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Elucidating Individual Magnetic Contributions in
Bi-Magnetic Fe;O,/Mn;O, Core/Shell Nanoparticles by

Polarized Powder Neutron Diffraction

I. V. Golosovsky, I. A. Kibalin, A. Gukasov, A. G. Roca, A. Lépez-Ortega, M. Estrader,
M. Vasilakaki, K. N. Trohidou, T. C. Hansen, |. Puente-Orench, E. Leliévre-Berna,

and J. Nogués*

Heterogeneous bi-magnetic nanostructured systems have had a sustained
interest during the last decades owing to their unique magnetic properties
and the wide range of derived potential applications. However, elucidating the
details of their magnetic properties can be rather complex. Here, a
comprehensive study of Fe;O,/Mn;0, core/shell nanoparticles using
polarized neutron powder diffraction, which allows disentangling the
magnetic contributions of each of the components, is presented. The results
show that while at low fields the Fe;O, and Mn;O, magnetic moments
averaged over the unit cell are antiferromagnetically coupled, at high fields,
they orient parallel to each other. This magnetic reorientation of the Mn;0,
shell moments is associated with a gradual evolution with the applied field of
the local magnetic susceptibility from anisotropic to isotropic. Additionally,
the magnetic coherence length of the Fe;O, cores shows some unusual field

1. Introduction

During the last decades magnetic nanos-
tructured materials composed of two or
more magnetic phases (e.g., compos-
ite nanoparticle assemblies, nanoparti-
cles in matrices or core/shell nanopar-
ticles) have been extensively studied
both from fundamental and applied
viewpoints.['"1%] From a basic science per-
spective, issues like dipolar and exchange
interactions, collective behavior, mag-
netic graded interfaces, proximity effects,
among many others, have been investi-
gated. Additionally, bi-magnetic materi-
als are being studied for countless appli-

dependence due to the competition between the antiferromagnetic interface
interaction and the Zeeman energies. The results demonstrate the great
potential of the quantitative analysis of polarized neutron powder diffraction

for the study of complex multiphase magnetic materials.

cations, like biomedical uses (e.g., mag-
netic hyperthermia and magnetic res-
onance imaging), permanent magnets,
magnetic recording, magnetic refrigera-
tion, or microwave absorption.!1-1¢]

The most common technique to study
these materials is magnetometry. How-
ever, magnetization measurements usu-
ally cannot discern between the different
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contributions of the diverse magnetic components, although in
some cases, indirect information about the magnetic phases can
be obtained using more advanced analyses like Henkel plots or
first-order reversal curves.['*17]

To obtain some information about the contribution of each
magnetic phase a number of techniques can be used, like neutron
diffraction,1218-2%1 X.ray magnetic circular dichroism (XMCD),
and derived methods such as X-ray photoemission electron mi-
croscopy or X-ray microscopy,!?!23] small angle neutron scat-
tering (SANS),[226] electron magnetic circular dichroism (e-
MCD),[?728] Méssbauer spectroscopy,2>2*3°l among others. Each
of these methods has its advantages and drawbacks. For example,
although XMCD or SANS can provide quantitative information
about the magnetic moment, they bear only limited structural in-
formation (e.g., crystallographic phases) about the components,
e-MCD can only be used on very thin samples or Méssbauer spec-
troscopy is basically restricted to Fe-based materials. Hence, the
interpretation of the magnetic behavior of multicomponent mag-
netic materials is often challenging and frequently a combination
of different techniques is necessary to understand the insights of
their magnetic properties. In this framework, novel approaches
can be very valuable to help in the understanding of the complex
magnetic properties of composite nanostructured magnetic sys-
tems.

Here, we demonstrate that polarized neutron powder diffrac-
tion (PNPD) is a valuable tool to acquire unique information, dif-
ficult or impossible to retrieve with other techniques, from bi-
magnetic nanostructured systems (i.e., Fe;0,/Mn,0, core/shell
nanoparticles). In particular, the results demonstrate that distinct
magnetic features of the two different counterparts can easily be
obtained using with PNPD.

Polarized neutron diffraction consists in measuring neutron
structure factors using an incident neutron beam polarized par-
allel (spin-up) and anti-parallel (spin-down) to a vertically applied
magnetic field.[**3132] Unlike neutron diffraction with an unpo-
larized beam, this method is sensitive at determining a magne-
tization distribution within a unit cell, as well as the local sus-
ceptibility tensor at each magnetic site,[**332] and has been ex-
tensively used with single crystals.['31-%] However, PNPD has
been only seldom used in polycrystalline structures,1:3236-421 he-
cause of the weak diffraction signal and there was until recently
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no software to properly analyze the data. The weak diffraction
signal is exacerbated in nanostructured systems since the broad-
ening of the diffraction peaks reduces even further the signal-
to-background ratio. However, improvements made in neutron
instrumentation®? (focusing monochromators, *He spin filters,
high field magnets, position sensitive detectors) and the event of
a new software,[*3] which has already been successfully applied to
data treatment of different compounds,[***! make PNPD much
more attractive.

2. Results and Discussion

Two different Fe;O,/Mn;0, core/shell nanoparticles have been
studied (with different core sizes and shell thickness; see Exper-
imental Section). The transmission electron microscopy (TEM)
images (Figure 1a-h) show that the particles have a somewhat
irregular shape with average sizes of 14.8 + 2.3 nm (sample 1)
and 13.0 + 1.5 nm (sample 2), respectively. The electron energy
loss spectroscopy (EELS; Figure 1d,h) analysis of the samples evi-
dences that the particles have a roughly spherical Fe; O, core with
a diameter of ~13 nm (sample 1) and ~10 nm (sample 2), re-
spectively. On the other hand, the Mn; 0O, shell is rather inhomo-
geneous with thicknesses of ~0.4-1.5 nm (sample 1) and ~0.7-
2.1 nm (sample 2).

To disentangle the contributions of Fe;O, and Mn,0, on the
magnetic properties of the samples, a detailed PNPD study at 5
K in different applied fields was carried out. As a first step, to
determine the nuclear structure data (lattice parameters, site oc-
cupancies, and so on) two different approaches were carried out.
For sample 1, the sum of the spin-up and spin-down polariza-
tion patterns (equivalent to unpolarized powder diffraction mea-
surements) was used (Figure 2a,b) (refined using CrysPy, see Ex-
perimental section). For sample 2 (for which the polarized sum
profile cannot be refined reliably), the conventional neutron pow-
der diffraction was analyzed by a usual Rietveld procedure (using
FullProf; see Experimental Section). As expected, the Fe, O, cores
present an inverse cubic spinel structure (space group Fd3m; i.e.,
stoichiometric magnetite for sample 1 and close to stoichiomet-
ric maghemite for sample 2), whereas the Mn,0, shells have a
normal tetragonal spinel structure (space group 14, /amd).

The refined core sizes (from the peak broadening; see Table
1) are consistent with the ones obtained from TEM. Concern-
ing the shell size, it is difficult to obtain a reliable value from
diffraction data because of the overlapping of the peaks from the
shell and the core, and the small contribution of a shell to the
pattern, which is further complicated by the anisotropic (platelet-
like) shape of the shell particles. Thus, in order to estimate ap-
proximately the “average thickness” of the shell, the volume frac-
tion of the two phases obtained from the refinement was used as-
suming a uniform shell on a spherical core. The thicknesses ob-
tained from this approach give only indicative trends and cannot
be readily compared with the estimates obtained from the TEM-
EELS study. Although the estimated thicknesses are exceedingly
small, what is clearly illustrated is that the sample 1 has a thin-
ner shell than sample 2 (Table 1), in agreement with the EELS
analysis of the samples (Figure 1d,h).

In our case, the diffraction signal of the difference pattern
(spin up — spin down) has a rather weak signal due to the
small amount of sample (see Figure 2 and Figure S1, Supporting
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Figure 1. Low-resolution TEM images, particle size distribution, high-resolution TEM image and Fe (red) and (green) Mn L-edge EELS mapping for a—d)

sample 1 and e-h) sample 2.
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Figure 2. Refinement of the sum (spin up + spin down; top curves) and difference (spin up — spin down; bottom curves) of the spin-up and spin-down
pattern for sample 1 at a) 5 kOe and b) 50 kOe. The bars indicate the position of diffraction reflections for Mn; O, (top row) and Fe;O, (bottom row)

(see Supporting Information).

Information) and, consequently, the Rietveld profile analysis (us-
ing CrysPy; see Experimental Section) does not provide univocal
results. Therefore, to simplify the fitting procedure (i.e., intro-
ducing some constraints in the magnetic structure to reduce the
number of fitting parameters), a novel approach combining the
PNPD refinement and magnetization measurements has been
used. Namely, to check the consistency of the model used in the
fitting procedure (i.e., a simplified model of the magnetic struc-
ture; see Experimental Section), the refined moment averaged
over the whole system (Mp.;04 + Myp304) Was compared to su-
perconducting quantum interference device (SQUID) magneti-
zation measurements. When the appropriate refined model is
defined, the field evolution of the magnetization calculated from
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the diffraction and the one obtained from SQUID measurements
are similar (see Experimental Section for details).

Notably, the fit of the patterns allows to separate the field
dependence of the magnetic moments of the two phases in a
straightforward way. Note that the small differences in the mag-
netic moments averaged over the unit cell for the two iron oxide
cores originate from the different iron oxide phases of the cores
(sample 1—magnetite versus sample 2—maghemite). As can be
seen in Figure 3a,b, the refined magnetic moments averaged over
the unit cell (i.e., the projection of the moment onto the applied
field direction) unambiguously demonstrate that the moments
averaged over the unit cells of the Fe,O, and its Mn,0, coun-
terpart are antiferromagnetically coupled at low fields for both
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Table 1. Refined parameters from the neutron powder diffraction of samples 1 and 2 at 5 K in zero field. The errors given in brackets are standard

deviations obtained using the FullProf and CrysPy programs.

Name Core Shell
alA] Size [nm] Volume fraction (%) a[A] c[A] Volume fraction [%] Average thickness [nm]
Sample 1 8.354(1) 10.5(5) 87(2) 5.698(4) 9.23(2) 12(2) 0.2
Sample 2 8.336(1) 7.7(5) 73 (3) 5.723(6) 9.43(3) 27(2) 0.4
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Figure 3. a,b) Dependence of the Fe;O, (red symbols) and Mn; O, (green symbols) moments averaged over the unit cell for a) sample 1and b) sample
2 on the applied magnetic field. The green and red arrows indicate the orientations of the averaged moments of the Mn; O, and Fe;O,4 counterparts,
respectively. c,d) Evolution of the difference of the magnetizations at 5 and 50 K (i.e., slightly above the bulk T of Mn; Oy, T = 43 K) [M(5K)-M (50K)]
for diverse applied fields for c) sample 1 and d) sample 2. The lines are guides to the eye. Shown in the inset is an example of the calculation of M(5K)—
M (50K) for sample 2 at 10 kOe, where the arrow shows the difference M(5K)-M(50K). The error bars (about 0.7 pg) in panels (a) and (b), that is,
estimates standard deviation from the CrysPy refinement, do not exceed the symbol size.

samples. This behavior is indicative of an antiferromagnetic in-
terface coupling between the Fe;O, and Mn,; 0, moments at low
fields, typical for Fe;0,/Mn,0,.[%] However, at increased fields,
the averaged moment of Mn,; O, changes sign with respect to the
one of Fe;0,. This is due to the fact that the antiferromagnetic
coupling is overcome, leading to the parallel arrangement of the
Fe,0, and Mn,0, moments at high fields. This reorientation is
illustrated schematically by arrows in Figure 3a,b. However, as it
will be discussed later, one can note that the magnetic order of the
Mn, O, phase is more complex than this schematic illustration.

Additionally, the field needed to overcome the antiferromag-
netic interface coupling is larger for sample 2 than for sample 1,
which should probably be ascribed to dissimilar strengths of the
interface coupling in the two samples.[?]

To illustrate the magnetic configuration obtained from PNPD,
magnetization measurements were carried out. The overall mag-
netic behavior of the samples (Figure 4a,b) is consistent with ex-
change coupled magnetically soft Fe;O, (high saturation mag-
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netization, Mg, low anisotropy) and hard Mn,0, (low Mg, high
anisotropy).['?}] Namely, sample 2 with a larger amount of
Mn, 0, exhibits a somewhat lower Mg but a considerably larger
coercivity, H¢, and higfield susceptibility, v (Figure 4a,b). How-
ever, itis important to emphasize that the hysteresis loops of both
samples are rather homogeneous without any obvious differen-
tiated contribution of each of the two phases (Figure 4a,b).
Interestingly, given the large difference between the Néel tem-
perature of Mn,0, [T-(Mn;0,) = 43 K] and the blocking tem-
perature of the Fe;O, cores [T;(Fe;0,) =~ 250-300 K], the tem-
perature dependence of the zero-field cooled (ZFC) magnetiza-
tion provides some useful information. For both samples, at low
fields, the magnetization increases as the temperature is raised
from low temperatures to above T-(Mn,;0,) (Figure 4c,d). This
behavior is consistent with the low field antiparallel arrangement
observed with PNPD. On the other hand, for large fields, the
magnetization decreases as the temperature is increased from
low temperatures to above T(Mn;0,) (Figure 4c,d), indicating a

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. a) Magnetization hysteresis loops at 5 K for samples 1and 2. b) Enlargement of the hysteresis loops at low fields. c,d) Temperature dependence
of the ZFC magnetization for ¢) sample 1 and d) sample 2 in different applied fields. The bulk Néel temperature of Mn; O, (T = 43 K) is highlighted
by a dashed vertical line. The green and red arrows in (d) indicate the orientation of the moments of the averaged Fe;O, and Mn;O, counterparts,

respectively.

reorientation of the averaged Mn,O, moments from antiparal-
lel to parallel to the averaged Fe;O, moments, also in agreement
with PNPD.

The difference in the field required to induce the Mn; 0O, mo-
ment reorientation in the two samples observed with PNPD can
also be clearly seen in the ZFC magnetization (Figure 4c,d). In
fact, the evolution of the difference of the magnetizations mea-
sured at 5 and 50 K (see inset in Figure 3d; somewhat indicative
of the relative orientation of the moments of the two phases) is
comparable to the changes in the Mn; 0, moment observed with
PNPD (Figure 3c,d).

Nevertheless, it is important to emphasize that magnetization
measurements cannot alone confirm the antiferromagnetic in-
terface coupling since other magnetic effects (such as the pres-
ence of a spin glass phase) might give rise to a similar behavior. In
this regard, the evolution of the averaged moments of the Fe,O,
and Mn, 0, phases with field observed with PNPD is also consis-
tent with the evolution deduced from element selective XMCD
in similar samples, where the Fe-edge signal saturates at rather
low fields, while the Mn-edge signal changes sign at intermediate
fields.[?’]

Another appealing parameter that can be directly obtained
from the PNPD refinement, is the magnetic coherence length.
From the peak broadening of the polarized neutron patterns, this
length can be estimated even if, due to the reduced statistical ac-
curacy, we simultaneously refined the sum and difference pat-
terns with CrysPy, by assuming the magnetic size (i.e., magnetic
coherence length) is the same as the nuclear size (i.e., crystallite
size). Indeed, since the crystallite size should not change with
field, any changes in the refined size should be related to the
evolution of the magnetic coherence length. As can be seen in
Figure 5, at low fields, the magnetic size of sample 1 remains es-
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sentially identical to the crystallite size (Table 1) obtained from a
separate refinement of the nuclear and magnetic contributions.
This indicates that at low fields the core is magnetically homo-
geneous. This contrasts with single phase nanoparticles, which
typically show a magnetically disordered surface layer.[**’] Ad-
ditionally, for sample 1 (with a thin shell and a large core) the
coherence length does not significantly change as the field in-
creases (Figure 5).

On the other hand, the magnetic size of the core of sample 2
(at H = 10 kOe; Figure 5) is slightly smaller than its magnetic
coherence length at H = 0 (deduced from the unpolarized beam
pattern). Additionally, the magnetic coherence length of sample
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Figure 6. Evolution of the a) local susceptibility ellipsoids (top row) and b) magnetic moments (bottom row) versus applied magnetic field in the
Mn; Oy shell for sample 2. Tetrahedral A-sites (green) and octahedral B-sites (red). The black arrows show the magnetic moments, calculated according

the standard formulas.[33:54]

2 seems to further decrease at large fields (Figure 5). This effect
is opposite to the one usually observed in single phase nanopar-
ticles, for example, by SANS or Méssbauer spectroscopy, where
the coherence length increases at large fields due to the mag-
netic ordering of the disordered surface layer.[**#%1 The decrease
of the coherence length of sample 2 is probably a consequence
of the competition between the antiferromagnetic interface cou-
pling and the effect of the applied field (Zeeman energy).[>%! The
lower energy state of the Fe;O,/Mn,0, interface corresponds to
the spins antiferromagnetically coupled. However, as the field in-
creases the Mn; O, moments start to rotate toward an alignment
with the applied magnetic field. Consequently, the Fe;O, mo-
ments located at the interface suffer a competition between keep-
ing the antiferromagnetic interface coupling and aligning with
the applied field, which inevitably leads to some interface mag-
netic disorder and, hence, a decrease in the coherence length. In
sample 1, while a similar effect should occur, the shell is too thin
to exert a sufficient torque on the large Fe;O, core to result in
any detectable effect within our experimental accuracy. To con-
firm these effects, Monte Carlo simulations®*?] on two different
particles analogous to the experiment ones were carried out (see
Supporting Information). The simulations confirm that at inter-
mediate fields, where the shell moments are rotating, the spins of
the core close to the interface tilt more than the inner spins of the
core (Figures S5 and S6, Supporting Information), implying a re-
duced coherence length. Interestingly, the effects are weaker for
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the particles with a larger core and thinner shell, in concordance
with the experimental results.

From the refinement of the PNPD profiles, the local anisotropy
of all sublattices can also be inferred. While unpolarized pow-
der diffraction data deals with ground state magnetic structures
in the absence of magnetic field, PNPD gives information about
the local magnetic moments under magnetic field and allows to
estimate the local susceptibility tensor.[1931:32:43]

Figures 6a and 6b show respectively the evolution with the ap-
plied field of the local susceptibility tensor and the magnetic mo-
ments of the Mn,O, shell of sample 2 for a crystallite with the
field applied along its [1 2 0] direction.

The refinement indicates that the Mn?* (s-state, L = 0) ions
in the tetrahedral A-sites of the Mn, O, lattice are rather insensi-
tive to the magnetic field, that is, the local susceptibility remains
roughly constant with the applied field. On the other hand, the
moments in the octahedral B-positions rotate to align toward the
magnetic field. This implies that while at low fields the magnetic
arrangement of the Mn, 0, lattice is canted, it evolves toward a
collinear arrangement as the field increases. Note, that the in-
duced magnetic moment of each crystallite depends on its orien-
tation with respect to the applied field. This rearrangement of the
octahedral moments is at the origin of the evolution of the mag-
netic properties of these core/shell particles at high fields (i.e., an-
tiparallel versus parallel average moment arrangement between
the core and the shell as the field increases).
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Remarkably, the local magnetic susceptibility tensor in the
octahedral B-site (ellipsoids in Figure 6) changes as the field
is increased. This variation from ellipsoids (i.e., anisotropic)
to spheres (i.e., isotropic) indicates the evolution of the local
anisotropy, that is, how the different magnetic ions respond to
the applied field. It is worth mentioning that apart from the
single ion anisotropy the inter (and intra) sublattice exchange
interactions might be also at the origin of the anisotropy. In par-
ticular, the B-site ions, arranged in a frustrated pyrocholore-like
lattice,I>>>%! could also be the source of the observed ellipsoid
evolution.

3. Conclusions

To summarize, we have systematically explored the use of polar-
ized powder neutron diffraction to unravel the contribution of
the two magnetic phases in bi-magnetic Fe;O,/Mn;0, core/shell
nanoparticles by using the newly developed CrysPy software. De-
spite the very challenging experimental conditions, quantitative
information on both Fe;O, and Mn;0O, magnetic phases has
been obtained. The evolution of the Fe;O, and Mn;0, signals
with the applied field shows that while the moment of the Fe;0,
core remains roughly constant, the moment averaged over the
unit cell of the Mn; O, shell reorients form antiparallel to parallel
to the Fe; O, as the field increases. This reorientation is evidenced
also in the changes in the local susceptibility of Mn,O,. In addi-
tion, the coherence length of the Fe,;O, core has been found to
decrease at large fields due to the interface disorder induced by
the rotation of the averaged moment of the Mn,;O, shell. These
results open new avenues to obtain valuable information on the
individual magnetic properties of each phase in multi-magnetic
nanostructured materials by the quantitative refinement of polar-
ized powder neutron diffraction.

4. Experimental Section

Polarized Neutron Powder Diffraction Measurements and Data Analysis:
The PNPD experiments were carried out at the D20 diffractometer (4 =
2.4 A) of the Institut Laue Langevin (ILL) (sample 1) and at the 6T2 diffrac-
tometer (4 = 1.4 A) of the Laboratoire Léon Brillouin (LLB) (sample 2).
The beam was polarized with a >He spin filter at D20[°7°%] and a pyrolytic
graphite monochromator combined with a supermirror bender at 6T2.

Both experiments were performed in magnetic fields up to 50 kOe after
zero field cooling from 300 to 10 K. To avoid any rotation of the powders,
the experiments were carried out on tightly packed samples. Note that the
refinements did not show any preferred orientation.

The polarized neutrons patterns were fitted using the new software
package CrysPy,[43] specially developed for polarized neutron diffraction
data analysis.[>34] The definition of different parameters refined by CrysPy
can be found in ref.*3] Note that in PNPD experiments the sum and the
difference of the spin-up and spin-down patterns can be refined simultane-
ously. It is important to highlight that the difference pattern was free from
the contribution of any parasitic reflections (e.g., due to the cryostat).

Importantly, the demanding experimental conditions, that is, few tens
of mg of sample and heterostructured nanometric system with very thin
Mn; O, shells, make the analysis of the results particularly challenging.
Thus, certain constraints were used to guarantee the convergence of the
fitting procedure:

(i) It was assumed that the local susceptibilities at the A- and B-sites of
Fe; O, core were isotropic, which implied that the susceptibility tensor(#3]
had diagonal terms only. This approach was justified because the exchange
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interactions in magnetite and maghemite, with a Néel temperatures above
850 K, dominated over the magnetic anisotropy.

(i) For Mn%* (A-site of Mn;0,), an anisotropic model due to symmetry
limitations had only two refined parameters: z,, = r,,and ,,. Preliminary
calculations show that it was not possible to refine them individually due
to the strong correlation. Therefore, an isotopic model with fixed yr,, = z,,
= ¥, =5 Hg/B was used.

(iii) For Mn3* (B-site of Mn;O,) an anisotropic model can have vari-
able parameters y,, 1y, X5, and z,, (the latter defines the inclination
of the ellipsoid). The refinement shows that ,, and x,, are indistinguish-
able, and the parameter y,, cannot be refined reliably (i.e., it diverges).
The parameters y,,, (or x) and y,, are strongly correlated and cannot be
refined individually.

(iv) Obviously, the moment in any direction of the applied field can-
not exceed the free-ion value. More importantly, there was a magnetic ex-
perimental constraint. Namely, the calculated overall moment should be
consistent with the experimental magnetization data with only a scalable
parameter.

(v) For the sample 2, to reduce the number of variable parameters fur-
ther it was assumed that the diagonal terms in the susceptibility tensor
of the Fe;O, core to be 5 ug/B independent of the applied field. This cor-
responded to a Néel-type magnetic structure with a constant magnetic
moment of 5 ug.

(vi) For the sample 2, the parasitic reflections due to the cryostat were
exceedingly large and disallowed the simultaneous fit of the sum and dif-
ference patterns. Thus, only the difference pattern (where the parasitic
reflections are absent) was fitted using CrysPy. For this sample, the ba-
sic parameters of the particles (e.g., lattice parameters, crystallite size,
core/shell volume ratio) were obtained from non-polarized powder diffrac-
tion measurements performed at the D1B diffractometer of the ILL and
analyzed with the FullProf package.[>°!

(vii) The diffraction peaks from a shell were strongly broadened and,
consequently, had only a weak effect on the refinement. As a result, the
magnetic structure of the shell, despite the above constrains, cannot be
inferred with sufficient accuracy only from the refinement of PNPD data.
In order to distinguish between the various models (i.e., different terms of
the local susceptibility tensors to be refined by CrysPy; including diverse
structures that could potentially lead to the effects observed in the magne-
tization data), an integral overall local susceptibility ellipsoids in the sys-
tem was calculated, which was proportional to the bulk magnetization of
the system. Then the calculated overall magnetization was compared to
the magnetization measured using a SQUID (see Figures 7 and 8). Note
that the values of M obtained from the CrysPy refinement were scaled by
a factor ~0.4 to match the ones obtained from SQUID measurements.

As can be seen in Figures S7 and S8, Supporting Information, even
small changes in the applied model can have substantial effect on the over-
all moment (i.e., integrated over all local susceptibility ellipsoids) obtained
from the refinement. In the specific case of Figures S7 and S8, Supporting
Information, whereas using y,, = —1.8 the overall moment agrees with the
magnetization data, using y,, = —1.4 led to an exceedingly large moment
at low fields.

It was also important to emphasize that for less challenging samples
the number of constraints applied to the refinements should be far lower,
if any at all. However, the experiment demonstrated that the flipping ratio
method can be very enlightening, even in very unfavorable conditions.

Sample Preparation: The Fe;0,/Mn;O, core/shell nanoparticles were
synthesized in two steps using the seeded growth technique following a
previously reported synthesis.[®] In the first step, Fe;O, nanoparticles
were synthesized through thermal decomposition and in the second step,
a Mn3; O, layer is grown on top of the Fe;O, nanoparticles.

The Fe;O, seeds were synthesized by thermal decomposition of
iron(111) oleate.[®%] The growth of the Mn; O, layer onto Fe; O, seeds was
performed by injecting a certain amount of Mn acetylacetonate previously
heated with oleylamine, oleic acid, 1,2-hexadecanediol, and dibenzyl ether.

The main difference between both samples was in (i) the size of the
Fe; O, seeds, which were synthesized in different conditions of precursor
concentration and heating rate and (ii) the amount of Mn precursor which
in sample 2 was the double of that in sample 1.
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Figure 7. Initial magnetization (solid line; measured by SQUID) and the averaged total magnetic moment (symbols; obtained from the Cryspy refinement
%0.4) for the samples 1 (left) and 2 (right). The error bars, that is, estimates standard deviation from the CrysPy refinement, do not exceed the symbol

size.
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Figure 8. Temperature dependence of the ZFC magnetization for a) sample

1and b) sample 2 in different applied fields (lines). The symbols correspond

to the refined total average magnetic moment. The error bars, that is, estimates standard deviation from the CrysPy refinement, do not exceed the symbol

size.

All the particles were purified several times by centrifuging at
10 000 rpm mixing with hexane and acetone.

Nanoparticles of sample 1 were dispersed in n-eicosane to minimize
dipolar interactions. 50 mL suspension of nanoparticles in toluene were
sonicated for 5 min to prevent any possible sample aggregation. Mean-
while, 5 g of n-eicosane were heated using a heat gun until it became lig-
uid, and then 200 mL were rapidly added to the nanoparticle suspension.
The homogeneous suspension was solidified by placing it in iced water.

Note that magnetite (Fe;O,) nanoparticles were susceptible to surface
oxidation to maghemite (y-Fe,03). This effect increases with time, espe-
cially for small sizes. This is why the core of sample 2, which was smaller
in size and was synthesized 7 years ago, oxidized to y-Fe,0;.

Transmission Electron Microcopy Characterization: The morphology of
the nanoparticles was characterized by TEM, using a JEOL JEM-1400, oper-
ating at 120 kV, and a FEI Tecnai G2 F20 HR(S) TEM microscope (operated
at 80 kV to avoid any beam induced damagel®'l). The EELS studies were
performed in the latter microscope, equipped with a Quantum GIF EELS
spectrometer. Note that only a few nanoparticles were analyzed during the
EELS mapping study. Thus, the core sizes and shell thicknesses obtained
from this study should be taken as approximate.

Since the particle size distributions were slightly asymmetric, they were
fitted using a log-normal distribution. Fits using Gaussian distributions led
to comparable particle sizes with similar 2 values, thereby confirming the
very slight asymmetry of the distribution.

Note that previous high-resolution TEM studies on analogous particles
have shown the Mn; O, shell grew coherently on the Fe; O, core with rather
sharp interfaces.[2361.6]
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Magnetization Measurements: The magnetization measurements
were carried out on either manually packed powdered samples (samples
1 and 2) or on dispersed nanoparticles in n-eicosane (sample 1) using a
SQUID magnetometer (Quantum Design) with a 70 kOe maximum field.
The temperature dependence of the magnetization was recorded while
warming after ZFC from 300 to 5 K at different fields. The hysteresis loops
were carried out at 5 K (using a maximum field of 70 kOe) after ZFC from
300 K.

To properly correlate the PNPD and magnetometry data, both ex-
periments were carried out under the same conditions, that is, using
tightly packed powders. However, for completeness, some magnetome-
try experiments on powders dispersed in n-eicosane (to minimize dipolar
interactions)[1%17:63] were also carried out for sample 1 (see Supporting
Information).

X-Ray Diffraction: Powder X-ray diffraction patterns were measured
with a wavelength of 0.4131 A at the BLO4-beamline of the ALBA Syn-
chrotron and with a Panalytical X'Pert Pro diffractometer with CuKa ra-
diation.

Statistical Analysis

Note that the data presentation is given as mean + \/variance for TEM
particle sizes, and average (estimated standard deviation) for other pa-
rameters. The errors for the particle size distribution were obtained by
means of non-linear fits using Origin 8.5, using at least 200 particles. The
errors related to the neutron diffraction refinements were obtained from
the estimated standard deviation calculated by the FullProf and CrysPy pro-
grams, which corresponded to one sigma error in a normal distribution
with a 68% confidence interval.
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