed in Fe;O, NPs
with diameters similar to the core size of our FO@CFO NPs.”’

The Langevin analysis and the modified Langevin approach,
which includes additional degrees of freedom to simulate a
distribution of NP moments, clearly indicate that at low fields
the NPs exhibit a loss of spin alignment parallel to the applied
field direction, suggesting that even at room temperature the
spin reversal process for the NPs may involve a more
complicated pathway than a coherent rotation of the total
moment. The magnetometry also indicates a slower approach
to saturation for the FO@CFO NPs than the CFO@FO
variant, which is in line with the SANS analyses summarized in
Table 3 where the Mﬁ mSLDs for FO@CFO are suppressed
relative to both the CFO@FO NPs and bulk values for Fe;O,
and CoFe,0,. In comparison to the standard Langevin model,
the log-normal size distribution implemented in the modified
Langevin approach more accurately reproduces the low-field
alignment of the NP moments; however, the size estimates
from the modified Langevin analysis (~7 nm diameter, or 135
nm?) are considerably smaller than the ensemble average sizes
estimated from the structural neutron scattering cross sections
(~9.2—9.6 nm, or ~300—350 nm?), suggesting that additional
parameters beyond a distribution of NP sizes affect the
magnetization reversal process.

The mesoscale magnetics model begins to address the
nature of the partially incoherent rotation of the NP
magnetization. In both the CFO@FO and FO@CFO variants,
the Fe;O, portion of the NP is clearly the magnetically softer
material with lower anisotropy. This volume of the softer phase
is the most probable nucleation region for the reversal process
to start. Notably, according to this model the nucleation
develops at the surface of the CFO@FO NPs but in the core
for the FO@CFO variation. The SANS results, in fact, clearly
confirm the model’s conclusion that the nucleation for reversal
in FO@CFO NPs is in the Fe;O, core. The mesoscale model
further suggests that the interface between the two constituent
materials is a pinning site that gives rise to the large coercivity
in both NP systems.

In analyzing the SANS data, the nuclear (structural)
scattering starts with a model that assumes a single NP
structure of a core + shell or multishell with essentially smooth
interfaces between the core and inner shell, as expected from
the TEM imaging. However, modeling of both the structural
and magnetic scattering distributions requires additional
ordering among the NPs with different length scales. The
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NP ensembles assemble into plate-like substructures with
close-packed arrangements of NPs; these substructures give
rise to extended correlations apparent in both the nuclear and
magnetic scattering distributions. In addition, a fraction of the
NPs arrange themselves into localized raspberry-type struc-
tures with reduced correlations. This model reveals that local
interactions are particularly prominent near the coercive field
in the perpendicular component of the magnetization.

The SANS results indicate that magnetically, both the
CoFe,0, and Fe;O, phases are strongly coupled in both NP
variants. Here, the common spinel structure promotes the
epitaxial growth of the shell on the crystalline core and likely
facilitates the magnetic coupling between core and shell. In the
case of the FO@CFO system, however, the reduced SLD of
the outer ~0.5 nm of the CoFe,O, layer may indicate some
loss of structural integrity of the higher anisotropy shell
material toward the outer surface of the NP. On the other
hand, the lattice parameter of CoFe,O, is ~0.84 nm. Hence, a
comparison of model fits indicates that the variation is
approximately 0.5 nm, corresponding to about one-half of a
unit cell. Note that SANS sensitivity to the precise thickness of
this surface layer is somewhat limited at low Q as it is manifest
primarily as a damping of the interference oscillations from
thicker layers. A structural variation on the order of half a unit
cell of the CoFe,O, would average out to a lower SLD. The
SANS analyses indicate that the cores of the FO@CFO and
CFO@FO NPs are compositionally robust, while the reduced
SLD values for the CoFe,0, and Fe;O, shells are suggestive of
porosity, interlayer intermixing and/or off-stoichiometry in
these outer layers. Unfortunately, the SANS models are not
sensitive to parameters such as interfacial width and roughness
due to the limited polydispersity of the NP sizes.

The field-dependent mSLD’s in Table 3 indicate that after
saturation at —1.56 T, which produces a negative mSLD in
both the core and shell just above zero-field, in the FO@CFO
NPs there is a range of positive field values (0.33 T — 0.51 T)
where the magnetization directions between the core and shell
are antiparallel, followed by reversal of the CoFe,O, and
parallel alignment of the core and shell magnetizations at high
field. The lower anisotropy Fe;O, core is the likely initial point
of the magnetization reversal.

When the high anisotropy CoFe,0, forms the core of the
NP, the SANS analyses indicate that the reversal is more
uniform, and the CoFe,O, core and Fe;O, shell reverse
direction effectively in unison as the field is increased.
However, the field hysteresis (Figure 3a) shows a step-like
feature at ~0.2 T, suggesting that there is at least a two-stage
reversal. The SANS analyses for parallel alignment rely
primarily on M, which is quite weak near coercivity (Figure
7b). The reversal process may also be complicated by the
development of magnetic domains near the coercive field,
which gives rise to weak, complex scattering that cannot be
described accurately within the context of our core/multishell
SANS model (Figure 7b).

The SANS results also clearly point to a considerable
perpendicular component (M7) of the magnetization for both
NP variants and across all field conditions. In Table 3, the
effect is evident near +0.02 T after saturation at —1.56 T, and
the magnitude of the M} component decreases monotonically
as the field is increased up toward +1.56 T. The M3 diffraction
peaks in Figure 7a for CFO@FO and Figure 7c for FO@CFO
are most prominent at low fields and broaden and decrease in
intensity as the applied field is increased. The broader

diffraction peaks in Mj, compared to similar features in Mj,
indicate a reduced coherence in the perpendicular magnetic
ordering. The reduced perpendicular magnetic order may arise
from a random distribution of the CoFe,O, anisotropy axes in
the NPs.

The knee-like features seen in the hysteresis loops of Figure
3 have been reported in other hard/soft systems for both NPs
due to exchange spring coupling across the hard/soft
interface.”®' ~*® Exchange spring coupling is strongly tied to
the dimensions of the soft phase; when the size of the soft
region is less than twice the length of the domain wall of the
hard phase (28y), the system will see strong exchange coupling
and a smooth hysteresis curve.””®* If the soft region is larger
than this critical size, the core and shell materials will be
coupled only at the interface allowing the soft layer to nucleate
spin reversal at a lower field than the hard phase.’’ In core—
shell NPs with overall dimensions below that of 20y, magnetic
properties are still tied to the volume of the soft phase;
structures where the volume fraction of the soft material
dominate have also been shown to exhibit two-phase hysteresis
loops similar to those seen in Figure 30203657 1 the CFO@
FO NPs, the softer magnetite shell comprised nearly 75% of
the overall NP volume, and the magnetic effects are well
explained by exchange spring coupling that pins spins near the
core—shell interface while allowing spins near the surface to
rotate freely as the external field is increased. In a strongly
coupled system the spins in the core and shell regions behave
coherently and so the spin state switching process will happen
uniformly throughout the NP. Weaker coupling between
core—shell layers can lead to pinned shell spins near the
interface while those closer to the surface are free to rotate
independently of core and interface spins.

The spin evolution with field is more complex in the
inverted FO@CFO system. In these NPs, the softer Fe;O,
phase occupies only ~39% of the total volume, down from
~75% in the hard@soft CFO@FO variant. However, the core
size is larger in the FO@CFO NPs. From Figure 3c, the knee-
like features common in hysteresis loops of exchange-spring
magnets are present at 5 K but noticeably absent at 100 K, and,
despite a greater hard phase volume fraction, the coercivities
are lower than those seen for the CFO@FO NPs. In the
conventional hard@soft variant the CoFe,O, layer only has
one interface for coupling to occur whereas in the inverted
system when CFO is located in the shell, interfacial effects can
happen at the core—shell boundary and at the surface. As the
Zeeman energy increases, spins in the FO core can easily
switch direction while those in the CFO shell face competing
spin disordering effects at both the core—shell interface and at
the surface. The SANS analyses also suggest that the CoFe,0,
structural integrity may be degraded somewhat toward the
surface of the NP, which may reduce the magnetocrystalline
anisotropy of the CFO as reflected in the lower coercive field
of the FO@CFO NPs. Also, a larger Fe;O, core also means
more CoFe,0, spins will be located at the core—shell interface
due to the increased surface area which, in combination with
disordering at two interfaces, could result in a smaller
measured coercive field.

In summary, we have examined spin ordering in all-spinel
ferrite, quasi-spherical core—shell NPs which pair high-
anisotropy CoFe,O, with magnetically softer and higher
moment Fe;O,. The magnetic properties of the NPs are
greatly modified by varying the selection of ferrite in the core
and shell, and we examine the local and longer-range spin
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ordering in the NPs with magnetometry, mesoscale magnetic
simulations, and fully polarized SANS. A mean-field
(Langevin) model of room-temperature field hysteresis
indicates a loss of spin order relative to isolated macrospins
representing the NPs, while the mesoscale magnetic model
suggests that interfacial coupling between the hard/soft layers
leads to a noncollinear arrangement of spins in the core and
shell.

Small angle neutron scattering reveals both extended
interactions with close-packed flake-like structures as well as
the presence of shorter length-scale, more disordered
structures, represented as the “raspberries” in our model
Magnetically, the SANS reveals a complex field reversal
mechanism. Application of a small positive field after saturation
in the opposite direction results in a considerable spin
alignment in both the parallel and perpendicular directions
that is coherent across the close-packed, local structure. As the
system is driven toward and through the coercive field, the net
parallel scattering weakens considerably, and the coherent peak
shifts to higher Q for the FO@CFO system. Modeling
indicates that in the FO@CFO system, the approach toward
coercivity results in an anti-alignment of the core and shell
magnetizations, strongly suggesting that the softer Fe;O, core
is the nucleation site for the reversal of the magnetization
which is in line with the mesoscale magnetic simulations. For
the CFO@FO variant, the reversal of the magnetization is
more uniform throughout the NP. However, in both systems at
high fields the core and shell magnetizations are mostly aligned
with the field, as expected. Somewhat surprisingly, even at
near-saturation, the system retains a high degree of
perpendicular magnetic scattering.

Our results indicate that in addition to properties such as
material selection (which establishes the bulk magnetization
and anisotropy of the constituents) and overall NP size,
additional parameters including core—shell volume ratios and
number of interfaces of the magnetically hard component
(core to shell vs shell to core + shell to surfactant layer) greatly
affect the overall spin ordering within NPs and across
ensembles of NPs. Control over these parameters will facilitate
development of versatile magnetic NPs with properties
optimized for disparate applications ranging from biomedicine,
environmental remediation, information storage and other

fields.

B METHODS

Sample Synthesis, Magnetometry, and Nanoparticle Imag-
ing. Two variants of CoFe,0, and Fe;O, NPs were studied: Using
the notation of core@shell to represent the materials in each layer of
the NP, one variant was composed of CoFe,0, in the core and Fe;0,
in the shell layer (CFO@FO), while the inverted structure (FO@
CFO) was the second NP studied. Both structures were synthesized
via a similar seed mediated thermal decomposition process using 1,2
hexadecanediol, oleic acid (90%), oleylamine (70%), and benzyl ether
(98%) with iron(III) acetylacetonate to make Fe;O, while adding
cobalt(Il) acetylacetonate to the mix would produce CoFe,O,
instead. For FO cores, the temperature of mixture was raised to
200 °C, kept there for 2 h in a nitrogen gas environment before
increasing temperature to 300 °C and refluxing for 1 h. For the CFO
cores, after the initial heating at 200 °C for 2 h, the temperature was
slowly increased at a ramping rate of 3 °C/min to 300 °C and refluxed
for 30 min. The mixture was then cooled to room temperature after
which the cores were washed and collected by centrifuging with
ethanol and hexane.

The cores were then dispersed in hexane to be used as seeds for the
shell layer growth; 85 mg of synthesized core were added to the above

mixtures for Fe;O, or CoFe,O4 depending on the desired shell
composition. The core-mixture was then heated to 100 °C for 30 min
to evaporate the hexane before refluxing at 300 °C for 1 h. The now
synthesized core—shell NPs were cooled to room temperature before
being washed in ethanol and collected by centrifuging the mixture.
The NPs were mixed with a small amount of hexane to prevent
further oxidation or side reactions from occurring. This synthesis is
known to produce NPs with a core 6 nm in diameter surrounded by a
roughly 1—-2 nm thick shell. Details on synthesis methods have been
published elsewhere.”~”"

A high-field superconducting magnet + cryostat system equipped
with a vibrating sample magnetometer was used to measure the
average magnetization of the synthesized powder. The closed cycle
cryostat spans a temperature range of 1.8—400 K and the magnet can
provide magnetic fields up to =9 T. High-resolution transmission
electron microscopy (TEM) images were acquired in bright field
mode. The powder sample was diluted in a small amount of hexane
and ultrasonicated to prevent agglomeration of the NPs. One drop of
the well-dispersed NP solution was then placed on a copper TEM grid
and dried in air to evaporate the hexane before insertion into the
imaging column.

Mesoscale Magnetic Modeling. A simplified Hamiltonian is
used for each NP that separates the core and shell into distinct
macrospins and contains terms for the core—shell exchange and
possible direct exchange between different NPs (in the case of close
contact between particles):

H=—2 ]SS — 2 kcos)'p, — gy 2, SB+ X, M,[DIM,
ij i i m,n

- Z]mterM”M”
e )

In this expression, {S;} represents the moment of macro spins within a
NP, while {M,} is the net moment of particle n, so that indices {j, j}
denote summation within a NP while {m, n} denote interactions
between NPs. J; is the Heisenberg interaction coupling between
macrospins i and j within a single NP. The magnetic anisotropy
constant is represented by k and ¢, is the angle between S; and easy
axis direction, while B is the external magnetic field. The fourth term
represents dipolar interactions between the net moment of each NP
with moment M, while [D] is the dipolar tensor. The same notation
holds for the last term of the Hamiltonian which describes
interparticle interactions of the Heisenberg form with strength J .,
Temperature effects are simulated with the usual Boltzmann
approach, and Monte Carlo methods are used to ensure sufficient
sampling of the configuration space.

For each NP, the total magnetic moment is subdivided into six
macrospins, three each for the core and shell, and the sum of the
macrospins for the core and shell equals the total moment per NP, as
determined from bulk magnetometry. The volume ratio of the core
and the shell can be determined from the structural (spin averaged)
neutron scattering, as described below, and this ratio can be used to
estimate the total moment per NP separately for the core and the
shell. For the CFO@FO variant, the core—shell moments are
estimated as 4.14 X 1072 Am?/12.38 x 1072 Am?> [FO@CFO:
6.80 X 1072° Am*/10.74 X 107*° Am’]. The multiple macrospins per
core and shell can simulate the effects of spin variations at the core—
shell and shell/vacuum interface. The ensemble of NPs is simulated
by placing the macrospins for each NP on a 12 X 12 X 12 grid (i.e,,
12* NPs) with a mean spacing of 10 nm between NPs and then
imposing periodic boundary conditions.

SANS Instrumentation and Data Reduction. Polarized SANS
measurements were completed at the NIST Center for Neutron
Research using NG-7, a 30 m small angle neutron scattering
instrument.”” A fully polarized configuration was employed that
uses an FeSi supermirror in front of the sample holder to initially
polarize neutrons in a spin up orientation with a RF flipper coil that
can reverse the spin direction of the incident neutron beam. A *He
cell located after the sample environment moderates the final neutron
spin state by only allowing spins aligned with the *He nuclear spins to
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pass; the direction of the *He spins is reversed with a nuclear
magnetic resonance pulse.”> In between both pieces of polarizing
equipment is the sample environment where both CoFe,0,/Fe;0,
NPs were mounted in a closed cycle refrigerator in an aluminum
holder backfilled with He to prevent degradation of the samples
during measurements. An electromagnet capable of horizontal fields
up to ~1.56 T was used for all measurements. On NG-7, the neutron
beam is oriented in the Z direction and scattering in the XY plane is
collected with a 2D detector (refer to Figure 4 for coordinate system).
The detector position relative to the sample was fixed at either 8 m or
2 m to cover a broad range of scattering vectors (Q). The 2D
scattering profiles were reduced using a custom Python script’* and
analyzed in SASView 4227 using a custom core/multishell model.

SANS measurements produce 2D scattering distributions where the
intensity is related to the squared sum of the nuclear and magnetic
Fourier transforms.”® In a fully polarized SANS setup the neutron
direction is established before and after interacting with the sample
allowing for measurements of all four scattering cross sections; spin
up (1) indicates a neutron that is aligned parallel to an external field
while a spin down () neutron is antiparallel to the field. When a
neutron maintains the same orientation before and after scattering
from the sample, it is known as a non spin-flip (NSF) interaction (11
or }}), whereas a spin-flip (SF) interaction measures cross sections
where the neutron spin changes direction (1| or ).

The 2D detector captures scattering in the X—Y plane orthogonal
to the neutron beam, and sector cuts at key angles with widths of
+10° are averaged from these profiles. These sector cuts allow for
calculation of individual nuclear (N*) and perpendicular or parallel
magnetic (M} and Mﬁ, respectively) scattering contributions, where 6
is the angle between the applied field in the X-direction and the
scattering vector Q in the X—Y plane (inset Figure Sb). The angular
dependence of both nuclear and magnetic scattering along with the
neutron spin selection rules, in which the scattering is sensitive only to
the magnetization perpendicular to Q, allows for a simplified analysis
of individual scattering contributions at key angles.”” Specifically, at &
=0° and at @ = 90° the SF scattering is sensitive only to the projection
of the magnetization that is perpendicular to the applied field. The
NESF scattering is related to the structure and to the component of the
magnetization parallel to the field at @ = 90°, but detects only the
structure at @ = 0°. These angle-dependent polarization rules simplify
as follows:

N*(Q) = (1L + I3ty (3)

2
MZ(Q) — (Iéi%" B Igl%")
[ 4N? 4)

1
MJz_(Q) = g[(IgiO" + Iéj)'lo") + (I;igo" + 13190")]

()

M} (Q) = (loge + Iitope) — (Lo + Iikoe) (6)

where (1, |) indicate scattering from spin up and down neutrons,
respectively, and IP? corresponds to the scattering intensity along that
sector cut angle for the initial sgin direction, p, and the selected spin
direction after scattering, g.'®”>’® Note that it is assumed that the I',
M, 1M, and I' scattered intensities are normalized by the unpolarized
main beam intensity. Each equation assumes isotropic nuclear
scattering (N?%), Mﬁ = M% and isotropic magnetic scattering
orthogonal to the applied field M3 = M} = M%.”” Note that the first
parenthetical term on the right of eq 5 is equal to M7 + M3 and the
second parenthetical term is equal to M%. Eq 4 is sensitive to the net
magnetization parallel to the applied field, and Mﬁ will decrease at
lower fields when spins are less aligned; the smaller magnitude of Mj
near the coercive field results in lower signal-to-noise ratios. As a
complement, Mj,, (eq 6) corresponds to the square of the total
magnetization along the X axis that is parallel and/or antiparallel to
the applied field. When the magnetization is randomly oriented near
the coercive field, it is expected that Mﬁ’m = M} even though the net
magnetization along the field direction will be small.

SANS Modeling. To account for the NP close packing and
clustering as well as for the internal NP core/multishell structure, a
complex model was used to fit the structural and magnetic SANS data.
The model parameterizes the NPs as spherical core—shell or core—
shell 1/shell 2 structures with a Gaussian distribution of core sizes and
smooth core—shell interfaces. Consistent with the local and finite
close-packed structures observed in TEM images, these dried NPs are
then assumed to predominantly self-assemble into hexagonal flakes
(refer to schematic in Figure 6¢ and ref 26). In the model, these two-
dimensional “flakes” or plates are comprised of close-packed NPs with
fixed separation, analogous to the Paracrystal model in the SasView
fitting software (ref 79). The primary difference is that each plate in
the flake model is assumed to consist of 14 or 16 (for FO@CFO and
CFO@FO, respectively) NPs arranged in a hexagon with 6 stacked
layers that are offset to approximate the local face-centered-cubic
packing. The calculated scattering is then averaged over all random
orientation of the flakes in space. The calculations from the flake
model accurately reproduce the structural diffraction peaks at Q =~
0.055 and 0.07 A for the CFO@FO and FO@CFO NPs, respectively
(Figures 6a,b), but there are issues at lower Q. For the FO@CFO
sample, the slight oscillations in the fit are assumed to be insignificant
as they likely originate from the discrete increments in angular
position used to generate the random orientations of the flakes in the
model. For the CFO@FO structural case, the flake model consistently
undershoots the low Q scattering.

The underestimate of the “flake” model at low momentum transfer
in the case of the CFO@FO NPs was resolved with the addition of a
contribution for core/multishell NP clusters arranged in a “raspberry”
configuration (ref 80) to account for the presence of self-assembled
NP clusters (refer to schematic in Figure 6c). For the CFO@FO
system, these “raspberries” consisted of 12 identical core—shell NPs
packed around on the surface of a single, central NP. These small
structures give rise to a broad scattering feature for Q values below the
diffraction peak. The fit in Figure 6b demonstrates that the structural
scattering is well described over all Q by a model with additive
contributions from both the flake and raspberry models. In contrast,
no raspberry contribution was included in the model for the FO@
CFO case (Figure 6a). It is important to note that this core—shell
model with both raspberry and flake contributions is not unique due
to the phase problem that is intrinsic to elastic scattering data. This
model, however, is firmly based upon known physical characteristics
of the system (i.e., local self-assembly) and is not over determined. As
demonstrated in this manuscript, it best provides a self-consistent
description of the structural and magnetic SANS data (eqs 3—5) for
both samples over a range of applied fields. Modeling of CFO@FO
core—shell NPs was completed over an extended Q-range in order to
accurately describe the scattering over a range of length scales, though
Figure 6 focuses only on the region near the diffraction peak.

All magnetic SANS data were analyzed with the same model as
used for the structure which includes raspberry and flake-like clusters
of spherical core + multishell particles. To include magnetic
contributions from correlations at various length scales that differ
from the structural correlations, the number of NPs comprising the
raspberry was varied with field, and a percentage of these NPs (as
described by the “surface fraction” fitting parameter)®® were assumed
to independently contribute to the magnetic scattering. In addition, it
was assumed that the magnetic moments in each two-dimensional
flake were not subject to magnetic shape anisotropy. Specifically, the
parallel and perpendicular magnetic components (eqs 4 and S) are
assumed to be equivalent along every direction within the randomly
oriented flakes.

While both the parallel and perpendicular magnetic scattering for
the CFO@FO could be described with particles with a core and single
FO shell, it was necessary to divide the shell of the FO@CFO sample
into two sections to self-consistently fit the structural, perpendicular
magnetic, and parallel magnetic scattering with a single model. As
described previously, we speculate that the presence of an outermost
shell with a reduced structural SLD indicates that the CFO on the
surface is porous, rough, or chemically different. The fits to the
magnetic structure, shown in Figure 7, reveal that the magnetization
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of this outer layer aligns with that of the inner CFO shell although the
magnitude of the magnetic SLD is consistently lower in this outer
layer.
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