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1. Introduction

Superparamagnetic iron oxide nanoparticles are attracting con-
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Iron oxide nanoparticles are presently considered as main work horses for various applications including tar-
geted drug delivery and magnetic hyperthermia. Several questions remain unsolved regarding the effect of
size onto their overall magnetic behavior. One aspect is the reduction of magnetization compared to bulk
samples. A detailed understanding of the underlying mechanisms of this reduction could improve the par-
ticle performance in applications. Here we use a number of complementary experimental techniques includ-
ing neutron scattering and synchrotron X-ray diffraction to arrive at a consistent conclusion. We confirm the
observation from previous studies of a reduced saturation magnetization and argue that this reduction is
mainly associated with the presence of antiphase boundaries, which are observed directly using high-resolu-
tion transmission electron microscopy and indirectly via an anisotropic peak broadening in X-ray diffraction
patterns. Additionally small-angle neutron scattering with polarized neutrons revealed a small non-magnetic
surface layer, that is, however, not sufficient to explain the observed loss in magnetization alone.

mechanisms leading to the macroscopic properties of nano-
particles and in particular deviations from model expectations,
such as the previously reported reduced magnetization com-

siderable interest both from a purely scientific as well as techno-
logical point of view. This is driven by several potential and
already established applications e.g. in mechanical engineering
(seals and adaptive dampers'~), nanomedicine (contrast agents

for magnetic imaging™® and cancer treatment by magnetic

hyperthermia'**®) and information technology (magnetic data
storage and spintronics'”'®). Magnetic nanoparticles represent
also a fundamentally interesting model case of magnetism in
finite size systems. However, understanding the microscopic
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pared to the (theoretical) bulk value remains difficult.*"

Proposed models for the spatial distribution of the magne-
tization include the presence of a magnetic core-shell struc-
ture,”* spin disorder around defects*' and a reduced magneti-
zation in the core due to reversed moments and frustration.
Small-angle neutron scattering experiments with polarized
neutrons on spherical particles with diameters of 9.94 nm
revealed a magnetically depleted surface layer of 0.3 nm with
canted spins.>® However, it was also stated that the observed
reduction in magnetization compared to the bulk values can
not be achieved by this surface layer alone, but requires a
uniform reduction of the magnetization in the nanoparticle
core. Lattice shifts resulting in antiphase boundaries (APBs),
i.e. a shift of the iron sublattice while keeping the oxygen
lattice unchanged, have been proposed to explain the
reduction in magnetization in the particle core.”””*
Mossbauer spectroscopy and magnetometry measurements
performed on iron oxide nanoparticles with diameters of
15 nm suggested the lack of a magnetically dead layer.*® Iron
oxide nanoparticles with overall size of 7.4 nm were shown to
be homogeneously magnetized with no significant spin dis-
order at the surface.*® Common to all previous works is the
limitation to few experimental techniques, allowing con-
clusions only on specific parts of the problem.
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In this study we combine neutron and synchrotron X-ray
scattering techniques with magnetometry, transmission elec-
tron microscopy (TEM), elemental analysis and Mdssbauer
spectroscopy to obtain a complete as possible picture of the
nanoparticle properties. We find that the nanoparticles
possess a macroscopically reduced saturation magnetization,
mostly due to the presence of antiphase boundaries as
observed with high-resolution TEM (HR-TEM) and X-ray scat-
tering and to a lesser extent due to a small magnetically
depleted surface layer and cation vacancies.

2. Experimental

2.1. Materials

Commercially available iron oxide nanoparticles with nominal
core diameters of 15 nm with oleic acid coating dispersed in
toluene were purchased from Ocean NanoTech (San Diego,
USA). These particles were synthesized in organic solvent at
high temperature.®?

2.2. Transmission electron microscopy

Transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) was carried out using a FEI Tecnai G2 F20
field emission transmission electron microscope in bright
field mode, operated at 200 kv at the Ernst Ruska-Centre
(ER-C), Forschungszentrum Jiilich GmbH.**> The sample was
prepared by drop coating a carbon layer supported by a Cu-
grid. The contrast between the organic shell of the nano-
particles and the amorphous carbon substrate is relatively
small, thus only the crystalline core of the particles is visible
in the micrographs. Image simulations to verify the contrast
were performed with the QSTEM software package.**

2.3. Mossbauer spectroscopy

Mossbauer spectra were recorded at 4.3 K in transmission geo-
metry and constant acceleration mode using a °’Co(Rh) source
in a liquid helium bath cryostat. The particle dispersion was
dried and the powder was mixed with chemically inert boron
nitride to obtain a homogeneous sample of sufficient volume.

2.4. X-ray scattering

2.4.1. Total scattering. Synchrotron X-ray scattering experi-
ments on dried nanoparticle powder were performed at the
Material Science Beamline X04SA of the Swiss Light Source at
the Paul Scherrer Institut (Villigen, Switzerland).*® After normal-
ization and correction of the obtained powder pattern the pair
distribution function (PDF) was calculated with PDFgetX3.%°
Analysis of the PDF was carried out with PDFGUIL.*’

2.4.2. Small-angle X-ray scattering. Small-angle X-ray scat-
tering (SAXS) experiments were performed at GALAXI
(Gallium anode low-angle X-ray instrument) at Jiillich Centre
for Neutron Science (JCNS), Forschungszentrum Jiilich
GmbH.?*® The experiments were conducted at two detector
distances (3535 and 835 mm) to cover the entire Q-range (4 x
107> to 8 nm™ ") available on the system. Ga Ka radiation with
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9243 eV photon energy (wavelength: A = 0.134 nm), mono-
chromatized by parabolic Montel-type optics was used. The
beam was collimated by two 4-segment slits. The data were
recorded on a Pilatus 1 M 2D position sensitive detector. The
isotropic detector images were radially averaged using the
fit2D software.>® The data were corrected for the empty cell
and solvent scattering and the scattering cross section per
unit volume (1/V(g—g)) was obtained via the reference
material FEP 1400 A. Data analysis was performed with
Jscatter.”® The wavelength spread for GALAXI is AA/A ~ 3 x
107% (Ga Ka; and Ga Ka, not resolved) but is deemed small
enough to not be considered in the fitting."' For the experi-
ment borosilicate glass capillaries from Hilgenberg GmbH
with wall thickness of 0.05 mm and internal diameter of
2.0 mm (ref. 42) were filled with nanoparticle dispersions
(0.02 and 0.002 vol% of particles).

2.5. Small-angle neutron scattering

Small-angle neutron scattering with polarized neutrons
(SANSPOL) was performed on KWS-1 operated by the Jiilich
Centre for Neutron Science at Heinz Maier-Leibnitz Zentrum
(Garching, Germany).**** Neutrons with a wavelength of 4.9 A
and polarization, P ~ 90.5%, were detected at two detector dis-
tances (2 m and 8 m) with initial beam polarization opposite
to the magnetic field, spin down, and parallel to it, spin up
(flipper efficiency ¢ = 0.998). A diluted solution of spherical
nanoparticles 0.38 vol.% was measured at 5 contrast con-
ditions. Contrast variation experiments allow to probe directly
the nuclear core-shell structure of the nanoparticles and utiliz-
ation of polarized neutrons allows the magnetic structure to be
precisely determined from a simultaneous fit of the multiple
datasets of magnetic-nuclear interference. Discrepancies, if
present between the magnetic and nuclear core size, will allow
conclusions on the presence and thickness of a magnetically
dead or depleted layer at the particle surface. Different con-
trasts were achieved by mixing hydrogenated and deuterated
toluene (h-toluene and d-toluene). The final solvent compo-
sition constituted 0, 25, 35, 50 and 80 vol.% of d-toluene and
the resulting scattering length densities (SLDs) with contrasts
(difference in SLD between the nanoparticle core and solvent
(ASLDcore) and the organic shell and solvent (ASLDgpep)) are
listed in Table 1. Quartz cuvettes (Hellma GmbH, Germany) of
1 mm thickness were filled with 300 pl of the samples and put

Table 1 Contrasts in the samples prepared for SANS

SLDsolvent ASLDcore ASLDshell
Deuteration (vol%) (107°A™%) (107°A™2) (107°A™%)
0.0 0.939 5.717 0.861
24.8(1) 2.111 4.545 2.033
34.7(1) 2.579 4.077 2.501
49.6(1) 3.283 3.373 3.205
79.8(1) 4.710 1.946 4.632

SLDc7s = 0.939 x 107° A7, SLDgypg = 5.664 x 107° A™%, SLDghen =
0.078 x 107 A2, SLDore” = 6.656 x 10~° A™2, *Assuming y-Fe,0;

This journal is © The Royal Society of Chemistry 2021
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in sample position where a horizontal magnetic field of 0.5 T
was applied orthogonally to the incident neutron beam.

The data were corrected for the solvent background and
empty cell scattering and normalized to absolute intensities by
measuring secondary standard samples and the empty beam.
For each polarization state 10°-sectors in detector plane paral-
lel and perpendicular to the applied field direction were inte-
grated with the aim of obtaining the purely nuclear scattering
contribution and the magnetic-nuclear interference term,
respectively. Data reduction and fitting was carried out with
qtiKWS and qtiSAS.*

2.6. Magnetometry

Magnetometry was performed using a superconducting
quantum interference device (SQUID) magnetometer (MPMS
XL, Quantum Design). The nanoparticle dispersion was
diluted in paraffin to 0.1 vol.% of the original concentration
such that interparticle interactions become negligible. Pieces
of the solid nanoparticle-paraffin mixtures were extracted
using ceramic tools to avoid contamination with ferro-
magnetic materials. Zero-field cooled (ZFC) curves were
measured by first cooling the sample in zero magnetic field to
10 K, then applying a magnetic field and subsequently record-
ing the magnetization while heating to room temperature.
This is followed by a field-cooled (FC) measurement being
recorded upon cooling to 10 K with the same magnetic field
applied. To confirm the absence of interparticle interactions
aged zero field cooled (aZFC) measurements, that would be
able to detect a collective superspin glass state, were per-
formed by stopping the zero field cooling process at 120 K for
10* s and then proceeding in the same way as for the regular
ZFC curves. Magnetization vs. field curves were obtained by
sweeping over a field range of —1 to 1 T for constant tempera-
tures (300 and 10 K). The low temperature curves were
recorded after various cooling fields of 0, 0.1 and 1 T. AC-sus-
ceptometry was performed using the AC-option of a Quantum
Design MPMS-5S SQUID magnetometer with frequencies in
the range of 0.1-1500 Hz at temperatures between 5 K and
300 K.

2.7. Inductively coupled plasma optical emission
spectroscopy (ICP-OES)

ICP-OES was carried out at the central Institute for
Engineering, Electronics and Analytics (ZEA-3), Forschungszentrum
Julich GmbH. Samples used for magnetometry measurements
were extracted from the sample holder, microwave digested in
HNO; and H,0, and then analyzed. Co, Fe, Ni, Gd, Cr and Al
were considered for determination of the total weight present
in the sample. Details are presented in ESI Table S2.

3. Results and discussion

We discuss firstly the SAXS measurements, that provide the
particle size and size distribution, being essential for the
evaluation and interpretation of the subsequent part.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 SAXS scattering curves for two concentrations of nanoparticles
dispersed in toluene. Clearly visible oscillations point to a well defined
shape and small size distribution of the nanoparticles. The dashed lines
in the inset correspond to a Guinier approximation of the low-Q region
(In 1/V(do/d) vs. Q? plot), the solid lines — to a solid sphere fit with par-
ticle radius and polydispersity as fitting parameters.

SAXS scattering curves (Fig. 1) measured from two samples
with different particle concentrations (0.02 and 0.002 vol%)
were simultaneously fit to a model of polydisperse spheres
with lognormal size distribution

_M (1)

P(x7R070) = 262 )

1
ex
oX\/ 21 P

which provided the distribution parameters R, = 7.8(1) nm and
6=0.095(1).

For both concentrations of nanoparticles no interparticle
effects were detected. A Guinier approximation of the low-Q
region in both cases shows no deviation from the linear behav-
iour in a In7 vs. Q® plot (see inset in Fig. 1), thus confirming
that particles are non-interacting and similar in size.*® From a
linear fit the radius of gyration, R, of the nanoparticles can be
extracted without assuming any model. R, was found to be

. . 3
6.3 nm, which according to Rg2 :ERZ, corresponds to a

spherical particle radius of 7.9 nm in agreement with the par-
ticle size determined from the solid sphere fit. We have to
emphasize that in the X-ray scattering, because of a vanishing
contrast between surfactant shell and solvent, the signal orig-
inates mainly from iron oxide cores and contribution from the
organic coating can be neglected.”’

Magnetization curves, M(H) and M(T), normalized to the
amount of iron present in the sample as determined by
ICP-OES (ESI Table S1+), are displayed in Fig. 2. The maximum
of the ZFC curve (Fig. 2(a)) lies at 172 K. For perfectly mono-
disperse nanoparticles with equal magnetic anisotropy ener-
gies this temperature marks the transition from a blocked to
an unblocked state, i.e. the blocking temperature T. For devi-
ations from this ideal case the mean blocking temperature is
found at slightly lower values.*®* AC-susceptibility measure-
ments on our samples (ESI Fig. S71) suggest a mean blocking

Nanoscale, 2021,13, 6965-6976 | 6967
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Fig. 2 (a) M(T) ZFC and FC curves measured at 5 mT. The maximum of

the ZFC curve and the splitting are in very close proximity, pointing to a
small size distribution of the particles. The blocking temperature taken
at the maximum of the ZFC curve yields 172 K. (b) M(H) curves measured
at room-temperature (RT) and 10 K (with cooling fields of 0.0, 0.1 and
1.0 T). The saturation magnetization Mg;; was normalized to the iron
weight in the sample as determined via ICP-OES. A very small shift of
the field cooled curves is visible. The green line corresponds to a
Langevin fit (eqn (5)).

temperature of 160 K. Together with the particle volume V, the
measurement time 7,,, (taken as ca. 30 s) and the elementary
spin flip time 7,, which is typically on the order of 107° s for
superparamagnetic systems in ZFC/FC measurements, the
magnetic anisotropy energy constant K can be determined
according to”°

X kpTy In 7y, /70 . 2)
Vv
This results in a magnetic anisotropy energy of 27 k] m™,
which is comparable to previously reported values for similar
particles®** and significantly larger than the maghemite mag-
netocrystalline anisotropy of K = 4.7 k] m™® obtained from
measurements on single crystal films and powders.>® The
close proximity of the splitting of the curves to the maximum
of the ZFC curve points to a narrow particle size distribution®°
which is consistent with the results obtained from SAXS
experiments. The constant, i.e. not decreasing part of the FC
curve for temperatures smaller than the ZFC peak temperature
indicates the absence of a significant interparticle inter-
action® and the absence of an additional paramagnetic signal
from impurity atoms or clusters dispersed between the
particles.>
A very small exchange bias field of yoHy = 8mT in the 0.1 T
field cooled M(H) curve was detected (inset in Fig. 2b).
Exchange bias in iron oxide systems has previously been attrib-
uted to a ferro(ferri)magnetic/antiferromagnetic interface, e.g.
the presence of wiistite (FeO) in maghemite/magnetite
(y-Fe,03/Fe;0,) particles.>>® On the other hand, it has been
reported that antiphase boundaries produce exchange bias in
thin films®” and according to Wetterskog et al>” might also
occur in nanoparticles. Such lattice translations modify the
Feocr~O-Fep.r. bond angles across the APB from 90° to 180°
(Fig. 3(e)). In agreement with the Goodenough-Kanamori
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Fig. 3 (a) HR-TEM micrograph of an isolated nanoparticle viewed along
[310]. A region with an APB is marked with the red square. (b) Marked
region of (a) with a schematic of the crystal structure, the atom positions
were verified by multislice TEM image simulations (inset). The lattice
plane along which the translation occurs is indicated with the white rec-
tangle. Red and blue dots represent iron atoms in octahedral and tetra-
hedral coordination, respectively. (c) The micrograph depicted in (a)
after masking the 220 Bragg reflection (red circle in the inset) in the fast
Fourier transform (FFT) and calculating the inverse FFT (IFFT). Now the
lattice translation becomes clearly visible. (d) The IFFT after masking the
440 reflection, here the APB is not visible. (e) Schematic of the crystal
structure viewed along [110] (black arrow) illustrating the bond angle
change between octahedral atoms (red) from 90° (green) to 180° (red
half-circle) through the iron sub-lattice shift.

rules®®°

the superexchange interaction between iron cations
at the APB was found to be antiferromagnetic via magneto-re-
sistance measurements on Fe;O, thin films.®® On the basis of
Monte-Carlo simulations it was proposed that APBs are respon-
sible for the drastic reduction of saturation magnetization
(Mg, in iron oxide nanoparticles.>® Thus, checking for the
existence of such defects in the studied samples is an impor-
tant step towards answering the central question of the origin

of the reduced Mg,,.

This journal is © The Royal Society of Chemistry 2021
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During the synthesis of monodisperse iron oxide nano-
particles via thermal decomposition of an iron-oleate
complex® the particles pass through a stability field of the
wiistite (FeO) phase that gets first oxidized to magnetite
(Fe;0,) and then to maghemite (y-Fe,O;). In this process it is
common to introduce lattice shifts and antiphase boundaries
(APBs).>” The presence of APBs in the samples of this study is
directly confirmed by HR-TEM (Fig. 3). They can be more
easily identified by masking the Bragg peak of the lattice
planes that will be affected by this translation, in this case
the220 reflection (Fig. 3(c)). The lattice shift is not affecting
the oxygen sublattice (illustrated by masking the 440 peak in
Fig. 3(d)) and does not change the net Fe coordination,
leading to a very low formation energy.®> HR-TEM, while being
very precise, can only provide statistically limited information
on the particle structure. To confirm that APBs occur signifi-
cantly often in the particles, larger ensembles have to be
studied, which is provided by X-ray diffraction. This method
probes the average crystal structure of the nanoparticles over a
large sample volume and the presence of APBs can be deduced
from selective peak broadening (Fig. 4).

A coherent structure size can be estimated from the FWHM
of the strongest peaks using the Scherrer equation

KA
B cosO’

(3)

Dpi =

where Dy, is the size of the investigated crystallite in the direc-
tion perpendicular to the set of planes with the Miller indices
hkl. K is a factor accounting for the crystallite shape, 1 is the
X-ray wavelength, By is the fullwidth at half-maximum
(FWHM) of the corresponding Bragg peak in radians and @ is
the scattering angle.®>®* The value of K is usually taken as 0.94
for spherical particles with cubic unit cells.®® By, for the peaks
were extracted from Voigt profiles fitted to the experimental
data and were then corrected for instrumental peak broaden-

160| © Data (311)
* Superstructure peaks

— Fit

1401|— Voigt peaks

—— Y-Fe203caic
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3.
QA"

Fig. 4 X-ray scattering spectrum of the nanoparticle sample. FWHM of
the strongest peaks were extracted from Voigt profiles. The inset shows
the peak corresponding to lattice planes (400) together with calculated
peak positions for theoretical bulk lattice parameters of y-Fe,Os and
Fez0O4. Peaks are indexed with the cubic spinel structure.
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ing according to By = v/Bobs® — Bstandard? 0 with the NIST stan-
dard 660a LaBg.

The FWHM for the peaks (220), (311) and (511) are approxi-
mately doubled compared to the ones obtained from (222),
(440) and (400) (Table 2). A similar result was reported by
Wetterskog et al.>’ based on peak width analysis of 220, 440
and 400 peaks in iron oxide nanoparticles. This indicates that
the structurally coherent domain size is reduced in the direc-
tion perpendicular to the (220), (311) and (511) lattice planes.
The orientation of the planes corresponding to the (220) peak
is the same as that of the shifting plane associated with the
APB. The lattice planes (311) and (511) are not completely par-
allel to this translation, however they are only slightly tilted
with respect to the (110) plane. The (440) peak is not influ-
enced by this antiphase boundary lattice shift, in spite of
being parallel to the shifting plane, because the corresponding
plane distance is smaller than the region of the unit cell
affected by the translation. This can be illustrated by Fourier
transforming a micrograph of a nanoparticle and masking the
respective Bragg peaks before performing the inverse Fourier
transform as shown in Fig. 3(c) and (d). The effect of an APB is
only visible in the image with the (220) peak masked. The
approximate doubling of the FWHM for planes parallel to the
APB leads to an approximate halving of the coherent crystal-
lite, which is to be expected considering that the observed
XRD pattern represents an average over many particles and
particle orientations. If APBs develop with different distances
to the particle surface, the average distance will be approxi-
mately half the particle diameter. The fact that we clearly
observe such doubling of the respective FWHM indicates that
a large portion of particles contains APBs.

As previously mentioned the exchange bias effect visible in
inset in Fig. 2(b) could also be attributed to a ferro(ferri)mag-
netic/antiferromagnetic interface, e.g. the presence of wiistite
(FeO) in maghemite/magnetite (y-Fe,Os/Fe;0,) particles.’”>°
The Néel temperature of wiistite (FeO) is 198 K (ref. 67) and is
thus obscured by the superparamagnetic transition. For mag-
netite (Fe;0,) a shoulder or a kink in the ZFC curve of a M(T)
measurement would be expected near the Verwey transition
temperature Ty = 120 K.°® However, in the experimental ZFC
curve no feature around the Verwey temperature was observed.
According to Goya et al.®® such transition can be suppressed
for sufficiently small particles (diameter <50 nm). An exact

Table 2 Peak width analysis of the peaks shown in Fig. 4

hil Q@A™ FWHM (°) Dy (A)
220 2.126(1) 0.33(1) 71(1)
311 2.487(1) 0.30(1) 78(1)
222 2.598(1) 0.15(1) 152(1)
400 3.007(1) 0.16(1) 149(1)
422 3.683(1) 0.37(1) 63(1)
511 3.907(1) 0.34(1) 69(1)
440 4.253(1) 0.18(1) 135(1)

K=0.94, 1= 0.4329 A.
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knowledge about the particle composition is of great impor-
tance for a proper assessment of the origin of the exchange
bias and can be obtained from the analysis of the pair distri-
bution function, derived from the X-ray total scattering spec-
trum. It has to be taken into account that three superstructure
peaks appear at 1.51, 1.68 and 1.85 A" (marked with asterisks
in Fig. 4), which are related to a vacancy ordering mainly on
the octahedral sites and a resulting reduction of the symmetry
from a cubic to a tetragonal structure.”®”?

The PDF represents a probability of atoms to be separated
by the distance r (Fig. 5) and provides insight into the particle
composition and the local crystal structure. It is obtained by a
Fourier transformation of the total scattering structure func-
tion, S(Q), which is the background corrected and normalized
synchrotron powder scattering data I(Q).”* For the refinement
a crystal structure model for maghemite with the space group
P432,2 with a tetragonal/pseudocubic unit cell as proposed in
the literature’>’*”> was used as a starting point. As stated
above, this choice is supported by the presence of the super-
structure peaks in the diffraction pattern (Fig. 4). A thorough
discussion of this space group choice is presented in the ESI
(ESI Fig. S1, S2 and Table S17). Refinement parameters are the
lattice constants a = b and ¢, the atomic positions, a scale
factor, a factor accounting for temperature effects affecting the
low r region (§) and site occupancy factors (SOFs) of the iron

7.5

5.0

25

0.0

PDF (A-2)

=2.5

-5.0 —4rvM AV e A A

5 10 15 20 25 30
r(A)

Fig. 5 The top left shows the structural units with the iron atoms either
octahedrally or tetrahedrally coordinated. Vacancy ordering on the iron
positions is indicated with green circles in the top right figure. The
numbers correspond to the nomenclature of the iron positions used in
Table 3. The arrows show the atomic spin vectors expected for the bulk
material leading to a ferrimagnetic structure. In the lower figure the PDF
fit of interatomic distances r from 1.5 to 16 A using a tetragonal/pseudo-
cubic crystal structure with space group symmetry P432,2 is shown.
Interatomic distances smaller than the first coordination sphere were
not included in the fit. The dashed lines represent 2 standard deviations
of the difference curve. The structural parameters obtained from the fit
are listed in Table 3.
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Table 3 Results of the PDF analysis presented in Fig. 5. Isotropic displa-
cement parameters (U;s,) for the oxygen atoms were constrained. The
position designation is according to the crystal structure drawn in Fig. 5.
Particle size corresponds to the effective diameter of the particles,
which is reduced compared to the value from SAXS due to the above
mentioned selective peak broadening that enters the PDF through the
Fourier transform of the total X-ray scattering pattern

Position x/a /b z/c Uiso SOF
Fel(tet.)  0.7469(5) 0.9985(5)  0.1201(5)  0.0068(5)  0.98(2)
Fe2(oct.)  0.3672(5)  0.6328(5)  0.75 0.0073(5)  0.39(2)
Fe3(oct.)  0.1205(5)  0.8795(5)  0.25 0.0069(5)  0.93(2)
Fe4(oct.)  0.3685(5)  0.8683(5)  0.9866(5)  0.0067(5)  0.92(2)
o1 0.1414(5)  0.3833(5)  0.5077(5)  0.0119(5) 1

02 0.3794(5)  0.1314(5)  0.0013(5)  0.0119(5) 1

03 0.1299(5)  0.8676(5)  0.0232(5)  0.0119(5) 1

04 0.3749(5)  0.6293(5)  0.9933(5)  0.0119(5) 1

a=b=8.358(2) A, c = 8.358(2) A. 5 = 1.66(1) A™", particle size = 106(5)
A, Qmax =18 A7, 1oy = 1.3 A, Ry, = 0.146.

positions. The fit results are shown in Table 3. The X-ray scat-
tering spectrum clearly shows a mixed phase composition of
the nanoparticles (inset in Fig. 4). The dominant phase is
maghemite (y-Fe,O3) with a smaller contribution of magnetite
(Fe30,4). Wiistite (FeO) should produce a strong peak at around
Q =2.91 A™*, which is not present in the observed pattern. The
lattice parameters obtained from the PDF analysis can be used
to quantify this phase composition. The average lattice para-
meter of 8.358 A corresponds to roughly 18(10)% Fe;0,. The
error of this estimate is quite large due to large deviations of
the bulk y-Fe,Oj; lattice parameters in the literature.”® We like
to note that in order to exclude a possible influence of the
instrument calibration on these measured values bulk refer-
ence samples of Fe;0, and FeO and a nanopowder with a mix
of Fe;0, and y-Fe,O; (50 to 100 nm in size) have been
measured. An independent estimation of the particle phase
composition can be obtained using Mossbauer spectroscopy
(Fig. 6). The Mgssbauer spectrum consists of three sextet sub-
spectra, assigned to B-site Fe’" (dark red), A-site Fe** (red) and
B-site Fe*" (orange). Due to the limited thermal energy at
4.3 K, no signs of beginning superparamagnetic relaxation are
visible, wherefore the subspectra could be reproduced via sym-
metric sextets. Due to the lower magnetic moment of Fe>" as
compared to Fe®*, the Fe>” subspectrum exhibits a smaller
sextet splitting, as well as a higher isomer shift due to
different electronic charge densities close to the iron
nucleus.””””® To obtain higher precision in the estimation of
the Fe*" fraction, hyperfine parameters of the three sextet com-
ponents were compared to those of larger particles obtained
from the identical synthesis route, exhibiting higher contents
of Fe;04. Fe** is only present in the Fe;0,4 structure and can
therefore be used to estimate the phase composition, yielding
a Fe;0, contribution of roughly 15% with the rest being
y-Fe,03, in agreement to lattice constants of the particles dis-
cussed above. A FeO (wiistite) contribution is not apparent in
the spectrum, thus also ruling out FeO as the cause for the
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Fig. 6 Modssbauer spectrum recorded at 4.3 K. The fit curve (green) is
obtained by a superposition of three magnetic sextets, corresponding to
Fe3* on octahedral and tetrahedral positions and Fe?* on octahedral
sites.

visible exchange bias in Fig. 2(b) and further supporting the
presence of APBs as stated earlier.

In addition to the particle composition, the PDF allows also
the investigation of the local crystal structure as presented in
the following. The refined crystal lattice features slightly dis-
torted coordination polyhedra and the refinement of SOFs
reveals partial vacancy ordering with the majority of vacancies
on octahedral Fe2 lattice sites (Fig. 5). The preference of
vacancies for octahedral lattice sites could be a result of the
oxidation of Fe;0, to y-Fe,O3. Assuming an in situ oxidation of
Fe**-ions to Fe’" through the migration of electrons a charge
imbalance will form locally which drives the Fe;"-ion outwards,
leaving a vacancy behind. Since Fe®" is situated only on octa-
hedral lattice sites in the Fe;O, structure due to its larger ionic
radius, the vacancies will be mainly formed on octahedral
sites.”” The vacancy ordering is not complete, as a reduced
occupancy is also found on the tetrahedral iron position Fel
and on the other octahedral iron sites (Table 3). In total, the
amount of iron atoms in the unit cell corresponds to an occu-
pation of 85(2)%, which is slightly lower than the theoretical
value of 88.9% for maghemite (y-Fe,0;).”" This leads to a the-
oretic reduction of the saturation magnetization by 9%, assum-
ing perfect parallel and antiparallel alignment of atomic
moments with an applied field on octahedral and tetrahedral
positions and magnetic moments of 4.19 and 4.03ug, respect-
ively.”" This is, however, neglecting the influence of vacancies
on the local environment and thus the exchange interactions.
The average iron-oxygen distances for the vacancy rich Fe2
position (2.119 A) are larger than for the other two octahedral
positions (1.981 A for Fe3 and 2.064 A for Fe4), which shows
the influence of the vacancies on the local environment. The
super-exchange interactions present between the iron atoms
are highly dependent on the bond lengths and angles.’® In the
refined crystal structure the Fe-O-Fe bond-angles between
tetrahedral and octahedral iron are in the range of 114 to 130°
giving rise to the antiferromagnetic coupling of both sublat-
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tices. The moments of octahedrally coordinated iron atoms
couple ferromagnetically with an average Fe-O-Fe bond angle
of 90°. However in the vicinity of a vacancy position (Fe2) some
bond angles between adjacent iron atoms are altered to 102°.
This would probably weaken the ferromagnetic alignment and
lead to a reduction of the macroscopic magnetization. On the
other hand it was previously shown that vacancy ordering, as
observed in the samples of this study, increases the magnetiza-
tion of iron oxide nanoparticles compared to particles with
disordered vacancies,?® even up to bulk values for particles
with a high degree of vacancy ordering and otherwise defect
free crystal structures.®’ Additionally, with the small-box
approach used in PDFGUI, ie. the assumption of periodic
boundary conditions, it is not possible to model large range
variations in the particle composition or vacancy concen-
trations. It might be that the increased number of vacancies is
linked to structural disorder at the particle surface. Atomistic
simulations that might determine the influence of vacancies
on the saturation magnetization more precisely are very
complex and beyond the scope of this work. However, we can
still conclude that the partial vacancy disorder contributes to
the observed reduction in magnetization, but alone is not
sufficient to explain it in full.

The M(H) curves in Fig. 2(b) were fitted with the Langevin

function wunder consideration of the particle size
distribution®®*? as determined from SAXS
M(B,T) = | MgL|{—— |P(v)dv. (4)
0 ksT

Here, u, is the particle magnetic moment, which is related
to the saturation magnetization via Mg, = up/Vip, where V; is
the total particle volume and p the particle density. P(v) is the
particle size distribution, as given in eqn (1). B is the magnetic
induction, kg and T are the Boltzmann constant and the temp-
erature, respectively. L(x) is the Langevin function according to

L(x) = coth(x) — % 5)

At 300 K the saturation magnetization constituted 83(1) A
m? kgp. " (using the amount of iron of 1.363(17) g as obtained
by ICP-OES (ESI Table S17)). Assuming either pure Fe;O, or
y-Fe,0; this yields 61(1) A m® kgreo, ' and 59(1) A m?
Kg,—re,0, ', respectively. Considering the particle composition
a value of 60(1) A m® Kgperice * is obtained. The values for the
saturation magnetization are significantly lower than the room
temperature bulk values for Fe;0, (86 A m* kg™ (ref. 83)) and
¥-Fe,0; (75 A m*> kg™ (ref. 84)) suggesting a decrease in satur-
ation magnetization of about 23%. By referring to room temp-
erature data the temperature dependence of the saturation
magnetization is implicitly taken into account. Comparison to
bulk values is justified through the observation of nearly bulk
saturation magnetization values in iron oxide nanoparticles in
previous studies.?*%*%°

In order to study the magnetic structure of the nano-
particles a series of SANS experiments with polarized neutrons
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was performed where the scattering intensities for the two
neutron spin states are given by

I7(Q,q) = Fx? + (Fum? — 2PF\Fy) sin” a, (6)

I" (Q,a) = FN? + (Fm? 4 2PeFyFy) sin a, (7)

where P is the incident neutron polarization, ¢ is the flipper
efficiency and « is the angle in detector plane between the Q
vector and the direction of the applied magnetic field.*® Fy
and Fy are the nuclear and magnetic form factors, respect-
ively. Superscripts — and + correspond to neutron spin state
antiparallel to the magnetic field (spin down) and parallel to it
(spin up). For Q||H, i.e. when a = 0° or a = 180°, the term in
parentheses in eqn (6) and (7) does not contribute and the
scattering intensity results purely from to the nuclear form
factor.®*"*® To improve statistics a sector of 10° width was inte-
grated around 0° and 180°. The data in sectors obtained in
such a way were averaged between up and down channels for
each contrast. A simultaneous fit of the five obtained scatter-
ing curves to a model of a core-shell sphere was performed in
a combination with a sticky hard sphere structure factor that
accounts for the weak interaction between the nanoparticles
detected along the direction of the applied magnetic field
(Fig. 7(a)). Using parameters of the lognormal size distribution
from SAXS the thickness of the oleic acid shell was found to be
1.4(1) nm, which is in agreement with previously reported
values.”*%>°° Extrapolated SANSPOL intensities at Q = 0
plotted against the relative deuteration reveal the match point,
i.e. the point where the scattering intensity takes its minimum
due to the proximity of the solvent SLD to the average SLD of
the nanoparticles (Fig. 7(b)). Following Avdeev’® with the
knowledge of the lognormal size distribution the total (V,),
core (V) and shell (V) volume, as well as the scattering length
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density of the shell (SLDy) it is possible to calculate the core
SLD (SLD,) according to

SLDpp (Vi?) — SLD§(ViV;)

SLD, = v , (8)

where angle brackets symbolize averaging over the particle size
distribution (eqn (1)). With SLDy = 0.08 x 107° A and the
match point at 69(2)% d-toluene this results in a nuclear core
SLD of 6.8(2) x 10~® A™%, which is in excellent agreement with
the theoretical value of 6.7 x 107® A= assuming the compo-
sition as determined by PDF analysis and Mossbauer spec-
troscopy. The scattering intensity of the SANSPOL experiment
in the sector perpendicular to the magnetic field direction was
used to get information on the magnetization distribution
within the nanoparticle. We observed no signs of interparticle
interaction in the direction perpendicular to magnetic field,
i.e. no structure factor contribution to the scattered intensity.
Subtraction of I~ from I" given in eqn (6) and (7) results in the
magnetic-nuclear interference term Be,oss (Fig. 7¢),

I'(Q,a) — I (Q,a) =2P(1 + £)FyFy sin® a

= Beross(Q) sin” a.

(9)

A simultaneous fit of all five interference terms was per-
formed. For Fy the core-shell model was used with all para-
meters fixed from the analysis of scattering intensity in sectors
parallel to the applied magnetic field. In case of Fy a core-
shell model with magnetic SLDs was used. The only fit para-
meters were a non-magnetic shell thickness, tn,.,, and the
magnetic scattering length density, SLD,,. The shell thickness
evaluated to 0.3(1) nm giving a SLD,, for the magnetic core of
9.4(2)x1077 A2 (a detailed description of the fitting procedure
is presented in the ESI{). The magnetic scattering length
density SLD,, is related to the magnetic particle moment

101 J
124
101
100 4
= 81
E 107"+ 6
g
= N
10-2 69(2) %
2 -
0
1078 - - . : . :
0 20 40 60 80 100 1071
Q[A~1] % D-Toluene Q[A-1]
Fig. 7 (a) SANSPOL with 5 different contrasts. The black line represents the best fit of a core—shell model with a sticky hard sphere structure factor

(inset on the lower left). (b) Contrast matching. The minimum of the parabolic fit corresponds to the match point resulting in a core SLD of 6.8(2) x
107 A2 The inset shows the 2D-detector image for 50% d-toluene in the up-channel. The white triangles mark the integration sectors. (c) Fit of
the magnetic-nuclear interference terms for the 5 contrasts, according to eqn (9). The only fit parameters are the magnetic scattering length density

(SLD,) and thickness of a magnetically dead shell.
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according to pi, = SLDy, Vegtip/C, where ug is the Bohr magneton
and C is a constant given by C = 1/2g,r, = 2.7 x 107> A, with g,
the neutron gyromagnetic factor, r, the classical electron
radius. V. is the effective magnetic particle volume.”®
Together with M, = up/Vip the saturation magnetization M,
in A m? kg™ is related to SLDy, in A™2 via

SLDumptp Vert

M. =
sat Cp Vt ’

(10)
where p is the mass density and V; is the total particle volume.

From SLD,, a saturation magnetization of 58(4) A m’
Kgperrice - is calculated, which is in very good agreement to
Mg, at 300 K from the SQUID-magnetometry measurements
that constituted 59(1) A m? kggerrice  (Fig. 2b).

In the work of Disch et al.>® spherical particles with dia-
meter of 9.94 nm and FWHM of a lognormal size distribution
of 0.055 were used. The authors concluded based on
SANSPOL, VSM, SAXS and TEM data that a small magnetically
depleted surface layer of 0.3(1) nm is present, but the main
factor leading to the observed reduction of the magnetization
compared to bulk values must be effects in the nanoparticle
core in line with our findings. In the work of Herlitschke
et al*® no magnetic core-shell structure was reported for
spherical particles with diameter of 7.4 nm and ¢ of a lognor-
mal size distribution of 0.057 and the reduction of the magne-
tization was entirely ascribed to random orientations of atomic
moments homogeneously distributed in the particle. A recent
study by zZakutna et al.®' on cobalt ferrite nanoparticles with
mean diameter of 14.1 nm and lognormal size distribution of
o = 0.031 revealed a magnetically disordered surface region of
0.7 nm thickness. Since the particles used there were com-
posed of cobalt ferrite the results are only partially comparable
to pure ferrite nanoparticles. In the work of Krycka et al.>*
nanoparticles with diameter of 9.0 nm were investigated by
SANS with polarization analysis. Here a magnetic surface layer
of 1.0(2) nm with magnetization direction orthogonal to the
core was proposed. Measurements were done on self
assembled particles with considerable interparticle inter-
actions that might influence this result and make comparisons
to our samples difficult. Sharifi Dehsari et al*® investigated
particles ranging in diameter from 6.3 to 16.2 nm and found
that particles consist of both magnetite and maghemite
phases with possibly magnetic domains for particles larger
than 14 nm and concluded from fittings to M(H) curves that
no magnetic dead layer is present in all particle sizes. These
inconsistent results with regards to a non-magnetic surface
layer reflect the difficulties in assessing the particle surface
with experimental methods and the data analysis. However,
most authors agree that intraparticle effects play a major role
in the reduction of saturation magnetization regardless of the
presence of a surface layer.

A non-magnetic surface layer of 0.3 nm thickness could
account for a magnetization reduction of max. 10%.
Considering that the magnetization is 23% lower in the par-
ticles of this study compared to bulk reference values a surface
layer alone is not sufficient to explain the reduction. The
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observed increased amount of vacancies in the crystal struc-
ture might also reduce the magnetization, however, as men-
tioned above, the observed ordering of the vacancies counter-
balances this effect. Additionally, vacancies might preferably
form on the particle surface and lead to the small non-mag-
netic surface layer that was observed with neutron scattering.
The obtained data point to the fact that the observed magneti-
zation reduction stems mainly from the core of the nano-
particles, i.e. due to the presence of antiphase boundaries.

Finally, the Langevin fit to the 300 K M(H) data yields a
magnetic particle moment of u, = 633035, consistent with the
up obtained from SANS (u, = 63102u5). However, a closer exam-
ination of the fit curve shows a deviation from the data for
field values between —0.2 and 0.2 T (Fig. 8), which would be
better described by a smaller particle moment. In order to
achieve the same saturation magnetization such a small par-
ticle moment would require a reduced effective magnetic par-
ticle radius of 6.8 nm, much smaller than the magnetic radius
of 7.5 nm we observed in SANS. More likely are either a distri-
bution of magnetic moments®® or a field dependence of the
particle magnetic moment, originating from a field depen-
dence of the magnetic particle volume. The magnetically
depleted surface layer could increase for decreasing fields, as
was observed for cobalt ferrite nanoparticles.’ In addition the
region of canted spins in the vicinity of the APB also increases
for decreasing fields, as observed in iron oxide thin films.??
Both effects will reduce the magnetic volume of the particle,
and lead to a smaller magnetic moment for smaller fields.

In summary we were able to assess the structural, chemical
and magnetic properties of the iron oxide nanoparticles used
in this study. Our findings are compiled in the following:

» Reduced room-temperature saturation magnetization of
60(1) A m® K@perrice - compared to the bulk materials

« Core size of 7.8(1) nm and ¢ = 0.095(1) of a lognormal
size distribution and organic ligand shell thickness of
1.4(1) nm

—— 63303ps
—— 38645p;
0.3 0.4

0.2
HoH(T)

Fig. 8 Close-up of the M(H)-RT data depicted in Fig. 2(b). The red
curve corresponds to a magnetic particle moment of 633035, a better
fit is achieved with a smaller particle moment (green).

0.0 0.1
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 Particles are composed of ca. 15% Fe;O, and 85%
y-Fe,03, with no considerable contribution of FeO or other
phases

« A magnetically dead surface layer of 0.3(1) nm was found

« Slightly increased number of vacancies, with partial
order, thereby reducing the crystal symmetry to a tetragonal
space group

» Antiphase boundaries are found directly and indirectly by
HR-TEM and X-ray total scattering.

4. Conclusions

In conclusion, to resolve the open question about the under-
lying mechanism leading to the reduction of magnetization in
iron oxide nanoparticles we addressed aspects such as particle
size, size distribution, composition, structural and magnetic
properties. Our results suggest that the observed reduced mag-
netization is a consequence of primarily the presence of anti-
phase boundaries in the nanoparticle core. We presented a
consistent and precise analysis of the particle surface and the
internal structural defects. For potential improvements of the
particle performance in magnetic applications we propose to
focus on the elimination of intraparticle effects.
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