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The functional magnetic properties of nanostructured materials can be distinctly different from their bulk
counterparts. Understanding these properties is crucial for basic material science and for applications using
nanostructured magnetic materials. However, determining intrinsic magnetic structures, exchange constants and
local magnetic anisotropy in nanoparticles poses considerable challenges. Here, polarised neutron powder
diffraction (PNPD) data, analysed in the frame of the Local Susceptibility and Model Hamiltonian approaches, is
used to gain information on the contribution of the different magnetic sublattices on the magnetisation process in
Mn3O4 nanoparticles in unprecedented detail. The magnetic order is found to be a Yafet-Kittel-type canted
structure with inter- and intra-sublattice antiferromagnetic couplings, similar to bulk. PNPD corroborates that
the c-axis is the hard-axis and the individual contributions of each magnetic site to the easy-plane magnetic
anisotropy are determined. Remarkably, the analysis of the PNPD data provides the foremost determination of
the microscopic magnetic parameters in nanoparticles, namely, intra- and inter- sub-lattice exchange constants
and the local anisotropy parameter. The obtained values are consistent with bulk Mn3O4 experimental and
theoretical results. These results open the path for the use of PNPD to gain unique magnetic information in
nanostructured materials, particularly in complex, novel, or poorly understood systems.

Introduction

Nanostructured magnetic materials are generating enormous interest
both due to their novel properties and the broad range of applications in
very widespread fields (e.g., permanent magnets, magnetocalorics,
theranostics, terahertz applications, or recording media, to mention a
few) [1-3]. It is well known that the magnetic response of nano-
structured systems can be quite different from that of their bulk

counterparts. Apart from the conventional consequences arising from
finite size, like superparamagnetism or surface anisotropy [1-4], more
profound phenomena often take place in the magnetic order as the size
of the nanostructures decreases [3,5-20]. Diverse effects, such as non-
collinear structures, spin reorientation, suppression of bulk magnetic
spin arrangements or the emergence of magnetic structures not existing
in bulk, among others, have been reported for magnetic nanoparticles
[3,5-20]. These changes in the magnetic order can have a significant
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effect on the functional properties of the nanoparticles (e.g., saturation
magnetisation, anisotropy, or coercivity), which, in turn, are crucial for
different applications. Thus, understanding these changes in the
fundamental magnetic properties as the size decreases is key to progress
towards more efficient applications of nanostructured magnetic
materials.

Notably, finding the spin structure of nanostructured systems,
particularly in the presence of an applied field, is not straightforward.
Limited information of the magnetic arrangements in nanoparticles can
be obtained by diverse techniques like small angle neutron scattering,
Mossbauer spectroscopy, X-ray magnetic circular dichroism, magne-
tometry, nuclear resonant scattering, or nuclear magnetic resonance
[6,12,13,17,21-23]. Nevertheless, most of these techniques only render
partial or indirect information. In bulk powdered materials spin struc-
tures are traditionally obtained by neutron powder diffraction or
polarised neutron powder diffraction [5,7,9,13,16-20]. However, due to
the small particle size the neutron diffraction peaks of nanostructured
systems are rather broad, leading to a severe overlap between peaks
impeding the accurate determination of the magnetic order. Similarly,
obtaining comprehensive information on some functional properties in
nanostructured systems, such as the intrinsic magnetic anisotropy, can
be hindered by diverse factors like the random distribution of the par-
ticles, surface and interface effects or the interaction between particles
[4,24,25]. Finally, exchange constants give information about the
strength and direction coupling between magnetic moments in magnetic
materials, which is key to understanding the basic properties of mag-
netic materials [26]. These constants are experimentally obtained by, for
example, fitting the temperature dependence of the magnetisation or the
inverse susceptibility [26] or by inelastic scattering [27]. However, the
magnetisation and susceptibility approaches cannot be used in nano-
structured materials due to the strong contributions of super-
paramagnetism, dipolar interactions and surface effects. Additionally,
due to their complexity, inelastic scattering experiments in nano-
particles are very rare [28], and consequently, there is virtually no in-
formation of exchange constants in nanoparticles. Hence, novel
approaches are required to accurately investigate the intrinsic magnetic
properties of nanostructured materials.

Here, polarised neutron powder diffraction (PNPD), analysed in the
framework of new Model Hamiltonian approach is used to quantita-
tively determine with unparalleled detail the fundamental magnetic
characteristics of MngO4 nanoparticles; spin structure, exchange con-
stants and intrinsic local magnetic anisotropy. The obtained results are
compatible with values of bulk Mn304. For consistency, the data is also
analysed using the conventional, simpler, qualitative Local Suscepti-
bility approach. The overall results of the two approaches agree nicely
with each other.

Manganese oxide, Mn3O4 (hausmannite), has a tetragonal normal
spinel crystal structure [space group I4;/amd; see Fig. la], with the
formula (Mn2") [Mn3+]204, where () and [ ] brackets denote tetrahedral
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(A) and octahedral (B) sites, respectively. Mn3O4 nanoparticles have
recently become a focus of considerable research interest, driven by
their potential use across diverse areas [29,30]. Remarkably, although
the basic magnetic properties of Mn3O4 nanoparticles are well estab-
lished [31], their magnetic order has not yet been elucidated. The
magnetic ground-state of bulk MngO4 at low temperature is a complex
canted spin configuration known as Yafet-Kittel-type structure [32].
Although the existence of a Yafet-Kittel-type structure in Mn3Oy4 is well
accepted, the details of its magnetic configuration are not completely
determined. Due to the symmetry of the magnetic structure, unpolarised
neutron diffraction cannot distinguish some of the details of the mag-
netic order in Mn3O4 and several arrangements of the Mn>* moments
have been proposed [33-36]. Similarly, the details of the large anisot-
ropy of Mn3O4 remain unclear. For example, an easy-axis anisotropy
along the c-axis of Mn>* [37] or an easy ab-plane anisotropy of Mn?*
ions [38] have been proposed. The complex magnetic structure of
Mn3O4 and its non-trivial anisotropy, make Mn3O4 nanoparticles a
perfect candidate to highlight the enormous potential of the Model
Hamiltonian approach applied to polarised neutron powder diffraction
data.

Results and discussion
Mn30,4 nanoparticles basic characterisation

Mn304 nanoparticles (see Experimental Section) with transmission
electron microscopy sizes of 11(2) nm (sample 1) and 13(2) nm (sample
2) have been studied (Fig. S1).

The average crystallite sizes estimated from the unpolarised neutron
diffraction peak broadening were 9.4(5) nm (sample 1) and 8.8(5) nm
(sample 2), respectively. Similar crystallite sizes were deduced from the
X-ray diffraction data (Fig. S2), which were consistent with the TEM
results.

Mn30,4 ground-state magnetic structure

The profile refinement of the unpolarised neutrons and X-ray
diffraction patterns (Fig. 1b and Fig. S2) showed that the studied
nanoparticles exhibit a tetragonal spinel structure, similar to that of bulk
Mn3O4 [33-35]. The analysis also confirmed a chemical composition
close to stoichiometric hausmannite with Mn?* and Mn®* ions occu-
pying the tetrahedral (A) and octahedral (B) sites, respectively. The
lattice parameters of the samples are consistent with those reported for
bulk Mn304 [39].

The magnetic structure of bulk Mn3O4 at low temperature has pre-
viously been determined with unpolarised neutron diffraction [33-35].
It corresponds to a non-collinear Yafet-Kittel type configuration, which
can be described by a tetragonal unit cell doubled along the b-axis. In
this structure, Mn?t spins align ferromagnetically along the b-axis,
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Fig. 1. Magnetic structure and unpolarised powder diffraction pattern and of Mn3O,4. (a) Commensurate Yafet-Kittel-type magnetic structure obtained in the
refinement; The moments and atoms in the tetrahedral A- (Mn?", 4.57up) and the octahedral B-sites (Mn®3, 2.43(5)pp) are shown in green and red, respectively. (b)
Powder neutron diffraction at 5 K for sample 1. The red symbols are the experimental data, the black line is the refinement and the blue line is the difference between
the experimental and refined profiles. The vertical bars show the position of the reflections. The arrow highlights the magnetic reflection (110).
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while the Mn>" spins at the octahedral sites, lying in the (bc)-plane, are
symmetrically canted with respect to the b-axis forming the Yafet-Kittel
angle Byk.

Due to the low diffraction signal from nanoparticle samples, the
refinement of the unpolarised neutron powder diffraction patterns
collected at 5 K cannot distinguish between the reported models
[33-35], all of them describing the diffraction profile reasonably well.
The Yafet-Kittel non-collinearity is clearly evidenced by the presence of
the (110) magnetic reflection in the diffraction pattern (indicated by the
black arrow in Fig. 1b), which is forbidden in collinear spin structures.
However, in contrast to bulk Mn3O4, no satellite peaks associated with
the propagation vector (0 % 0) were observed within the limits of our
experimental precision (Fig. S3a).

Consequently, the final refinement was performed assuming a
commensurate magnetic structure without subdivision into R- and S-
sublattices for Mn®* ions at the octahedral site (B-site) (see Supporting
Information 2). With the Mn?* moment fixed at 4.57 pg and the Yafet-
Kittel angle set to 67° (like in bulk), the refined magnetic moment of
Mn®* at the B-site was determined to be 2.43(5)ug (Fig. 1a).

Thus, the refined structure of the Mn3O4 nanoparticles (Fig. 1a) re-
sembles the spin arrangement in the bulk material [33-35] but the
temperature dependence of the magnetic moment in the nanoparticles
differs from that of the bulk. Indeed, in contrast to the sharp decrease in
magnetic scattering at Ty ~ 45 K observed in bulk [34], the nano-
particles exhibit persistent magnetic scattering well above the transition
temperature (Fig. S4).
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Mn30,4 magnetic structure in external magnetic field

To elucidate the evolution of the Mn3O,4 magnetic structure under
applied magnetic fields, PNPD measurements were performed at various
field strengths. With this technique, the spin-dependent scattering cross-
sections are measured using an incident neutron beam polarised either
parallel (I'*) or antiparallel (I) to the applied magnetic field [40,41].

Fig. 2a displays the sum (I" + I') and difference (I" — I') diffraction
patterns collected at 5 K for sample 2 under magnetic fields of 5 and 50
kOe. The data was analysed using two complementary approaches: the
well-established Local Magnetic Susceptibility method [40-46] and a
newly developed Model Hamiltonian framework incorporating isotropic
exchange interactions, uniaxial anisotropy, and Zeeman energy terms
(see Supporting Information 6). Note that the both refinements were
carried out without subdivision into R- and S-sublattices for the Mn>*
ions at the octahedral sites (B-site) (see Supporting Information 2).

Local Susceptibility approach

The Rietveld refinement, carried out using the CrysPy package [44]
within the Local Susceptibility approach, yields an excellent fit to both
the sum and difference profiles (Fig. 2a). The resulting magnetisation
ellipsoids —graphical representations of the local susceptibility tensors
[40]— are shown in Fig. 2b for the manganese ions in the unit cell, as
refined from data collected under applied magnetic fields of 5 and 50
kOe. These ellipsoids describe surfaces where each radius vector cor-
responds to a magnetic moment m induced by an applied field H of fixed
magnitude and arbitrary direction. The principal axes of the ellipsoids
define the directions of magnetic anisotropy, where the longest axis
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Fig. 2. PNPD profiles refined using the Local Susceptibility approach and magnetic ellipsoidsof Mn30,. (a) Rietveld refinement of sum (I*+I; top) and
difference (I*-I'; bottom) PNPD patterns at 5 K in fields of 5 kOe (left) and 50 kOe (right) performed using the CrysPy package [44] within the local susceptibility
approach. The vertical bars show the position of the reflections. (b) The resulting magnetization ellipsoids, graphical representations of the local susceptibility tensors
[41]] for the manganese ions in the unit cell, refined from data collected under applied magnetic fields of 5 kOe (left) and 50 kOe (right).
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denotes the local easy axis, while the shortest indicates the hard axis.
Importantly, unlike conventional magnetometry, which provides a
response averaged over the unit cell, PNPD yields the anisotropy at each
crystallographic magnetic site.

At 5 kOe, the A-site ellipsoids exhibit a distinctly oblate shape,
indicating that the Mn®" moments are primarily induced within the ab-
plane, independent of the field orientation. This behaviour is consistent
with earlier neutron diffraction [34] and NMR [37] studies on single
crystals. However, there is a debate about the microscopic origin of the
bulk anisotropy in Mn3O4. For example, an easy-axis anisotropy along
the c-axis of Mn®" [38] or an easy ab-plane anisotropy of Mn?* ions [37]
have been proposed. In the latter case, the Mn>" moments would lie in
the ab-plane at low fields. The orientation of the Mn>" magnetisation
ellipsoids axes shown in Fig. 2a,b contradicts this hypothesis. Fig. 2a,b
also show that the in-plane anisotropy of the Mn®* ions (green ellip-
soids) decreases at high fields (50 kOe), while the axial anisotropy of the
Mn>* ions (red ellipsoids) remains roughly independent of the field.
Thus, the anisotropy of the Mn®" ions is at the microscopic origin of the
bulk anisotropy in Mn3O4.

At 50 kOe, the applied field is sufficient to overcome the local
anisotropy, enabling substantial moment induction along the hard c-axis
when the field is aligned in that direction. Furthermore, the analysis of
the collective ellipsoid orientations indicates that the c-axis is the global
hard magnetisation axis in Mn3O4 nanoparticles, in agreement with
angular-dependent bulk magnetometry measurements [47].

Additionally, it is observed that the easy anisotropy axes of some B-
sites make an angle of approximately 44° with respect to the c-axis. This
canting angle is notably smaller than the previously reported Yafet-
Kittel angle of 65-70° [34] for the bulk material, and also smaller
than the value obtained from our unpolarised neutron diffraction data
on Mn3O4 nanoparticles in zero field. The discrepancy arises from the
inherent limitations of the Local Susceptibility approach when applied
to magnetically ordered states, where exchange interactions are non-
negligible.

The magnitudes of the induced magnetic moments at both A- and B-
sites can be extracted through diagonalisation of the magnetisation
tensors (see Supporting Information 4). For the A-sites, the moment
magnitude under an applied field of 50 kOe is 4.4(2) pp closely matching
the ordered moment of 4.3(1) pp for Mn>" as determined from zero-field
neutron diffraction on bulk samples [34]. For the B-sites, the moment of
3.63(6) p is consistent with the expected value for Mn>" ions and agrees
well with results from unpolarised neutron diffraction [33]. These
findings unequivocally confirm that Mn?* ions occupy the A-sites, while
Mn>" ions reside on the B-sites.

Notably, one of the eigenvalues associated with the Mn®* suscepti-
bility tensor is negative relative to the field direction (Table S1). This
indicates that, depending on the orientation of the applied field with
respect to the crystallite axes, the Mn®" moments can align either par-
allel or antiparallel to the field. Such behaviour provides evidence of
competing magnetic interactions within the system. In particular, it
suggests the presence of antiferromagnetic exchange coupling between
Mn°* and Mn?" ions, which is consistent with the formation of non-
collinear spin configurations characteristic of Yafet-Kittel-type struc-
tures [32].

According to the definition of the susceptibility tensor, the sum of the
local susceptibilities across all magnetic ions within the unit cell should
correspond to the bulk magnetic susceptibility. To assess the internal
consistency of the Local Susceptibility model, the unit cell-averaged
magnetisation was computed from the magnetisation ellipsoids at
various field strengths. Remarkably, these calculations show excellent
agreement with bulk magnetometry measurements conducted on sam-
ple 2 (see Fig. S5).

It is important to note that the Local Susceptibility approach is
formally valid only in the paramagnetic regime and under weak mag-
netic fields. Nevertheless, our results demonstrate that, even when
applied to magnetically ordered states, this method captures in a fast
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and convenient way the key features of field-induced magnetic behav-
iour (e.g., easy axes and relative anisotropy [48]). While the Local
Susceptibility approach can be extended to reconstruct the distribution
of magnetic moments (see Supporting Information 7), it does not pro-
vide access to microscopic magnetic parameters. To address this limi-
tation, a new approach based on a Model Hamiltonian has been
developed for analysing PNPD data to enable the quantitative determi-
nation of microscopic magnetic parameters, including sublattice mo-
ments, exchange constants, and local magnetic anisotropy energies,
thereby offering a more comprehensive description of the field evolution
of magnetic structures in nanostructured materials.

Model Hamiltonian approach

To refine the PNPD data beyond the limitations of the Local Sus-
ceptibility model, a classical spin Hamiltonian closely related to that
previously used in linear spin-wave calculations [49] was adopted. This
Hamiltonian accounts for the essential microscopic interactions gov-
erning the magnetic behaviour of Mn304 and includes the following
contributions: the isotropic Heisenberg exchange interaction between
moments at the A- and B-sites (denoted Jap) and exchange interaction
between moments in the B-sites (Jgg), and the single-ion anisotropy at
the B-site D, where z represents the axis of the anisotropy e,

The free energy of this system in an external field H is expressed as
follows:

A,B1,B2 B1,B2 B1,B2

E= — Z H-m; + 6J45 Z my-m; + 2JggMmg, M,y + D Z (my-e,)?
1 i 7
€))]

Here, my and mg; gy denote the magnetic moments associated with the
A- and B-sites, respectively. In the frame of this model one can find the
set of magnetic moments my, mp;, mpy that minimises the free energy E,
given a set of parameters (Jap, Jpg, D5, ma, mp;, mpz and the external
field value H).

The refinement was carried out simultaneously on the sum and dif-
ference profiles of datasets collected under applied magnetic fields of 5
kOe and 50 kOe (Fig. 3). Performing a joint refinement across both low-
and high-field data is crucial for robust parameter determination, as the
low-field measurements are more sensitive to inter-site exchange in-
teractions, and the high-field data predominantly reflect single-ion
anisotropy effects (see Supporting Information 6 for further details on
the refinement procedure). The refinement yields the following
parameters.

~z

Dy =my-Dj = —0.18(5)meV
Jas = /mamg-Jas = 1.50(2)meV
Jps = my-Jps = 6.27(5)meV

my = 5.43(4)u,

Mg g = 3.27(3)py

Remarkably, these values are consistent with the values of bulk Mn3O4
obtained by density functional theory calculations [50] and from in-
elastic scattering neutron scattering experiments [49], particularly
considering possible deviations in the magnetic structure of nano-
particles compared to bulk Mn3gO4. Importantly, the positive value of Jap
implies an antiferromagnetic coupling between the octahedral
Mn®" ions B-sublattice and the tetrahedral Mn?" A-lattice sublattice, in
agreement with the susceptibility tensor obtained from the Local Sus-
ceptibility approach. Similarly, the positive value of Jgp indicates that
the intrasublattice coupling in the B-sublattice is also antiferromagnetic.

In the initial formulation of the Hamiltonian, several additional
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Fig. 3. PNPD profiles refined using the Model Hamiltonian approach. Sum (I" 4+ T'; top) and difference (I* — I'; bottom) profiles measured at temperature 5 K in
fields (a) 5 and (b) 50 kOe for sample 2 and refined together with the parameters of the model described by Eq. (1). The red symbols are the experimental data, the
black line is the refinement, and the blue line is the difference between the experimental and refined profiles. The vertical bars show the position of the reflections.

terms were included: the exchange interaction between A-site moments
(Jaa), the interaction between inequivalent B-site moments (Jpp'), and
the single-ion anisotropy at the A-sites (Da). These terms were subse-
quently excluded from the refinement because their contributions were
found to be negligible, consistent with experimental and theoretical
results [49,50]. Their removal helped reduce the number of free pa-
rameters and improved the robustness of the fit.

From the value of f);, the contribution of the B-sites to the bulk
magnetic anisotropy can be estimated, yielding K. ~ —1.28 meV (i.e.,
-1.2 x 107 erg/em®). Considering that the dominant source of magnetic
anisotropy arises from the Mn>" ions at the B-sites (as discussed above),
this estimated K. is in a good agreement with the experimentally
determined c-axis anisotropy in bulk Mn3O4 (K, = -1.6 X 107 erg/cm3)
[51].

[001]

Using the refined Hamiltonian parameters, it is possible to calculate
the magnetic structure of a single crystallite subjected to an external
magnetic field applied in an arbitrary direction, corresponding to
various crystallite orientations within a polycrystalline sample. As an
illustrative example, Fig. 4a shows the magnetic configurations induced
by a 50 kOe field applied along the b-axis ([010] direction). In this
orientation, the resulting non-collinear arrangement of the magnetic
moments largely retains the key features of the Yafet-Kittel ground state.

Fig. 4b schematically illustrates the distribution of magnetic mo-
ments at the A- and B-sites, calculated using the parameters obtained
from the Model Hamiltonian approach for an applied magnetic field of
50 kOe rotating within the bc-plane. It is important to emphasise that all
spin configurations depicted in the figure are expected to be present in
the sample, as it consists of randomly oriented nanoparticles.

b

reconstruction by mean field
H = 50k0Oe

[010]

Fig. 4. Magnetic structures of Mn3O4 powder in field reconstructed using the Model Hamiltonian approach. (a) Magnetic moment configurations induced by an
applied magnetic field of 50 kOe along the b-axis, calculated using the refined parameters from the Model Hamiltonian approach. (b) Schematic representation of the
magnetic moment distribution at the A-sites (green arrows) and B-sites (red arrows) under rotation of the magnetic field within the bc-plane (yellow arrows). The
black arrows indicate the moment orientation for a representative crystallite with the external field aligned along the b-axis. B1 and B2 denote two symmetry-

equivalent positions within the B-site sublattice.
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Interestingly, in contrast to the Local Susceptibility approach, the
canting angle, as derived from the Model Hamiltonian, is found to be
approximately 62(4)°, in close agreement with the Yafet-Kittel angle
characterising the ground state of Mn3Oj4.

Conclusion

To summarise, a detailed study of Mn3O4 nanoparticles was carried
out using both polarised and unpolarised powder neutron diffraction.
The refinement of polarised neutron powder diffraction data with the
Local Susceptibility model and a newly developed Model Hamiltonian
approach allows to describe the evolution of the non-collinear magnetic
structure under applied magnetic fields. The Local Susceptibility anal-
ysis has enabled the decomposition of the individual contributions from
different magnetic sublattices to the overall magnetic anisotropy. This
analysis revealed that the c-axis is the hard anisotropy axis and
confirmed the presence of easy-plane anisotropy, in agreement with
single-crystal magnetometry data for Mn3Og.

The Model Hamiltonian approach has provided a quantitative
framework for determining, for the first time, key magnetic parameters,
including inter- and intra-sublattice exchange interactions and site-
specific anisotropies, in a nanostructured system, with values consis-
tent with bulk Mn3O4 experimental and theoretical results.

These findings underscore the great potential of polarised powder
neutron diffraction as a tool for probing magnetic structures and local
anisotropies in magnetically ordered nanoparticles. In particular, the
combination of polarised neutron data with the Model Hamiltonian
approach offers a powerful methodology for quantifying exchange
couplings and crystal field anisotropies, even in nanoscale or structur-
ally complex materials. This paves the way for the study of emerging and
poorly characterised magnetic systems for the development of new types
of nanoparticles with tailored properties. Actually, our Model Hamil-
tonian approach could be extended for the analysis of polarized neutron
data of virtually any kind of magnetic material, including bulk poly-
crystalline materials (using PNPD) or single crystals (using polarized
neutron single crystal diffraction). This offers a new approach to obtain
the exchange constants parameters not only in nanostructured mate-
rials, but in most types of magnetic materials.

Experimental section
Sample preparation

Mn3O4 sample 1 was synthesised by thermal decomposition of
manganese(I) acetylacetonate in a mixture of oleylamine and dibenzyl
ether [52]. Sample 2 was synthesised by thermal decomposition of Mn
(ID) oleate (which was synthesised previously) in 1-octadecene in the
presence of 1-decanol at high temperatures under Ar flow [53].

Transmission electron microscopy characterisation

The morphology of the nanoparticles was characterised by trans-
mission electron microscopy (TEM). The low-resolution measurements
were carried out using a JEM-1400 de JEOL, operating at 120 kV, while
the high-resolution experiments were performed in a FEI Tecnai G2 F20
HR(S)TEM microscope operated at 200 kV (care was taken to minimise
any beam damage on the samples) [54]. The particle size distributions
were obtained by counting more than 200 particles and fitting the data
to a Gaussian distribution (Fig. S1).

X-ray diffraction

Powder X-ray diffraction patterns were measured at the BLO04-
beamline at the ALBA Synchrotron (Barcelona, Spain), with a wave-
length of 0.4131 A. All the patterns were refined using the FullProf
package [55].
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Neutron powder diffraction

The unpolarised powder neutron diffraction experiment of the
Mn304 nanoparticles (sample 1) was carried out at the D1B diffrac-
tometer of the Institute Laue Langevin (ILL; Grenoble, France) with a
neutron wavelength A = 2.524 A. All the patterns were refined using the
FullProf package [55].

The polarised neutron powder diffraction data of the Mn3O4 sample
(sample 2) were collected at the D20 diffractometer of the ILL [56]. with
incident neutrons of wavelength A = 2.4 A. At D20 the beam was
polarised with a 3He spin filter [57,58]. The measurements on MngO4
were carried out at 5 K in increasing fields (from 3 to 50 kOe), after zero
field cooling. To avoid any rotation of the nanoparticles in the applied
field, the powder sample was tightly compacted.

Polarised neutron powder diffraction is based on the measurement of
the diffracted intensity for the two polarisation states of the incident
neutron beam and can be estimated as

Yi =S8, maLsLiyy (20 — 26;) +b(20), @

where § is a scale factor, mp, is the multiplicity of the reflection, Ly is the
Lorentz factor, yh(20 — 26y) is the peak profile function normalised to
unit area, and b(26) is the background. The summation is done over all h
reflections for diffraction angles 26. Because the neutron background
from the cryomagnet and the sample holder presented in the diffraction
signal y. are invariant with the beam polarisation, better quality in-
formation can be derived by analysing the difference data (y,. —y_) [58].
On the other hand, for scaling the magnetic moment values, a simulta-
neous refinement of the sum (y, +y_) and difference (y, —y_) of the
diffracted intensities is mandatory [44]. The expressions describing the
dependence of powder averaged integrated intensities I. on the local
susceptibility tensors are given in ref. 41. The refinement of the local
susceptibility parameters from the sum and difference of the spin-up and
spin-down polarised patterns were carried out with the new software
package CrysPy [44], specially developed for the Rietveld analysis of
polarised neutron powder diffraction data [46].

Note that the small peaks in the diffraction patterns in the range q =
0.6-1.1 A™! are due to parasitic reflections arising from the sample
environment used during the experiments. However, these peaks do not
appear in the difference polarized neutron patterns, indicating that these
peaks are not magnetic, consequently they do not affect the results
presented in the manuscript.

Note that, despite the very small sample volume, in low magnetic
fields the incident beam experienced depolarization due to traversing
bulk material containing ferrimagnetic nanoparticles with occasionally
aligned net magnetization. Therefore, to take this into account, the
incident beam depolarization coefficient D was included as a refined
parameter. The refinement yielded a rather strong depolarization (D =
0.35) at low fields, 10 kOe, and a much smaller depolarization (D =
0.84) in higher fields, 50 kOe.

Magnetisation measurements

The magnetisation measurements were carried out on tightly packed
samples using a superconducting quantum interference device, SQUID,
magnetometer (Quantum Design). The temperature dependence of the
magnetisation was recorded while warming after zero field cooling from
300 K to 10 K at different applied fields. The hysteresis loops were
carried out at 5 K (using a maximum field of 70 kOe) after zero field
cooling from 300 K.
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