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Origin of the large dispersion of magnetic
properties in nanostructured oxides: Fe,O/FezO,4
nanoparticles as a case study+

Marta Estrader,**® Alberto Lépez-Ortega,© Igor V. Golosovsky,*®¢ Sdnia Estrade,’
Alejandro G. Roca,® German Salazar-Alvarez,” Lluis Lépez-Conesa,” Dina Tobia,"
Elin Winkler," José D. Ardisson,’ Waldemar A. A. Macedo,' Andreas Morphis,
Marianna Vasilakaki, Kalliopi N. Trohidou, Arsen Gukasov,* Isabelle Mirebeau,*
O. L. Makarova,' Roberto D. Zysler," Francesca Peird,” Maria Dolors Baro,™
Lennart Bergstrém® and Josep Nogués"

The intimate relationship between stoichiometry and physicochemical properties in transition-metal
oxides makes them appealing as tunable materials. These features become exacerbated when dealing
with nanostructures. However, due to the complexity of nanoscale materials, establishing a distinct
relationship between structure-morphology and functionalities is often complicated. In this regard, in the
Fe,O/Fes0,4 system a largely unexplained broad dispersion of magnetic properties has been observed.
Here we show, thanks to a comprehensive multi-technique approach, a clear correlation between the
magneto-structural properties in large (45 nm) and small (9 nm) Fe,O/FezO,4 core/shell nanoparticles that
can explain the spread of magnetic behaviors. The results reveal that while the Fe,O core in the large
nanoparticles is antiferromagnetic and has bulk-like stoichiometry and unit-cell parameters, the Fe,O
core in the small particles is highly non-stoichiometric and strained, displaying no significant antiferro-
magnetism. These results highlight the importance of ample characterization to fully understand the pro-
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perties of nanostructured metal oxides.

Introduction

Transition metal oxides are extremely versatile given the well-
established dependence of their physicochemical properties on
the oxidation state.'™ Interestingly, this effect is dramatically
enhanced at the nanoscale, since their reactivity may result in
local differences in the oxidation state of the material which
may lead to novel properties.* However, as the size is reduced
down to a few nanometers, the characterization of these soph-
isticated systems should not solely rely on a few techniques as
is usually done for bulk materials. Namely, the fine, yet criti-
cal, structural alterations which often occur at the nanoscale
may be easily overlooked or misinterpreted if not properly
analyzed.” ® For instance, in tantalum oxides TaO,_, (Ta™) is
conducting whereas Ta,0s_, (Ta™) is insulating. Notably, an
in-depth electron microscopy analysis demonstrated the pres-
ence of a TaO;_, nanoscale layer which was, in part, respon-
sible for the observation of a new resistance-switching
phenomenon.* A similar case is also found for nanostructured
perovskite manganites, where, for example, a gradual tran-
sition from antiferromagnetism to ferromagnetism contrasts
with the sharp one exhibited in bulk.” A widely studied tran-
sition metal system is iron oxide, Fe,0,.""'* Among iron oxide
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materials, wiistite (Fe,O) is a particularly interesting material.
In bulk, wiistite is not stable under ambient conditions and
disproportionates into a-Fe and magnetite (Fe;0,). However,
metastable non-stoichiometric Fe,O can be obtained by high
temperature quenching. Moreover, Fe,O can be stable in
nanoparticle form."™*® Fe,O can oxidize into Fe;0, and sub-
sequently into maghemite (y-Fe,0O3), which at the nanoscale
may give rise to Fe,O/Fe;0, core/shell particles.'®'*” Fe O/
Fe;0, systems have been proposed for diverse applications,
including magnetic bioassays, microwave absorbers, anode
materials for Li-ion batteries or solar hydrogen production via
water-splitting.>>8~*!

From a magnetic point of view Fe,O is antiferromagnetic
(AFM) whereas Fe;0, is ferrimagnetic (FiM), which gives rise
to a rich set of magnetic properties in this system.'®'*” In
particular, exchange coupling between the AFM-core and the
FiM-shell, which strongly depends on the core size, shell thick-
ness or shape, should result in an exchange bias, i.e., the shift
of the hysteresis loop in the field axis after field cooling
(Hg).**™* Remarkably, in Fe,O/Fe;0, core/shell nanoparticles
an unusually broad spectrum of magnetic properties has been
reported, even for nominally comparable particles. For
instance, Kavich et al. showed an exchange bias in 14 nm
Fe,O/Fe;0, particles whereas the ones of 13 nm reported by
Lak et al. show Hg = 0, thus claiming the absence of a Fe,O
core.”>?” On the other hand, an exchange bias was observed in
single phase Fe;_sO, nanoparticles, after the complete oxi-
dation of the Fe,O phase, which was ascribed to the presence
of antiphase boundaries formed during the oxidation process.
These antiphase boundaries were also claimed to be respon-
sible for the observed reduced saturation magnetization (Ms)
compared to bulk values, although Benitez et al. attributed an
analogous My reduction (in similar 20 nm particles) to the
occurrence of small amounts of Fe,0.>>*? Further, some
groups report obvious features of the Fe,O AFM transition at
its Néel temperature, Ty (e.g., a sharp downturn of magnetiza-
tion around Ty) while others find the temperature dependence
of magnetization, M(T), featureless around Ty.>>?73%3436:37
Similarly, although in some cases the nanoparticles have been
shown to exhibit a clear Verwey transition, Ty (typical of bulk
Fe;0,4),>®*° similar particles show no characteristics of this
transition.”**>?’

To address the origin of these diverse magnetic behaviours,
in this work we present an in-depth systematic study of
two different Fe,O/Fe;0, core/shell systems, with significantly
different overall sizes of 9 and 45 nm. These particle
sizes are among the smallest and largest sizes of core-shell
Fe,O/Fe;0, nanoparticles, respectively, with a well-defined
size and shape reported in the literature. Diverse
techniques have been employed to accurately characterize
both compositionally and magnetically the core/shell
structure. The results show that the spread of magnetic
responses in the Fe,O/Fe;0, core/shell systems stems
from a combination of factors such as size effects, the
composition x of the Fe,O core or the strains in both the core
and the shell.
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Results
Structural and morphological characterization

Fig. 1a, b show the transmission electron microscopy (TEM)
images of small spherical, CS_9, and large cubic-shaped,
CS_45, nanoparticles, respectively. The corresponding volume-
weight particle size histograms, depicted in the insets, follow a
Gaussian distribution with mean sizes of 9.4(4) nm and 45(6)
nm for the CS_9 and CS_45 nanoparticles, respectively. The
HRTEM images (insets of Fig. 1a, b) clearly show the crystalli-
nity of the particles, although the presence of a core/shell mor-
phology cannot be completely identified. To elucidate the
composition of the nanoparticles, local electron energy loss
spectra (EELS) analysis across the whole particle was per-
formed. The Fe/O ratio confirms a core/shell structure (dia-
meter/thickness) of Fe,O(3 nm)/Fe;0,4(3.5 nm) for CS_9 and
Fe,O(20 nm)/Fe;04(8 nm) for CS_45 (Fig. 1c, d). Further, the
iron oxidation state (Fe,y) was obtained both for the shell
(orange colour in the graphs) and the core (represented in
green) by a quantitative analysis of the EELS data (Fig. 1e, f).
Note that to obtain the oxidation state of the core the Fe;O,-
shell contribution was subtracted. As can be seen in Fig. 1e, f,
for both the CS_9 and CS_45 particles, in the shell region
Feox.st 18 +2.6, which exactly corresponds to Fe;O,. In contrast,
while for CS_45 particles the Fe,O-core has an average Fe,y o =
+2.05 which denotes a Fe, 950 composition, the CS_9 particles
have a Fe,, ¢ = +2.2. This implies that the core of the small par-
ticles has a highly defected wiistite phase with a Fe,g,0 stoi-
chiometry. As shown in the inset of Fig. 1f, the Fe,O/Fe;0,
core/shell structure of the large particles, CS_45, is further con-
firmed by an EELS mapping using the Fe** and Fe®* oxidation
states.®

The profile refinement of the X-ray patterns indicates two
dominant phases in the samples: magnetite (Fe;0,), with a
spinel structure, and wiistite (Fe,O), with a NaCl structure
(Fig. 2). The analysis has also revealed that the CS_45 sample
contains some impurities: a small fraction of 7 nm Fe;O, par-
ticles and some o-Fe particles (Fig. 2b and ESI Table S17). To
analyze the morphology of the core/shell particles, while the
core size is obtained from the crystallite size obtained from
the Fe,O peak broadening, the shell size is the calculated
effective thickness of a uniform layer covering the core from
the refined scale factors, which are proportional to the scatter-
ing volumes. This analysis leads to a Fe,O-core/Fe;O,4-shell
structure with dimensions of 10.1(5)/2.0(2) nm and 21(1)/8.8(3)
nm for CS_9 and CS_45 nanoparticles, respectively, consistent
with the microscopy results. The study of the Fe;0,-shell com-
position shows refined oxygen parameter values, 0.252(4)-CS_9
and 0.257(4)-CS_45 and unit cell values, 0.8395(1) nm CS_9
and 0.8391(2) nm CS_45, close to the 0.2548 and 0.8394 nm
values of bulk stoichiometric magnetite. This implies that the
Fe;0,4-shell is, in both types of samples, rather stoichiometric
(in agreement with EELS). The lattice parameter is very similar
to bulk values, but larger than typical values observed in nano-
particles, which may indicate that the Fe;O, may be slightly
strained. Owing to the strong correlation between x and the
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Fig. 1 TEM images of the CS nanoparticles: (a) CS_9 and (b) CS_45. Shown in the insets are the histograms of the corresponding particles (bottom)
and HRTEM images of a single particle (top). The number of particles used to obtain the particle size distribution is about 150. Elemental quantifi-
cation along the particle diameter for Fe (filled circles) and O (empty circles) of (c) CS_9 and (d) CS_45 particles. The solid lines represent the simu-
lated elemental profile for a particle with a Fe,O-3 nm/Fes04-3.5 nm and a Fe,O-20 nm/Fez04-8 nm core/shell structure for CS_9 and CS_45
particles, respectively. Fe oxidation state along the particle diameter of (e) CS_9 and (f) CS_45 particles. Shown in the inset of (f), is an EELS-
mapping of CS_45 nanoparticles (where green corresponds to the O K signal corresponding to Fe,O and orange to the O K signal of FesO, after

background subtraction using a power law fit).

Debye factor, to perform the Fe,O-core profile refinement the x
parameter was fixed according to the EELS data of
Fegg00-CS_9 and Fey950-CS_45. The lattice parameters
obtained from the fit for Fe,O are rather different for both par-
ticles, with 0.42190(8) nm for CS_9 and 0.42986(1) nm for
CS_45. Interestingly, given that in bulk Fe,O the unit cell and
the x parameters are directly related by the formula apeco =
0.3856 + 0.478x,%*® we have calculated the x values of our par-
ticles using the refined unit cell parameters, leading to
Feg.76(1)0-CS_9 and Fe 95(1)0-CS_45, which are consistent with
the EELS results. The small discrepancy between the x values
obtained from EELS and the lattice parameter may indicate
that apart from non-stoichiometry, the Fe,O cell may be com-
pressed with respect to bulk samples with the same x. Unfortu-
nately, given the overlap of the XRD peaks of the two phases

3004 | Nanoscale, 2015, 7, 3002-3015

the use of the Williams-Hall plot analysis is rather unreliable
to obtain information about the strains in the system. Hence,
to assess the internal strains in the nanoparticles geometric
phase analysis (GPA) was used for the CS_45 particles.
Notably, GPA allows for the determination and quantification
of crystal lattice deformations from high-resolution TEM
images.>® The strains existing in two different sublattices, i.e.,
the (220) lattice plane associated with the cations in the tetra-
hedral positions (spinel phase only) and the (400spiner and
200yustice) lattice plane associated with both the spinel and
wiistite phases were studied through the phase imaging of
these reflections upon applying GPA (see the Methods section
and ESI Fig. S1t). The deformation maps along goo(wistite)/
Zaoo(spinel) AN 8azo(spinel) (Fig. 3a,c) clearly indicate a core with
compressive, positive strains and a shell with tensile, negative

This journal is © The Royal Society of Chemistry 2015
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red-CS_45) and the calculated (in black) are all shown in the graphs. The
vertical bars mark the position of the Bragg reflections as indicated.
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Fig. 3 Deformation maps obtained through the GPA of the (a)
9200(wistite) 9a00(spinet) aNd (C) Gaz0(spiney) reflections for the CS_45 nano-
particles (scale bar = 25 nm). (b) and (d) show the corresponding inte-
grated line profiles. The boxed region in the graph indicates the
probable position of the Fe,O core.

strains. This becomes particularly evident in Fig. 3c; the
central part of the particle (i.e., the core) is predominantly red-
yellow (compressive strains), whereas the boundary of the par-
ticle (ie., the shell) is mainly green-blue (i.e., expansive
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strains). The quantification of the strains originating from
these defects is shown in Fig. 3b,d. The strain analysis along
Z200(wiistite)/Ba00(spinel) (Fig. 3b) unambiguously shows highly
strained regions due to mismatch dislocations, which are
likely located at the core-shell interface. The stressed interface
arises from mismatched dislocations owing to the lattice
differences between the wiistite (core) and spinel (shell)
phases, as previously demonstrated in this type of system.>” An
analogous study of CS_9 nanoparticles reveals a similar
strained structure (see ESI Fig. S2t). However, these particles
are exceedingly small to carry out a reliable quantitative GPA
analysis.

Neutron diffraction

The magnetic structure of both the Fe,O-core and the Fe;0,-
shell for the two core/shell samples was determined by
neutron diffraction (ESI Fig. S31). The refined average mag-
netic moments in the shell for CS_9 and CS_45 are 3.8(6)us
and 4.2(3)ug, respectively. Concerning the magnetic structure
of the Fe,O-core remarkable opposite features between the
CS_9 and CS_45 samples are manifested. Firstly, in the CS_9
particles, the absence of all the expected magnetic reflections
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Fig. 4 (a) Difference between neutron diffraction patterns at 270 K and

15 K (in black) for the CS_45 particles. Also shown in the graph are the
calculated neutron diffraction patterns considering the magnetic
moment aligned along the [110] (in green) and [1-10] (in pink) axes. The
vertical bars mark the position of the Bragg reflections as indicated.
(b) Temperature dependence of the intensity of the magnetic peak
at 1.3 A (corresponding to the (1/2,1/2,1/2) reflection) both while
decreasing (in black) and increasing (in orange) the temperature.
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indicates a lack of magnetic order in the Fe,O-core. On the
other hand, the scenario for the CS_45 particles is completely
different, since not only they present the usual (3/2, 1/2, 1/2)
magnetic reflection, but they also exhibit the forbidden (1/2,
1/2, 1/2) reflection.*® This implies that although the Fe,O core
is magnetic, the moments in the Fe,O-core deviate from the
[111] direction observed in bulk.** Remarkably, the refinement
of the magnetic reflections unambiguously demonstrates that
the core is AFM with the magnetic moments aligned along the
[110] axis (Fig. 4a).

Magnetic measurements

The zero field cooled-field cooled (ZFC-FC) magnetization
curves for the CS_9 sample (Fig. 5a) exhibit the characteristics
of superparamagnetic systems®® with a maximum in the ZFC
magnetization, Tmax = 90 K associated with the FiM Fe;0,-
shell. This maximum is related to the blocking temperature
(Ts) distribution due to the particle-size (or energy barrier) dis-
tribution. Notably, the ZFC-FC curves for the CS_45 particles
(Fig. 5b) are markedly different. First, they do not merge at
high temperatures, implying that the shell remains blocked
(i.e., FiM) at room temperature. Moreover, the kink at 120 K is
attributed to the Verwey transition®" of the Fe;O,-shell, ie.,
Ty ~ 120 K. The second feature at 240 K is attributed to the
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magnetic ordering of the Fe,O core, i.e., Ty = 240 K (somewhat
larger than the bulk Ty of Fe,O, Ty ~ 200 K***?). Importantly,
the enhancement of Ty with respect to the bulk values is sup-
ported by the temperature dependence of the intensity of the
(1/2, 1/2, 1/2) magnetic reflection, which shows that the mag-
netic order of the Fe,O core is maintained up to roughly Ty ~
240 K (Fig. 4b). To confirm that we are dealing with thermo-
dynamic transitions and not blocking temperatures, we per-
formed M(T) measurements at different applied fields. As can
be seen in the ESI Fig. S4f the Ty and Ty transition tempera-
tures are virtually independent of the field, as expected. Shown
in the insets of Fig. 5c, d are the hysteresis loops of the
samples at 10 K after FC in 20 kOe from 300 K. The reduced
saturation magnetization, Ms, values (obtained by subtracting
the weight of the surfactant from the total mass), M5>— =
46 emu g~ and M§S-*° = 52 emu g™, with respect to bulk mag-
netite (Mg = 90 emu g ')>® are in line with the presence of
Fe,O. The enlarged loops of both samples exhibit exchange
bias (Hg) and increased coercivities (Hc), as expected from the
AFM/FiM exchange coupling.*” However, bearing in mind that,
according to neutron diffraction, for the CS_9 particles the
Fe,O-core is not antiferromagnetically ordered, the observed
Hg (~600 Oe) and H; (~1000 Oe) should arise from other
effects. For example, surface effects in metal oxide nanoparti-
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Fig. 5 Temperature dependence of the field cooled (FC) and zero field cooled (ZFC) magnetizations for (a) CS_9 and (b) CS_45 particles. Enlarged
view at a low field of the hysteresis loops at 10 K for (c) CS_9 and (d) CS_45 nanoparticles. The insets show the hysteresis loops in the full field
range. Temperature dependence of the coercivity, Hc, and the loop shift, Hg, for (e) CS_9 and (f) CS_45 nanoparticles. The lines are guides to the

eye.
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cles are known to result in Hy and enhanced H.>*>® However,
the large Hy and Hc observed for CS_9 indicate that, even if
the Fe,O-core is non-magnetic, the uncompensated spins of
the Fe;0,4-shell at the Fe,O/Fe;0, interface may also contribute
to the exchange bias properties. In fact, Monte Carlo simu-
lations demonstrate that a core/shell nanoparticle with a para-
magnetic (PM) core can have a rather large exchange bias (ESI
Fig. S51). The temperature dependence of Hy and H (Fig. 5e)
show that both quantities decrease rather fast, vanishing
below Ty. Thus, there is no indication of the presence of a
Verwey or Néel transitions, which is again consistent with the
non-magnetic character of the Fe,O core. On the other hand,
for the CS_45 particles the temperature dependence of both
Hyg and H exhibits a rather intricate behaviour (Fig. 5f). When
decreasing 7, at about 230 K, Hg starts to increase while H
exhibits a maximum. These are well known effects of the onset
of AFM/ferromagnetic (FM) exchange bias.’®>” Hence, H(T)
and Hg(T) also support the enhanced Ty of the core. As the
temperature is lowered further, at about 7= 120 K, H exhibits
a steep increase while Hy shows a subtle change of a slope.
These features can be linked to the changes in the magneto-
crystalline anisotropy (both in the intensity and the easy axis
direction®®) associated with the Verwey transition. Indeed, the
strong temperature dependence of Hg around Ty is corrobo-
rated by Monte Carlo simulations. When assuming the known
strong temperature dependence of the anisotropy of Fe;O, >®
for the shell anisotropy, Ks; (see the inset of ESI Fig. S67), and
a reorientation of the easy axis from (111) to (100), the simu-
lations clearly show that while Hc has a rather steep change at
Ty, Hg changes more smoothly (ESI Fig. S6T), in concordance
with the experimental results (Fig. 5f). Finally, at very low
temperatures there is an additional increase in H¢ and Hg.
This is probably related to the fraction of small Fe;0, nano-
particles observed in CS_45 by XRD and TEM.

Ferromagnetic resonance

The CS_9 nanoparticles show, at room temperature, a single
isotropic resonance line centered at the resonance field H, =
8.49(4) kOe, with a peak-to-peak linewidth, AH,, = 1.03(4)
kOe, which grows smoothly up to ~2 kOe as the temperature
decreases (Fig. 6¢, e). The results are analogous to the ones
measured in low anisotropy Fe;O, nanoparticles®*®> and show
no evidence of either Ty of Fe,O or a Verwey transition, in
agreement with the temperature dependence of H¢ (Fig. 5e),
which is also featureless.

The large CS_45 nanoparticles show a very broad and asym-
metric spectrum with a secondary peak located at lower fields
(Fig. 6d). At room temperature AH,, is 2.79(8) kOe. Notably,
the expected linewidth at room temperature for random
oriented single phase Fe;0, nanoparticles with cubic magneto-
crystalline anisotropy (K; ~ —1 x 10°> erg ecm™ and Mg ~ 55
emu g~ ') leads to AH,, = 5/3(2 K/Ms) ~ 1.1 k0e.>»>>%4
This value is almost three times smaller than the value
obtained for the CS_45 nanoparticles, which suggests the pres-
ence of other significant contributions besides magnetocrystal-
line anisotropy. In line with this, the simulated profiles
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Fig. 6 Simulated ferromagnetic resonance (FMR) spectra using uniaxial
effective anisotropies (a) Ke¢ = 0.7 x 10° erg cm™ (CS_9) and (b) Kegr =
3.1 x 10° erg cm™ (CS_45), respectively. FMR spectra measured at
different temperatures for (c) CS_9 and (d) CS_45 nanoparticles,
respectively. (€) Temperature dependence of the linewidth, AH,, for the
CS_9 and CS_45 nanoparticles.

(Fig. 6a, b) confirm that the effective anisotropy of the large
particles is considerably enhanced with respect to the small
ones (see ESIf for details on the simulation parameters).

As can be seen in Fig. 6e, in contrast to the CS_9 particles,
the temperature dependence of the FMR linewidth for CS_45
particles exhibits a markedly non-monotonic behavior.
Namely, AH,, has a peak at around T ~ 230 K. At about T ~
150 K AH,,, increases moderately again. Finally, at low T there
is a rather sharp increase in AH,, The peak in AHp, at 230 K
can be correlated with the increases in anisotropy expected in
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AFM/FM systems at the AFM Ty,”® and is consistent with
H(T) (Fig. 5f). Further, AH,,(T) once again confirms the
enhanced Ty of the Fe,O core. Similarly, the upturn in AH,,, of
CS_45 at moderate temperatures can be correlated with the
evolution of the system to a phase of lower crystalline sym-
metry at Ty, consistent with the Hg behavior. However, a more
direct correlation between the line shape and the anisotropy
constants is rather difficult since (i) bulk Fe;O, presents a
complex temperature evolution of the magnetocrystalline con-
tribution (i.e. due to a change in the crystal symmetry, from
cubic to monoclinic, and the easy axis reorientation at Ty),>®
(if) we are dealing with nanoparticle systems with a distri-
bution of anisotropy constants arising from the particle size
distribution, different degrees of crystallinity and magnetic
disorder, and (iii) the particular morphology of the core/shell
system can induce additional anisotropy terms like AFM/FiM
exchange coupling, surface, shape or strain anisotropy.

Méossbauer spectroscopy

Mossbauer spectra for the CS_ 9 and CS_45 samples at
different temperatures from 20 K to 300 K are shown in Fig. 7
and 8. The 300 K spectrum of the CS_9 (9 nm) particles
(Fig. 7a) shows only a broad peak centered at 0.44 mm s,
while the spectrum of the CS_45 particles (45 nm) at the same
temperature (Fig. 8a) shows well resolved sextets in addition to
a central peak at around 1.0 mm s .

For CS_9 while the spectrum in Fig. 7a is typical of super-
paramagnetic Fe-oxide nanoparticles, a small fraction of para-
magnetic Fe,O (less than 10%) cannot be completely ruled out
(although, this value is considerably smaller than the 40%
observed for CS_9 from EELS, XRD or neutrons). At 150 K
(Fig. 7c) resolved Zeeman sextets start to appear. The spectra
measured at 20 K and at 100 K (Fig. 7e, d), i.e., below the
Verwey temperature of bulk magnetite, were fitted using five
components for Fe;0,, in agreement with other studies and
indicate the presence of only Fe;O, (see ESIT), without a clear
evidence of Fe,O in the sample.®*"®” For this sample, Moss-
bauer spectroscopy suggests a blocking temperature Ty close
to 180 K, although some magnetic relaxation is still present at
100 K, as can be seen from the significant broadening of the
spectral lines when compared to the spectrum at 20 K. The
difference of Ty between Mdssbauer and magnetometry stems
from the difference in the characteristic measuring times
between both techniques.®® The obtained Méssbauer para-
meters of the fitting for the 20 K CS_9 spectrum are shown in
Table S2 in ESL ¥

For the CS_45 particles, the fit of the 7= 300 K spectrum
(Fig. 8a) allows the clear identification of Fe;0, (ferrimagnetic
at room temperature) as the main component (see ESIt). More-
over, the spectrum shows a broad paramagnetic central peak,
with an isomer shift of 1.04(2) mm s~ (20% of the spectral
area), which can be assigned to paramagnetic Fe,O (i.e., above
Tn)- Although the Mossbauer spectrum of non-stoichiometric
Fe,O at room temperature typically consists of a sum of
singlets and doublets, depending strongly on the defect con-
centration in the lattice (where different fitting methods have
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Fig. 7 Mossbauer spectra for the CS_9 particles at (a) 300 K, (b) 180 K,
(c) 150 K, (d) 100 K, and (e) 20 K. Note that the fact that a fit with only
two discrete sextets for FesO,4 did not lead to satisfactory results can be
interpreted as a clear evidence of the charge ordering in the CS_9 par-
ticles at these temperatures, although no Verwey transition can be
identified.

been applied to describe it®®”?), due to the low resolution of

the spectrum (broad velocity range, +12 mm s~ ') and lines
superposition, the 300 K Fe,O peak was fitted to just one
doublet (ESI Table S2t). A comparison of these Mdssbauer
parameters with weighted average values from ref. 75 and 77
suggests x > 0.95 for the Fe,O core, in agreement with EELS
and X-ray results. The fitting results at 7' = 300 K indicate
about 20% of Fe,O in the CS_45 particles, consistent also with
the X-ray fits (ESI Table S2t). The spectra measured at 20 K
and at 100 K, i.e., below the Verwey temperature of bulk mag-
netite, were fitted using five components for Fe;O,. Thus, the
fact that a higher number of sextets are needed to fit the low
temperature spectra (with respect to high temperatures) clearly
indicates a Verwey transition. As shown in Table S2,f the
obtained Mdssbauer parameters are in reasonable agreement
with previous studies on magnetite.®>®””*"”7 Concerning the
Fe,O subspectrum, it can be seen that at low temperatures
(<150 K, Fig. 8b-d) the high temperature paramagnetic peak
opens into a resolved complex spectrum, indicating that the
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Fig. 8 Mossbauer spectra for the CS_45 particles at (a) 300 K, (b)
150 K, (c) 100 K, and (d) 20 K. The characteristics of the two resolved
sextets correspond to Fe** in the tetrahedral (A) sites (the outermost
sextet, 20%), and to Fe?* and Fe®* in the octahedral [B] sites (36%).

Fe,O core becomes magnetic. However, the complexity of the
Fe, O spectrum (which in the fit is taken into account by an
additional Byy distribution), hinders obtaining accurate mag-
netostructural details. The resulting magnetic hyperfine field
distribution (ESI Table S27) is fully consistent with an anti-
ferromagnetic Fe,O core.*>”> Additionally, Mossbauer spec-
troscopy indicates an ordering transition (ie., Ty) close to
220 K (ESI Fig. S71) for this phase, in agreement with the
neutron, ferromagnetic resonance and magnetometry results.

Discussion

Some of the contrasting properties observed in the two types
of nanoparticles stem from different factors, including: (i) size
effects, (ii) the exact stoichiometry of the Fe,O core and (iii)
the strains related to the core/shell structure. It is well known
that as the size is reduced a number of effects occur in mag-
netic nanoparticles such as superparamagnetism or reduction
of the transition temperatures.’®’® Further, it is well estab-
lished that in bulk the magnetic properties of Fe,O are strongly
dependent on the exact stoichiometry of Fe,0.”>*° Finally,
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another important aspect to be taken into account is the
lattice mismatch between the core and the shell counterparts,
which can induce significant strains (compressive or tensile)
on both the core and the shell,>® which can affect their physico-
chemical properties. This effect, combined with the strong

dependence of the magnetic properties of Fe,O on
pressure,*®’7882 can help to understand some of the
properties.

The enhanced Ty with respect to bulk values observed in
the large particles can be certainly explained from the com-
bined effects of non-stoichiometry, x, and the internal pressure
induced by the Fe;0, shell. Notably, in bulk it has been shown
that Ty depends strongly on x,°%%>%* where the less stoichio-
metric samples have a larger T. Thus, from the estimation of
x in the core/shell nanoparticles, obtained from the EELS ana-
lysis, x ~ 0.95, a higher Ty than in bulk is indeed plausible.
However, Ty ~ 240 K is probably exceedingly large to be
explained solely by non-stoichiometry. Additionally, neutron
diffraction and Mo6ssbauer studies have established that the Ty
of Fe,O increases with pressure for moderate pressures.®"*’
Since the lattice parameter of Fe;0, is smaller than twice the
one of Fe,O, the lattice mismatch at the core/shell interface
generates a compressive strain on the Fe,O core, as indicated
by the GPA analysis. Consequently, the large Ty observed
experimentally is probably also influenced by the internal
pressure, as observed previously in MnO/Mn;0, core/shell par-
ticles,"”®® although proximity effects due to the Fe;O, shell
cannot be ruled out.®”*® However, it is difficult to determine
the relative importance of the effects of stoichiometry and
strains (and proximity effects) on Tx.

An additional novel effect observed in the large particles is
that the magnetic moments of the Fe ions in the Fe,O core are
aligned along the [110] and not along the [111] direction as in
the bulk phase.*® This effect may again be related to both stoi-
chiometry and strains. Theoretical calculations have shown
that although the [111] direction appears to be an easy axis for
Fe,O, small changes (e.g., trigonal asymmetries or deviations
of the orbital moments) may change the easy axis to the (111)
plane.®*~°* This implies that perturbations from the ideal Fe,O
structure may affect the effective easy axis of the system.
Experimentally, in bulk it has been observed that the easy axis
can significantly deviate from the [111] direction.”’ ™ It has
been argued that this deviation is related to a different mag-
netic ordering around the defects caused by non-stoichio-
metry,”>® which is in the (111) plane.”* As the non-
stoichiometry increases, the number of defect clusters grows, a
higher tendency to (111) plane orientation of the moments
would increase. Given that in the CS_45 samples we have x ~
0.95, a reorientation of the easy axis is conceivable. Moreover,
it has been theoretically predicted that a compressive strain
could reorient the magnetic moments from [111] to the (111)
plane due to orbital moments.®® Therefore, the internal
pressure observed in the deformation maps obtained by GPA
is potentially also contributing to the observed easy axis re-
orientation. Interestingly, for CoO epitaxial thin films (with a
similar spin structure) and Co/CoO core/shell nanoparticles it
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has been demonstrated that the epitaxial strain can induce
reorientations of the easy axis,”>”® similar to the ones observed
in the Fe,O/Fe;0, nanoparticles. Therefore, once again the
combination of stoichiometry and strains appears to control
the magnetic properties of the Fe,O core. However, magnetic
effects like perpendicular coupling and easy axis reorientation
in FM/AFM systems®”°° may also contribute to the observed
[110] easy axis (i.e., in the (111) plane).

Another appealing effect observed in the large particles is
the bulk-like Verwey transition®" of the Fe;O, shell, Ty ~
120 K, since it has been shown that in nanoparticles Ty is sig-
nificantly affected by size effects. For example, nanoparticles
in the range of 20-50 nm already show depleted Ty tran-
sitions'®>'°" and smaller particles usually show no signs of
Ty.'%> Although our nanoparticles with ~40 nm are at the high
end of the size effects, it should be taken into account that
Fe;0, comprises only the shell with a rather reduced thickness
(~9 nm). Hence, size effects would be somewhat expected.
Moreover, Ty is also affected by stoichiometry and small devi-
ations from Fe;0, quickly suppress the transition.'®® Thus, the
rather sharp Verwey transition at ~120 K shows an excellent
stoichiometry of the Fe;O, shell in concordance with EELS and
XRD results. In the case of Ty, it is known that the pressure
(i.e., compressive stress) quickly decreases the transition temp-
erature. However, since the lattice parameter of Fe;O, is
smaller than twice the one of Fe,O, a tensile stress is expected
in the shell from the core (opposing the compressive strain on
the Fe,O core). Thus, perhaps the tensile epitaxial strain
favours the stability of the low temperature phase. Another
factor to take into account is that the particles are rather cubic
in shape and are consequently less prone to magnetic and
structural surface effects which may influence 7y.>*"**

Concerning the small particles, their M(T) shows the
typical shape of a superparamagnetic transition, indicating
that due to their small size and moderate anisotropy, K, the an-
isotropy energy, KV, is rather low leading to a superparamag-
netic behaviour.’>”®'%> However, the most striking feature of
these particles is that, while structurally the presence of Fe,O
is confirmed by XRD and neutron diffraction, magnetically
(magnetometry, neutron diffraction, FMR and Madssbauer)
there is no clear sign of Fe,O, except for the presence of an
exchange bias. The first idea would be to relate the absence of
a magnetic signal of Fe,O to size effects. It is well known that
the T in AFM nanoparticles is substantially reduced for small
enough particles.'® ™% However, although this could explain
the neutron diffraction results, a paramagnetic Fe,O would
lead to an unsplitted central peak in the Mossbauer spec-
trum,”” as observed for the CS_45 particles at 300 K, which is
virtually absent in our data. The large non-stoichiometry of the
small particles suggests another origin for the observed
effects. The cation deficiency in the Fe,O structure leads to
defects. Interestingly, in Fe,O these defects tend to cluster
forming in some cases Fe;Oy,-like structures.'® These defect
structures should have Mossbauer signatures similar to the
Fe;0, shell, since Mossbauer measures the short-range mag-
netic order rather than the long-range order measured by
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neutron diffraction. Consequently, a larger non-stoichiometry
should lead to higher number of defects and hence weaker
Fe,O signs in the Mossbauer spectrum. In particular, the pro-
gressive oxidation of Fe,O takes place by oxidizing the Fe**
ions into Fe** jons. This should lead to the progressive appear-
ance of higher magnetic hyperfine field components (absent
in nearly stoichiometric Fe,O) in the Mossbauer spectrum,
similar to Fe;O,4, as x decreases.®®”” Nevertheless, in line with
the large particles, another effect to take into account is
pressure, particularly since the small particles probably have
larger strains than the larger particles, as evidenced by their
smaller lattice parameters. Although the effect of pressure on
the magnetic properties of bulk Fe,O is somewhat controver-
sial,””#11% it has been shown that the Méssbauer spectra tend
to develop high hyperfine field components as the pressure is
increased,”””''° probably due to the fact that the defect clusters
start approaching each other. This would contribute to the
overlapping of the Fe,O and Fe;O, Mossbauer components,
and a small fraction of Fe,O could be “hidden” in the 20 K
CS_9 spectrum. Thus, similar to non-stoichiometry the strain
effects should also tend to decrease the typical features of
Fe,O in the Mossbauer spectra for the small particles. The
combination of neutrons and Maossbauer seems to indicate
that the Fe,O is not magnetic (due to size effects) and that any
Mossbauer signal arising from the core is a sign of local mag-
netism of the defect clusters rather than a true long range
magnetic order of Fe,O.''" Notably, the presence of a sizable
exchange bias can be explained without the need of an AFM
counterpart. Although it is known that surface effects can give
rise to an exchange bias,>® Monte Carlo simulations indicate
that the presence of a core/shell interface (even when the core
is paramagnetic) can also contribute significantly to the
exchange bias properties (ESI Fig. S51). This exchange bias is
in a sense similar to the exchange bias observed in hollow
y-Fe,0; nanoparticles,'*> although in Fe,O/Fe;0, the inter-
phase is probably magnetically less disordered than the inner
shell in hollow structures.

Finally, note that in the small particles 7y of the Fe;0, shell
is lacking. Given the rather small size of the particles, this is
probably due to the finite size effects.”®

Conclusions

In summary, we have shown that the combination of diverse
factors (i.e., non-stoichiometry, core/shell strains and size
effects) can shed some light on the broad range of properties
exhibited by transition metal oxides at the nanoscale. Impor-
tantly, to clarify all these effects, a detailed, multi-technique,
characterization is usually required. In particular, we have per-
formed an exhaustive magneto-structural investigation of the
smallest and largest Fe,O/Fe;0, core/shell nanoparticles (9 nm
and 45 nm) reported in the literature. The results reveal a
highly non-stoichiometric Fe,O phase (x ~ 0.80) for the
smaller particles which leads to the non-magnetic character of
the Fe,O core. On the other hand, the larger ones, with x ~
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0.95, exhibit an antiferromagnetic behaviour. Commonly, in
transition metal oxides x depends on the synthesis and post-
synthesis conditions as well as on the size, since smaller par-
ticles are more reactive thus more prone to oxidation and the
reduced number of atoms in the particles implies a higher
difficulty to reach a long-range crystal order. Similarly, the
internal pressure is determined by several factors like the
overall size of the particles, the thickness of the shell, the dia-
meter of the core and shape. Furthermore, in the case of the
Fe,O phase since the lattice parameter depends significantly
on x, the strain caused by the lattice mismatch will also
depend on x. Hence, our results establish that although some
of the overall properties of the Fe,O/Fe;0, nanoparticles can
be similar (e.g., the presence of an exchange bias or reduced
magnetization), the exact features (the presence of Ty,
enhanced Ty, or non-monotonic Hy and H¢ dependence) will
depend on the exact structure (e.g., stoichiometry and internal
strains) and morphology of the samples (e.g., size or shape).

Methods

Synthesis of Fe,O/Fe;0, core/shell nanoparticles

All starting materials were purchased from Sigma-Aldrich,
except oleic acid (99% of purity) that was acquired from TCI,
and used without further purification. In the first step, the
iron(m) oleate precursor was synthesized following the pro-
cedure described by Park et al.'*?

The small nanoparticles (CS_9) were obtained by dissolving
2 2 (1.95 mmol) of iron(m) oleate and 0.09 g (0.32 mmol) of
oleic acid in 20 mL of 1-octadecene. The reaction system was
degassed at 100 °C under magnetic stirring by carrying out
cycles of vacuum/argon. Subsequently, the mixture was heated
up to 320 °C (at 7-8 °C min™") in argon and kept for 30 min.

To synthesize the larger nanoparticles (CS_45), the previous
method was slightly modified according to the procedure
proposed by Wetterskog et al.>> Namely, 10.25 g (10 mmol) of
iron(m) oleate were dissolved in 34 mL of eicosane together
with 1.44 g (5.12 mmol) of oleic acid and 1.56 g (5.12 mmol)
of sodium oleate. After being degassed under a nitrogen
atmosphere, the solution was heated at 100 °C for 2 h to dis-
solve the sodium oleate. The temperature was then increased
to 350 °C using a 3 °C min~" heating rate. The mixture was
maintained at this temperature for 30 min. For both systems
the slurry was exposed to air after removing it from the heating
source and allowed to cool down to room temperature. The
nanoparticles were washed by several cycles of coagulation
with ethanol, centrifugation at 2000g, disposal of supernatant
solution and re-dispersion in hexane and n-heptane for CS_9
and CS_45, respectively.

Structural and morphological characterization

Transmission electron microscopy (TEM) images were
obtained using a Jeol JEM-2100 with a LaBg filament. High-
angle annular dark-field (HAADF) imaging and electron energy
loss spectra (EELS) were collected using a Jeol J2010F (S)TEM
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operating at 200 kV and coupled to a GIF spectrometer and in
an FEI Titan operated at 80 kV fitted with a CEOS Probe Cor-
rector and a Gatan Tridiem Energy Filter. EEL data were
acquired at about every 1 nm along the diameter of the nanopar-
ticles at an energy range containing the Fe-L, ; and O-K edges
with an energy resolution of 0.8 eV. Fe/O quantification was per-
formed using Gatan Digital Micrograph commercial software.
The Fe oxidation state was obtained from a homemade script
(“Oxide Wizard”) for Gatan Digital Micrograph software,® where
the required iron oxide reference data were obtained from
Schmid et al.''* X-ray diffraction patterns were collected at 300 K
at the ID31 beamline of the European Synchrotron Radiation
Facility (ESRF) with a wavelength of 0.4 A for the CS_9 particles
and at the BL04-MSPD of the ALBA Synchrotron Light Facility
with a wavelength of 0.62 A for the CS_45 sample.

Geometric phase analysis

The geometric phase analysis (GPA) was carried out using the
GPA plugin by HREM Research Inc. In this case, e.g., a 1D case
(deformation mapping), only one spot corresponding to a
given crystallographic interplanar spacing was chosen (see ESI
Fig. S11). Details of the analysis can be found in ref. 25.

In the GPA analysis a cosine mask was used on gpowistite)/
Zaoo(spinel) aANd Zaxo(spinel)y Where the size of the mask corre-
sponded to a resolution of 0.9 nm and 1.2 nm, respectively.
The width of the integration profiles shown in Fig. 3 was
chosen to match the lateral resolution of the images.

Neutron diffraction

Neutron diffraction measurements were carried out at 10 K
using a D20 diffractometer of the Institute Laue-Langevin with
a neutron wavelength of 1.5 A for the CS_9 particles and in the
temperature range from 15 to 270 K both using the 6T2 and
G61 diffractometers of the Laboratoire Léon Brillouin with a
neutron wavelength of 2.34 and 4.74 A, respectively, for the
CS_45 sample. All diffraction patterns were analyzed using
FullProf'™ based on the known crystal and magnetic struc-
tures of Fe,O and Fe;0,.

Magnetic measurements

The magnetic properties were measured on tightly packed
powdered samples using a superconducting quantum inter-
ference device (SQUID, Quantum Design) magnetometer with
a 70 kOe maximum field. The measurements of the tempera-
ture dependence of magnetization, M(T), were carried out at
20 Oe after either zero field cooling (ZFC) or field cooling (FC)
in 20 Oe from 300 K to 10 K. Some M(T) measurements were
also carried out at different applied fields (200 and 2000 Oe).
Hysteresis loops, M(H), were obtained after FC in 20 kOe from
300 to 10 K. The loops were obtained sequentially at increasing
fixed temperatures.

Ferromagnetic resonance measurements

Ferromagnetic resonance spectra were recorded with a com-
mercial Bruker ESP300 spectrometer at a frequency of v = 24
GHz (K-band) in the 5-300 K temperature range.
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Mossbauer measurements

Transmission >’Fe Mossbauer spectroscopy measurements
were conducted at different temperatures ranging from 20 to
300 K, using a closed cycle cryostat, a conventional constant
acceleration transducer and a *’Co/Rh source. The Normos
least-squares fit program''® was employed for data evaluation
and identical recoil-free fractions were assumed for all phases
and lattice sites. The isomer shift values are quoted relative to
a-Fe at room temperature.

Monte Carlo simulations

To model the large particles, CS_45, we consider cubic nano-
particles on a simple cubic (sc) lattice, consisting of an AFM
core with an edge length (Lc = 12) and a FiM shell (tsy = 3),
surrounding the core. The spins in the particles interact with
the nearest neighbour’s Heisenberg exchange interaction, and
at each crystal site they experience a uniaxial anisotropy. In the
presence of an external magnetic field, the total energy of the
system is

H=—Jc Z Si-Sj—Jsn E Si-Sj —Je

i,jEcore i,jEshell i€core, jEshell

2 a2 RN . -

—Kc E (Si-é))” — Ksu g (Si-é) *H'E Si
iEcore i€shell i

(1)

Here S; is the atomic spin at site i and é\,- is the unit vector
in the direction of the easy axis at site i. We consider the mag-
nitude of the atomic spins in the two AFM sublattices equal to
1 and in the two FiM sublattices of the shell to be equal to 1
and 1.5, respectively. The first term in eqn (1) gives the
exchange interaction between the spins in the AFM core; the
second term gives the exchange interaction between the spins
in the FiM shell. We consider the exchange coupling constant
of the core as Jc = —0.5/py and that of the shell as Jgy =
—1.5/pm, Where Jry is considered to be the exchange coupling
constant of a pure ferromagnet (FM), Jpm = 1 is taken as the
reference value. The third term gives the exchange interaction
at the interface between the core and the shell. The interface
includes the last layer of the AFM core and the first layer of the
FiM shell. The exchange coupling constant of the interface Jir
is taken to be equal to that of the shell Jsy. The fourth term
gives the anisotropy energy of the AFM core, Kc = 0.05/m.
Based on our neutron diffraction results, K¢ is assumed to be
along the [110] direction and constant in the whole tempera-
ture range studied. If the site ¢ lies in the outer layer of the
AFM core then Kic = Kir ¢, and Kic = K elsewhere. The core and
the shell interface anisotropies are the same as the shell aniso-
tropy for all temperatures. The fifth term gives the anisotropy
energy of the FiM shell. To account for the strong non-mono-
tonic temperature dependence of the K of Fe;0, around the
Verwey transition,® we have set a different Kgy; value at each
simulated temperature (see the inset in Fig. S6 in ESIf). If i
lies in the outer layer of the shell (i.e., the surface) then the an-
isotropy is taken to be random and smoothly changing with T
from Kg = 3.0/pm (T = 0.0 pm/ks) to 1.6Jpm (T = 0.5]pmlks).
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Importantly, based on the literature results for Fe;O, around
Ty,”**® two different directions are considered for the shell an-
isotropy, along the [100] direction for T < Ty and along the
[111] direction for T > Ty, Note that in concordance with the lit-
erature values, 7Ty is taken to be about 1/7 of the ferrimagnetic
transition temperature of the shell (T¢ ~ 1.75/pm/ks), i.€., Ty =
0.25/pm/ks. Moreover, from the parameters used in the simu-
lation the Ty of the core is established to be Ty = 0.7]pm/kg.
The last term in eqn (1) is the Zeeman energy.

We performed our simulations on isolated, cubic (AFM)
core/(FiM) shell nanoparticles using the MC simulation tech-
nique with the implementation of the Metropolis algorithm.""”
A hysteresis loop is calculated after a field cooling procedure
starting at temperature 7 = 2.0Jpp/kg down to Ty = 0.01) g/ kg,
at a constant rate under a static magnetic field H.oo = 6.0/pm/
gus. To account for the experimental random distribution of
nanoparticles,” the cooling fields have been applied in
different directions defined by spherical coordinates (6,p),
where 6 = 0, 15,..., 180 and ¢ = 0, 15,..., 345 degrees. The final
hysteresis loop is calculated by averaging the hysteresis loops
for each magnetic field direction according to the equation:

1 2T (T
M= —J J M(6, @) sin 6dodg
4w )y Jo

(2)

The hysteresis loop shift on the field axis gives the exchange
field Hg = —(Hyighe + Hiete)/2. The coercive field is defined as H¢
= (Hyight — Hiet)/2. Hyighe and Heg are the points where the loop
intersects the field axis. The fields H, H; and Hg are given in
dimensionless units of Jp\/gus, the temperature 7 in units Jgy/
kg and the anisotropy coupling constants K in units of Jzy. We
have used 10* MC steps per spin (MCSS) at each field step and
the results were averaged over 50-200 different samples
(namely random numbers) depending on the fluctuations in
the calculated values. The small nanoparticles, CS_9 are simu-
lated using a spherical morphology with an FiM shell (tgy = 3)
and a core size of three lattice spacings in diameter (d¢ = 3).
The material parameters for the shell are the ones used above
for the large particles at low T (Jsi = Jir su = —1.5/rm, K =
Kir su = 0.3). The surface anisotropy is taken at random with
Ks = 3.0Jpm. However, four different types of cores are con-
sidered in this case:

(1) AFM core with the same parameters as for CS_45, i.e.,
Jc = —0.5/p, and K¢ = 0.05.

(2) Paramagnetic core with J; = 0.00, K¢ = 0.00.

(3) FiM core with the same parameters as the shell (i.e., a
homogeneous FiM particle).

(4) No core (i.e., a hollow nanoparticle).

Notably, the internal surface of the particle is also assumed
to have a random anisotropy with the same Ks as the external
surface. Since we are only interested in the trends, for simpli-
city, the anisotropy and magnetic fields are assumed to be
along the z-axis, thus no angular hysteresis loop averaging is
performed.

This journal is © The Royal Society of Chemistry 2015
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