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Magnetic nanoparticles offer unique potential for various technological, biomedical, or environmental
applications thanks to the size-, shape- and material-dependent tunability of their magnetic properties.
To optimize particles for a specific application, it is crucial to interrelate their performance with their
structural and magnetic properties. This review presents the advantages of small-angle X-ray and
neutron scattering techniques for achieving a detailed multiscale characterization of magnetic
nanoparticles and their ensembles in a mesoscopic size range from 1 to a few hundred nanometers with
nanometer resolution. Both X-rays and neutrons allow the ensemble-averaged determination of
structural properties, such as particle morphology or particle arrangement in multilayers and 3D
Additionally,
magnetization profile of the nanoparticles as well as the inter-particle moment correlations caused by

assemblies. the magnetic scattering contributions enable retrieving the internal
interactions within dense assemblies. Most measurements are used to determine the time-averaged
ensemble properties, in addition advanced small-angle scattering techniques exist that allow accessing
particle and spin dynamics on various timescales. In this review, we focus on conventional small-angle
X-ray and neutron scattering (SAXS and SANS), X-ray and neutron reflectometry, gracing-incidence SAXS

and SANS, X-ray resonant magnetic scattering, and neutron spin-echo spectroscopy techniques. For
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each technique, we provide a general overview, present the latest scientific results, and discuss its strengths
as well as sample requirements. Finally, we give our perspectives on how future small-angle scattering

experiments, especially in combination with micromagnetic simulations, could help to optimize the

performance of magnetic nanoparticles for specific applications.

1 Introduction

Magnetic nanoparticles (MNPs) possess unique tunable prop-
erties and can be manipulated (e.g moved or rotated) by
external magnetic fields, making them ideal candidates for
various technical, biomedical, and energy applications. For
each application, the employed particles must fulfill specific
requirements, especially regarding their magnetic properties.
The magnetism of MNPs can be controlled by various parame-
ters including their morphology, chemical composition, and
arrangement. Some prominent technological applications are
their usage in data-storage devices' or ferrofluids,> which are
stable and dense colloidal suspensions of MNPs used for seals
and dampers. Ferrofluids rely on superparamagnetic particles
stabilized by surfactants that create (reversible) anisotropic
aggregates in a magnetic field, whereas the particles envisioned
for data-storage devices need strong magnetic anisotropy
leading to high coercivities to guarantee thermal stability.
Recently, Liu et al.®> demonstrated the reversible paramagnetic-
to-ferromagnetic transition by jamming MNPs at oil-water
interfaces producing configurable and permanently magnetized
emulsion droplets. This concept can be applied, e.g, to
synthesize magneto-responsive nematic liquid crystals.*

Typical life science applications, on the other hand, include
biosensors,” magnetic resonance® and particle imaging,” remote
cell control,® magnetic drug targeting and delivery,” as well as
magnetic separation.’® For each purpose the particle properties
need to be optimized: whereas some applications may need
superparamagnetic  particles (e.g.,, magnetic resonance
imaging), others prefer large particle moments (e.g., biosensors
and magnetic separation). Another prominent biomedical
application, which is highly dependent on the used particles is
magnetic hyperthermia."* The working principle of magnetic
hyperthermia is to inject MNPs into tumors and heat them by
applying alternating magnetic fields to kill the surrounding
tumor cells. Commercial heating coil setup provide a fixed
frequency (of around 100-1000 kHz) and amplitude (of around
5-20 mT). For clinical application, regulatory requirements for
biocompatibility restrict the material choice mainly to iron
oxides, and thus, only particle morphology and structural
arrangement are tuneable parameters to achieve appreciable
heating under physiological conditions. The unique ability of
MNPs to transduce heat in alternating fields on the nanoscale
is also utilized for catalysis and energy applications, such as
CO, hydrogenation® and electrolysis (i.e. water splitting),"* in
which case the material is not necessarily restricted to iron
oxides.

Different advanced synthesis routes exist to design the ideal
particles for each application, as we will illustrate exemplarily in
the following for magnetic hyperthermia and particle separa-
tion. Generating sufficient heat with alternating fields requires

© 2022 The Author(s). Published by the Royal Society of Chemistry

iron oxide MNPs with a significant dynamic susceptibility at
high frequencies/low amplitudes. Recent works indicate that for
magnetic hyperthermia large, defect-rich MNPs are great
candidates,® including so-called nanoflowers'® and nanocubes
with interfacial defects.” In general, defect-engineering is
a promising approach for particle design since it allows
manipulating intrinsic MNP properties either by introducing
structural defects such as point defects,’® by doping,"” by
combining crystalline and amorphous parent material,*® or by
controlling twin structures in the nanocrystals.>® Core-shell
particle systems are another particle type explored for
magnetic hyperthermia applications®*** as the heating power
can be adjusted by tuning the interface coupling.>* The control
over the magnetic properties via exchange coupling makes
core-shell particle systems compelling for various applications
in life science® and technology.”® Particles that are suited for
magnetic hyperthermia are commonly also suitable for
magnetic particle imaging as the signal is created by alternating
magnetic fields.”” In contrast, for magnetic separation, ideal
particles have a vanishing intrinsic coercivity but a high static
magnetic susceptibility together with a high load capacity and
selective and reversible binding affinity. Particle clusters,?®
magnetic microspheres® or large multi-core systems of self-
assembled nanoparticles, so-called supraparticles,®*® are
desired as they have large moments and can be thus easily
extracted by magnetic gradient fields. Magnetic separation —
which can be used, e.g. for water purification®' or bioseparation
- often necessitates surface modification to achieve the specific
binding of the target compound to the MNPs.** Particle
surfactants can affect the magnetic properties of the function-
alized MNP ensembles, which need to be controlled during
particle synthesis.*® It is worth mentioning that supraparticles
are well-suited for magnetic separation and also envisioned for
a wide array of applications related to sustainability.>* Nowa-
days, the synthesis of supraparticles or mesocrystals can be well
controlled* allowing the preparation of particle systems with
a wide range of magnetic properties and additional
functionalities.®*

In addition to the synthesis of complex, multifunctional
particle systems, the shape and size of the individual nano-
crystals can be easily controlled for many materials,*” including
iron oxides magnetite/maghemite,* and hematite.*® This allows
the preparation of shape anisotropic nanoparticles, which are
great candidates for various applications as the magnetic
properties can be controlled by particle morphology.*® Elon-
gated ferromagnetic nanoparticles can be applied as nanop-
robes for nanorheological approaches when their magnetic
moment is preferentially aligned along the long rotation axis
due to shape anisotropy.** More exotic magnetization states can
be found, e.g. in hollow particles,** nanorings,* nanotubes,*
and other shape-anisotropic hollow particles,* or nanodots*®
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and nano-octopods.*” In many cases, the MNPs consist of the
typical 3d ferromagnetic elements Fe, Co, Ni, alloys (FePt, FePd)
or their oxides, with iron oxides being the most prominent
example. Recently, MNPs of 4f-intermetallic alloys (e.g. TbCu,
(ref. 48) or GdCu, (ref. 49)) gained interest because their
magnetic order can be easily tuned with particle size and
microstrain. Rare-Earth intermetallics are promising candi-
dates for magnetocaloric applications by tuning the strength of
magnetic coupling and modifying the contributions of frus-
trated and disordered magnetic moments.*® Furthermore, they
excel by a high saturation magnetization and hysteresis-less
magnetic response which is desirable for various technolog-
ical applications.* To sum up, a large catalog of different MNP
systems exists with unique functionalities tailored with the
structural and magnetic properties. The latter can be achieved
by either varying the material, the morphology of the individual
nanoparticles, or interparticle interactions. As illustrated in
Fig. 1, to optimize a given MNP sample for a specific applica-
tion, one needs to interrelate their macroscopic properties with
their chemical and magnetic nano-/microstructure.

To describe the magnetic response of MNP on the macro-
scopic level, it is often assumed that the individual particles or
crystals are single-domains with a homogeneous internal
magnetization profile. Single-domain means that all the atomic
magnetic moments u, within the particle are aligned parallel to
each other.’ Hence, the total particle moment can be repre-
sented by a macrospin u = ) u,, and thus MNPs may be
regarded macroscopically as simple dipoles. The moment u
fluctuates with a characteristic relaxation time 7 between energy
minima due to thermal activation and it can be distinguished
between superparamagnetic (measurement time ¢,, >> t) and
thermally blocked (¢, < 7) particles. Only spherical and defect-
free particles with diameters below a material-specific single-
domain size can be considered model-like, homogeneously
magnetized particles. Real MNP samples always deviate to

'Macroscopic
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a certain extent from this oversimplified picture. The intra- and
inter-particle magnetization profiles depend on various
parameters, including the particle size and shape,***'°® as well
as dipolar interactions with neighboring particles.'®” Further-
more, structural defects within MNPs are very common,'*
especially at the particle surface,'® which can critically affect
their magnetic properties. Magnetization or Mossbauer spec-
troscopy measurements indicate the existence of non-negligible
spin disorder in MNPs."* The precise determination of the
internal 3D magnetization profile remains a key challenge in
MNP research and is necessary to fully understand the complex
interrelations between the structural and magnetic properties.

Possible approaches to determine the morphology and 3D
magnetization profile of nanoscopic systems are electron
microscopy-based techniques. Transmission or scanning elec-
tron microscopy (TEM, SEM) are applied to identify the particle
shape and size of MNPs. With scanning transmission electron
microscopy (STEM) a more detailed picture of the atomic
structure can be obtained, e.g. resolving anti-phase boundaries
within individual MNPs with atomic precision.'”® On the other
hand, Lorentz transmission electron microscopy (LTEM) allows
detecting the stray field magnetization of MNPs with nano-
meter-resolution. Higher spatial resolution than LTEM is
provided by electron holography, which is sensitive to the entire
nanoparticle spin configuration."™ This technique helped to
image the dipolar coupling in planar arrangements of MNPs.'*?
Electrons can only probe locally and thin individual structures
or arrangement of few particles due to the restricted penetration
lengths.

To investigate large MNP assemblies and samples with
embedded and buried MNPs, we advocate small-angle scat-
tering techniques using either X-rays or neutrons. These tech-
niques cover the technologically relevant mesoscale mesoscale
(~1-1000 nm) with nanometer-resolution and enable a struc-
tural characterization and the determination of the 3D

| Mesoscopic

Nanoscopic

Fig. 1 The macroscopic properties and consequently the applicability of MNP systems (e.g. for technological, biomedical, or energy applica-
tions) are defined by their structural arrangement and magnetic interactions on a mesoscopic length scale ranging from a few hundred
nanometers down to the individual MNPs. The magnetic properties of the MNPs depend on the particle morphology, chemical composition, and
atomic structure. Small-angle scattering allows to determine the chemical and magnetic structure over the mesoscopic length scale and to
connect it with the macroscopic ensemble properties.
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Table1 List of small-angle scattering techniques and their main characteristics: t,, is the typical time needed for one measurement and te,p, is the
usual time needed for the total experiment

Techniques Sample and experiment characteristics Instruments Facilities ~ Unique features
SAXS + GISAXS + e 20-50 pl (colloids), 1-10 mg (powders) SAXS/WAXS> ANSTO
XRR oty = 1min, tep = 1 — 3 days 12-ID*® APS
e Scattering power depends on atomic number D71 Bessy-II
o GISAXS/XRR: planar samples ~10 x 1 mm?> 22 % Diamond  Microfocus option
SAXS™® Elettra
Retrievable information D02 %7 ESRF USAXS
e Particle size, shape and correlations ID12 8 ESRF XRR, XMCD
o GISAXS: lateral density fluctuations P03 *° Petra-Ill  Microfocus
¢ XRR: chemical composition profile over thickness cSAXS® PSI Coherent diffractive imaging,
tensor tomography
e Awide range of laboratory SAXS diffractometers exists on Beamline 1-5°"  SLAC
the right we give a selection of synchrotron instruments
SIXS Soleil
SWING®? Soleil
BLO5XU®? SPring-8
XRMS e Thin samples (e.g. MNPs deposited on Si wafer) BL29 - ALBA XMCD/XMLD, extended soft X-ray
BOREAS** regime of 80 to 4000 eV
e Beam size 0.1 x 0.1 um?to 1 x 1 mm? 4.0.2%° ALS XMCD/XMLD, 400 to 1500 eV
oty =1— 10 min, fep = 1 — 3 days 4-ID-D®® APS XMCD/XMLD, 2.7 to 30 keV
e Prior XMCD measurement recommended ALICE®’ BESSY-II XMCD/XMLD, 8 to 1900 eV
110%8 Diamond XMCD/XMLD, 400 to 1600 eV
Retrievable information BM28-XMAS®’ ESRF 2 to 40 kev
e Interparticle moment correlations 1D327° ESRF XMCD/XMLD, 400 to 1600 eV
photon energy
e Local disorder and moment fluctuations (coherent o1’ MAX-II XMCD/XMLD, 200 to 1700 eV
XRMS)
23-ID-172 NSLS-II XMCD/XMLD, 250 to 2000 eV
P09”? Petra-III XMCD, variable linear
polarisation, 2.7 and 13.7 keV
EMA’* SIRIUS XMCD, 2.7-30 keV
Sextants’® SOLEIL XMCD/XMLD, 50-1800 eV
BL39XU"® SPring-8 ~ XMCD/XMLD, 5-37 keV
SANS + GISANS e MNP colloids (V = 200 — 400 ul) QUOKKA”’ ANSTO
e MNP powders (m = 100 — 200 mg) KWS-17® FRM-II
oty = 0.1-2 h, tp, = 2-5 days SANS-17° FRM-II TISANE
e Listed instruments allow polarized experiments D2280:81 ILL TISANE, in situ SAXS
e Contrast can be varied by isotope substitution D33% ILL Monochrome & time-of-flight
mode
e GISANS: planar samples ~1 x 1 cm? LARMOR® ISIS Spin-echo techniques + diffraction
Retrievable information ZoOM** ISIS Low-q
e Particle size, shape and correlations BL15 TAIKAN®*>  J-PARC High-q
e Magnetization profile within MNPs NG7-SANS®® NIST TISANE
e Magnetic correlations (structure factor) VSANS®” NIST Low-g
e GISANS: transversal correlations in layer plane SANS-1%¢ PSI
NR e Planar samples ~1 x 1 cm? MARIA® FRM-II Reflectometry + GISANS
e t;, = 1 — 10 min (reflectometry) SuperADAM”’ ILL Reflectometry + GISANS
tm = 1 — 10 h (GISANS) D17 ILL Monochrome & time-of-flight
mode + GISANS
e Listed instruments allow polarized experiments CRISP®* and ISIS
pOIREF*®
Offspec™ ISIS Spin-echo techniques
Retrievable information BL17 J-PARC
SHARAKU™
e Chemical/magnetic composition profile over thickness =~ MAGIK®® and NIST
(e.g. of layered thin films) PBR”’
ARMOR™® PSI
MAGREF®’ SNS Reflectometry + GISANS
NSE e Similar sample requirements as for SANS RESEDA'%10? FRM-II MIEZE
etn =2 —5h,tep = 5 — 10 days IN1502 ILL Low-q
Retrievable information VIN ROSE'*® J-PARC Commissioning MIEZE

e Relaxation dynamics in ns to ps-regime

© 2022 The Author(s). Published by the Royal Society of Chemistry
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magnetisation profile of particles and large particle assemblies.
For soft matter systems and structural biology, small-angle
scattering is well established as an advanced characterization
technique sampling a statistically relevant number of nano-
particles.”* A general, comprehensive introduction on the non-
magnetic theoretical foundations and specifics of both X-ray
and neutron small-angle scattering is given in the textbook by
Hamley *°. The last decade has seen a continuous drive for new
sample environments and continuous development of small-
angle scattering based instruments with polarized beam
options dedicated for magnetism. Concerning neutron scat-
tering, the review article by Miihlbauer et al**® provides an
overview on dominantly bulk magnetic systems, like magnetic
alloys and oxides, noncollinear magnetic structures, skyrmions
and flux-line lattices. This review will close a gap and shows the
benefits and recent advances of magnetic small-angle scattering
using both neutrons and X-rays to resolve the structural features
and essential magnetic information on magnetic nanoparticles
and assemblies. The presented examples demonstrate both the
flexibility of the techniques and the breadth of the covered
topics e.g. to study the formation of nanoparticles and their
assemblies under in situ conditions, linking the structure with
the magnetic response, and probing the magnetization
dynamics by covering the relevant timescales.

In this review, we focus on the following techniques:
conventional small-angle X-ray and neutron scattering (SAXS
and SANS), X-ray and neutron reflectometry (XRR and NR),
grazing-incidence SAXS and SANS (GISAXS and GISANS), X-ray
resonant magnetic scattering (XRMS), and neutron spin-echo
(NSE) spectroscopy. Table 1 lists suitable instruments for
these techniques, which can be found at large-scale facilities
worldwide, together with their main characteristics, explaining
the kind of samples typically characterized with each given
technique, and which information is retrievable. In the
following sections, we present typical examples for each tech-
nique regarding MNP characterization and highlight recent
outstanding works to show the reader the possibilities to use
small-angle scattering to guide functional particle design.
Additionally, new developments regarding the application of
micromagnetic simulations for the analysis of magnetic small-
angle scattering data are presented. Finally, we summarize and
discuss the topic, and present our perspectives and visions for
future research avenues and developments in this field.

2 Conventional small-angle X-ray
and neutron scattering

Small-angle scattering allows gathering detailed information on
the mesoscopic length scale from about 1 to several hundred
nanometers about the chemical composition and magnetiza-
tion distribution in magnetic nanoparticles. This allows for
example investigating interparticle correlations in aggregates
and the formation of superstructures depending on parameters
such as particle concentration and applied magnetic, electric, or
flow fields. The chemical composition and density are associ-
ated with the scattering length density (SLD) p(r), which for X-

1030 | Nanoscale Adv,, 2022, 4, 1026-1059
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rays measures the electron charge density and the isotopic
composition for the so-called nuclear scattering of neutrons,
respectively.

The measured SAXS and nuclear SANS intensity can be
simply written as I(q) o«|N(q)|?>, where N(q) is the Fourier
transform of p(r) and q is the scattering vector which is given as
the difference between the incoming and scattered wave vector
with the magnitude g = T sin 6 for small scattering angles 26,
where A is the wavelength of the incoming radiation. Note that
small-angle scattering experiments are conducted either in
transmission geometry as illustrated in Fig. 2a, or in reflection
geometry (Fig. 2b). Often, instead of the 2D scattering pattern,
1D data I(g) are analyzed, e.g. the radial average, which can be
written in the case of spherical symmetry as I(g) « [p(r)sin(gr)/
(qgr)dr. Here, p(r) = r*C(r) is the so-called pair distance distri-
bution function, which is connected to the two-point density-
density (Debye) correlation function C(r) of the scattering length
density profile. The correlation function is derived from exper-
imental data by inverse Fourier transforms and provides
essential information regarding particle shape, size, density
profile, and particle interference, and—in particular for
neutrons—the magnetization distribution and magnetic inho-
mogeneities caused by spatial variations in magnetic parame-
ters.'® Alternatively, in the case of an ensemble of identical,
spherical symmetric scatterers, the intensity can be written as
the product of the particle form factor P(q) and the structure
factor S(q), which can arise from particle interference.*® For
several other particle geometries, analytical functions for P(g)
exist. For sufficiently narrow size distributions, the analysis of
higher-order form factor oscillation allows resolving finer
details of the surface configuration and irregular particle shape,
e.g. the degree of truncation and roundness of cuboids.** The
polydispersity of the nanoparticle ensembles is considered with
a corresponding density distribution function. The relevant
structural parameters of the particles and the corresponding
distribution function can be determined by model fits of the
reciprocal scattering data. To fit experimental data or to calcu-
late the expected scattering signal of a variety of sample
systems, open-source software exists. Fig. 3 shows exemplarily
the computed data for a polydisperse ensemble of spherical
NPs. For more details regarding the structural characterization
of nanoparticle systems by small-angle scattering, we refer to
the review article by Li et al.™*

Magnetic small-angle neutron scattering originates from
nanoscale variations in magnitude and orientation of the
magnetization in a material. The dipole-dipole nature implies
that magnetic neutron scattering only observes the magnetiza-
tion component perpendicular to the scattering vector. The
detected 2D SANS pattern of magnetic samples thus contains
additionally to the nuclear scattering contribution a superposi-
tion of the Fourier transforms of the three Cartesian coordi-
nates of the 3D magnetization profile M(r) = [M(r), M,(r), M,(r)].
The weighting of the three contributions of M(q) depends on
the measurement mode (i.e. unpolarized, half-polarized, or fully
polarized) as discussed in detail in the review of Mihlbauer
et al® Complementary, resonant X-ray magnetic scattering

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2D detector

1

Fig. 2 Small-angle scattering setup in (a) transmission geometry with
a position-sensitive detector placed downstream, which is protected
by a beamstop (white area) at the center against the direct incoming
beam (orange arrows). (b) Reflection geometry with the direct beam
(red arrows) grazing the sample under an angle «;. Specular reflection
(orange arrow) is seen at o; = af above the direct beam on the 2D
detector. Interface inhomogeneities give rise to scattering on the
vertical incidence line at a different angle than the incident angle. The
grazing-incidence small-angle scattering (indicated by the blue
arrows) probes the morphology and alignment of nanostructures in
the thin film. As an example, the scattering of a square lattice of
spheres is shown.

relies on measuring the scattered X-ray beam to examine
magnetic profiles of specific magnetic elements in a material.***

Analyzing the spin asymmetry in the scattering over an
absorption edge for circularly polarized X-ray photons allows
obtaining a magnetic scattering contrast that scales with the net
magnetic moment. This particular technique will be introduced
in Section 5. In this section, we will present an overview of MNP
studies that involved conventional SAXS and SANS.

2.1 Structural morphology

SAXS delivers representative statistical data on the morphology
of MNPs, particle sizes and size distributions, and the number
of individual particles/crystals within aggregates. Studying
clusters or aggregates of MNPs is especially relevant with life
science applications in mind, as MNPs tend to agglomerate in
biological environments such as cells. This motivated Guibert
et al.* to study the influence of aggregation of around 12 nm
iron oxide MNPs on their magnetic hyperthermia performance
via SAXS. They could correlate an increasing aggregation of the
MNPs with a decrease in magnetic heating. In contrast, the
aggregation of smaller iron oxide MNPs enhances magnetic
hyperthermia performance."” This shows, that depending on
the size of the individual MNPs a clustering can either increase
or decrease their magnetic heating, which is relevant informa-
tion regarding a rational particle design for life science appli-
cations. To analyze the structure of MNP aggregates, either
model fits or inverse Fourier transforms can be applied.
Laboratory-based, commercial X-ray facilities provide
routine access for small-angle scattering as a primary charac-
terization tool for structural information on nanostructures like

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Nuclear 2D scattering pattern of a polydisperse ensemble of

spherical, non-interacting particles with an average radius of 10 nm for
the ideal monodisperse case and for a logarithmic size distribution
(with width PD = 0.15). (b) 1D scattering intensity /(q) of the ensemble.
The comparison with the form factor P(g) of a single sphere with radius
10 nm shows how the polydispersity smears out the form factor
oscillations at high-g, i.e. the Porod range. (c) The corresponding pair
distance distribution function p(r) is determined by an inverse Fourier
transform of /(g). The data were computed with SasView,*” which
provides tools and models to fit data to various particle geometries.

the correlations between the positions of nanoparticles’® and
the packing density."” Szczerba et al.**® for example determined
the size and composition of aggregates of iron oxide MNPs, so-
called multi-core particles. The form factor of spheres for the
MNPs, a mass fractal structure factor for the aggregates, and
log-normal size distributions provided nanoscopic insights into
the structure of the multi-core particles (see Fig. 4a). Also, for
less defined systems, the aggregate size can be directly inferred
via inverse Fourier transform.'* Alternatively, the form factor of
the particles can be a priori assumed, and the size distribution
can be extracted by a numerical inversion approach analogous
to the inverse Fourier transform. This allowed for example the
determination of the size distribution of partially aggregated
MNPs."*®

Another type of highly investigated MNPs for biomedical
applications are core-shell nanoparticles. An analysis of
inorganic-core/organic-shell systems is often difficult due to the
low electron density contrast, e.g. of a hydrated polymer shell
against water. Exceptionally, SAXS has been utilized to investi-
gate the density profile of highly grafted poly(ethylene glycol)-
coated iron oxide MNPs and the temperature-induced contrac-
tion of the shell.”®® For SANS, contrast variation by hydrogen-
deuterium isotope substitution enables to determine the
particle morphology and in particular highlight the structure of
the surfactant.™'** For example, Koll et al™® studied the
structure of superparamagnetic iron oxide MNPs encapsulated
with a highly stable diblock copolymer shell by SANS and SAXS
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using contrast variation (see Fig. 4b). They could show that their
encapsulation process results in a high polymer shell stability,
which makes it a great approach for the preparation of MNPs for
drug delivery systems. Contrast variation is also useful to study
the influence of surfactant concentration on the stability and
aggregation of ferrofluids.’****® For charge stabilized maghe-
mite MNPs without surfactant, contrast variation allows sepa-
rating nuclear and magnetic characteristic radii in a water-
based medium. The surface is covered with around 1/3 of
absorbed citrate molecules that mediate the electrostatic
repulsion as shown in Avdeev et al.** For the above works, the
data were in most cases analyzed by model fits. This is not
possible for more complex particles, in this case inverse Fourier
transform can be applied to obtain useful information
regarding the particle structure of core-shell-type systems.'*® For
X-rays, contrast variation is achieved by varying the wavelength
close to the absorption edge of a particular atom. This anom-
alous scattering provides element specific sensitivity, e.g. to
reveal the chemical composition of internal material bound-
aries Fe;O, core Mn,0j; shell nanoparticles.™*

Small-angle scattering is a non-destructive method that
enables studying a system in its pristine state in comparison to
microscopy approaches needing specialized grid preparation,
e.g. magnetotactic bacteria in aqueous dispersion.”® These
bacteria biomineralize magnetite nanoparticles in specialized
organelles (magnetosomes) in a linear arrangement, which
enable them to orient along and migrate with the geomagnetic
field (see Fig. 4c). When dispersed in water, the bacteria align
along an externally applied magnetic field resulting in
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anisotropic scattering patterns. In Bender et al*** an inverse
Fourier transform was applied (here using the singular value
decomposition) to extract the underlying 2D correlation func-
tion, which nicely reflects the linear chain of aligned magneto-
somes (see Fig. 4d). The particle size can be controlled by the
cultivation conditions of the magnetotactic bacteria with
a typical core radius of 20 nm and a water-impenetrable organic
membrane shell of 3 nm as seen with neutron contrast variation
study." The MNPs are arranged in a slightly bent chain and the
observed misalignment of the particle moment at low magnetic
fields is a consequence of magnetic dipolar interactions,
magnetic particle anisotropy, and the acting elastic force of the
cytoskeleton.'”® The bacteria prove high stability against distor-
tion by magnetic forces as demonstrated with polarized SANS on
a fixed freeze-dried powder of the bacteria,"** which make them
great candidates for various biomedical,'® environmental**
applications. Recently, for example, their use was suggested for
magnonic devices'” and for magnetic actuation.*®

2.2 Magnetic structure of particles

Half-polarized SANS (SANSPOL) with an incoming polarized
beam, but no analysis of the scattered neutrons, provides an
extra contrast given by the interference between nuclear and
magnetic scattering and allows filtering backgrounds such as
non-magnetic contributions and spin-misalignment scattering
arising from moments deviating randomly from the field axis.
SANSPOL gives access to very weak magnetic contributions, e.g.
to infer the existence of a magnetic dead layer in magnetic
Fe;0, glass ceramics," to reveal the diffusion mediated Nb

Intensity (arb. unit)

I(q)/em™

P(r) (arb. unit)

o

(a) From SAXS measurements of MNP clusters, the individual particle size, cluster size, and compactness can be derived, as exemplarily

shown for two different samples in Szczerba et al.*?® Reproduced with permission of the International Union of Crystallography. (b) The structure
of iron oxide MNPs encapsulated with a diblock copolymer shell was investigated by SAXS and SANS. By performing a contrast variation, the size
of the MNPs and the thickness of the inner and outer shells could be evaluated. Reproduced from Koll et al.**° with permission from the Royal
Society of Chemistry. (c) In Rosenfeldt et al.*** SAXS was employed to monitor the structural changes during the different cultivation stages of
magnetotactic bacteria. See the top panel for an electron microscopy image. The 1D SAXS data (bottom panel) were fitted to obtain information
about the naturally occurring chains of magnetite particles. (d) The top panel shows the 2D SAXS pattern of a colloidal suspension of magne-
totactic bacteria that were aligned by applying an external magnetic field (in the horizontal direction) from which the 2D correlation function
(bottom) was extracted by an inverse Fourier transform using a singular value decomposition.**? The real-space correlation function reflects the
nearest and next-neighbors distance distribution of the linear chain of MNPs and the average size of the isometric MNPs. Reproduced with
permission of the International Union of Crystallography.
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enrichment around nanoprecipitates in a metallic matrix,**®
and to investigate the magnetization distribution of ferrimag-
netic iron oxide compounds with their nuclear SANS contribu-
tion often more than an order of magnitude larger than the
magnetic signal. A comprehensive contrast-variation study with
varying degree of deuteration of the toluene solvent allows
highlighting the penetrability of the surfactant shell
surrounding the Co nanoparticles.*°

The magnetic scattering length density determined by
polarized SANS is a quantitative measure of the magnetization
profile. For particles below the material-dependent single-
domain size, the particle is commonly described as a coher-
ently magnetized ferromagnet (Stoner-Wohlfarth particle). In
this case, small-angle scattering is described in terms of
a particle-matrix approach consisting of a form factor
describing the shape, size, and orientation of nanoparticles and
a structure factor depending on the particle interactions.

In the interior of iron and iron oxide particles, commonly
a reduced magnetization compared to bulk material is
observed™***® that is mainly associated with the presence of
antiphase boundaries.”™ Disch et al'** used SANSPOL to
determine the field dependence in iron oxide nanocubes and
nanospheres coated with oleic acid (Fig. 5a). The particle core
exhibits a reduced magnetization of 76% and a gradual
demagnetization towards the surface. The reduced -core
magnetization has been associated with microstructural defects
within the particle interior resulting in deviations from the
perfect ferrimagnetic order," resulting in spin canting and
random disorder of half the atomic moments as indicated by
nuclear resonant scattering.’*® Taking advantage of the spatial
sensitivity of SANSPOL, Zakutna et al.'* determined that the
coherently magnetized core of Co-doped ferrite MNPs grows
with the magnetic field (Fig. 5b), i.e. inducing magnetic order in
the structurally disordered particle surface. The magnetic
nature of the outer layer was further investigated with SANS
with polarization analysis (POLARIS). The neutron-spin-
resolved measurements indicate uncorrelated, disordered
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environment play an important role in the disorder of the
surface spins. For instance, a coating of iron oxide MNPs with
a silica shell enhances the magnetic properties of the surface
regions.™’

POLARIS also allows observing deviations from single
domain behavior to complex spin structures with the presence
of ordered misaligned moments from the magnetic field axis.
The technique measures the neutron spin-state after scattering
at the samples allowing to separate magnetic from nuclear
scattering using a polarized *He gas cell as analyzing neutron
filter. For a dense self-assembled face-centered cubic super-
lattice of 9 nm Fe;O, nanoparticles, Krycka et al. revealed the
existence of considerable, temperature-dependent spin canting
of 20-30° in a 1 nm surface region.”"® A combination of
polarized SANS and X-ray magnetic circular dichroism (XMCD)
spectroscopy allowed to reveal the evolution of magnetic order
in multiphase core-shell nanoparticles. The electronic state and
stoichiometry is relatively unaffected with temperature as
observed with XMCD, however polarised SANS proposes
magnetic disorder of the oxide shell near the blocking
temperature and indicates alignment of the metallic Fe core in
the field and reversed magnetization of the surrounding Fe
oxide at lower temperatures.*®

Strong spin canting (Fig. 5¢) is observed in densely packed
core-shell Fe;0,@Mn,Fe;_,0,."* Atomistic simulations indi-
cate that the effect originates from reduced exchange interac-
tion or Dzyaloshinskii-Moriya interaction between the core and
shell phase. With increasing particle size, inhomogeneous
magnetization states occur, not only at the surface but also
within the core of MNPs. In Bersweiler et al'®* the purely
magnetic SANS signal for Mn-Zn-ferrite samples shows a tran-
sition of a nearly homogenous magnetization profile for 28 nm
particles to a vortex-like configuration for 38 nm particles. FePt-
core/iron-oxide-shell particles can exhibit a vortex-like intra-
particle magnetization configuration reducing dipolar interac-
tions between the particles when no magnetic fields are
applied.'®* To identify such complex inhomogeneous confor-

surface spins. The surface configuration and chemical mations, magnetic simulations are a key component. The
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Fig. 5 (a) Magnetic field variation of the magnetic scattering length density for nanospheres and nanocubes due to particle reorientation

described by Langevin behavior (solid lines). The inset displays the magnetization distribution in the nanospheres extracted by SANS compared to
the bulk magnetic moment. Reproduced with permission from Disch et al.*>* ©|OP Publishing and Deutsche Physikalische Gesellschaft. All rights
reserved. (b) Representation of the structure (vertical cut) and magnetic (horizontal) morphology of Co ferrite MNP of 14 nm size. The thickness
of the magnetically disordered shell (surface spin disorder indicated by blue arrows) reduces with magnetic field. SANS with polarization analysis
(POLARIS) demonstrates that the spins structure on the shell is completely uncorrelated. Adapted from Zakutna et al.**? under terms of the CC-BY
license. (c) Atomistic simulation of the spin configuration of a FesO,4 core and Mn-doped ferrite shell with antisymmetric exchange interaction on
the octahedral Mn-sites. The dashed line separates the coherently magnetized core from the shell with local spin frustration leading eventually to
a canting of the net magnetization of the nanoparticle. Taken from Oberdick et al.*>®* Copyright 2018, The Authors, published by Springer Nature.
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combination of SANS with micromagnetic numerical
approaches is discussed in Section 7.

Multifunctional core-shell nanoparticles enrich the design
capabilities for advanced applications. For instance, Wang
et al."® reported the synthesis of colloidal, superparamagnetic
particles from iron oxide nanocube. The nanoparticle assem-
blies exhibit a spherical or cubic shape in a controllable manner
by varying the surface tension and the interaction energy
between the nanocubes and are highly crystalline as demon-
strated with TEM and SAXS (Fig. 6a). In magneto-fluorescent

. SAXS
. o
Memm
Man

30°

q(nm’)

Fig. 6 (a) The collective properties in superparticles strongly depend
on the packing order ranging from amorphous to supercrystalline with
well-defined interparticle spacing. Colloidal superparticles of iron
oxide nanocubes adopt a simple-cubic superlattice structure. The
SAXS pattern consists of the corresponding diffraction peaks. Reprin-
ted with permission from Wang et al'¢* Copyright 2012 by the
American Chemical Society. (b) SANS patterns of the magnetic-field
induced transition from an isotropic, non-ordered colloid to the self-
assembly of 3D fcc supercrystals in a 0.1 vol% dispersion of 17 nm iron
oxide nanoparticles. Taken from Fu et al.*”® — Published by The Royal
Society of Chemistry. (c) SAXS and nuclear SANS scattering reflect the
spatial distribution of 10 nm coated iron oxide nanoparticles in
a powder. The feature at g = 0.58 nm™1 is associated with the distance
of neighboring particles. The extended high g-range for SAXS shows
higher-order oscillations of the particle form factor. The scattering at
low g reflects interparticle correlations within the clusters. The field-
dependent, purely magnetic neutron scattering cross-section /5
resolves the directional correlations between the particle moments. At
small magnetic fields, a maximum at 0.12 nm™* evolves that indicates
dipolar interactions in particle clusters up to 70 nm with a competition
between positive and negative moment correlations. (Right) Monte
Carlo simulations support the preferential alignment between neigh-
boring moments and dominant anticorrelations for next-nearest
moments despite thermal fluctuations. Reprinted figure with permis-
sion from Bender et al.*®? Copyright 2018 by the American Physical
Society.
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supraparticles, a larger colloidal vesicle encapsulates self-
assembled CdSe-CdS core-shell quantum dots with super-
paramagnetic magnetite MNPs."** These supraparticles have
a size of 100 nm with an ordered, closed pack core of MNPs
surrounded by a shell of randomly distributed quantum dots
after thermal annealing. In Bender et al.**® a combination of
SAXS and SANS revealed that 9 nm iron oxide nanoparticle cores
accumulate in the surface layer of a 160 nm polystyrene sphere
resulting in a characteristic variation in the scattering length
density contrast from core, shell, and solvent. A weak dipolar
interaction between the particle moments is indicated by the
magnetic moment distribution extracted from isothermal
magnetization. The data analysis used a model-independent
indirect transformation of small-angle scattering and
isothermal magnetization data to extract the structural and
magnetic distribution. Such multicore particles are especially
interesting for magnetic separation as they have a vanishing
coercivity but large effective moments in presence of magnetic
fields.

Field-sensitive ferrogels on the other hand are envisioned for
soft actuators. Helminger et al.'®* produced biocompatible fer-
rogels using gelatin gels with embedded magnetite nano-
particles and applied SANS contrast variation experiments to
explore the nanoparticle packing in the gelatin gel network. To
optimize the performance of ferrogel-based soft actuators and
other functional materials, a good binding between the MNPs
and the matrix is necessary as well as a homogeneous MNP
distribution. In Bonini et al'*® cobalt-ferrite MNPs were
dispersed in polyacrylamide gels and a combination of SAXS
and polarized SANS revealed the high quality of their samples.

2.3 Magnetic interparticle correlations

Small-angle scattering is widely applied to study colloidal
stability and ordering in dispersions of nanoparticles. The
Brownian motion of magnetic nanoparticles becomes direc-
tional with the competition between repulsive stabilizing
isotropic forces and the anisotropic dipolar magnetic interac-
tions. Small-angle scattering with neutron polarisation analysis
allowed to measure the alignment in a concentrated cobalt
ferrofluid.'® Even in the absence of particle agglomeration and
chaining, long-range concentration fluctuations along the field
indicating a strong anisotropy of the Brownian motion are
observed under magnetic field."*® Using a combination of
scattering methods and reverse Monte Carlo simulations,
Nandakumaran et al.**® explored the chain formation mecha-
nism under magnetic field in solution. Eventually, dipolar
magnetic interactions in ferrofluids induce the formation of
superstructure ranging from short-range ordered aggregates via
chain-like structures”®'”* to field-induced pseudocrystalline
ordering in concentrated ferrofluids.'”>*7

Interparticle forces sensitively affect the rheology of colloidal
dispersions. The magnetoviscous effect, i.e. the strong increase
in viscosity with magnetic field, has been investigated with in
situ magnetorheology and small-angle scattering investigating
the orientational order.”*'® Shear-thinning behavior is
explained by the disruption of the soft aggregates for high

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enough shear flows."”® Similarly, driven by particle surface
charges, the viscosity can be modified with electric fields in
transformer-oil-based ferrofluids.””” Magnetic-field oriented
aggregates of nanoparticles offer a potential way to obtain
strongly anisotropic magnetic properties due to the particle
alignment and to cast reinforced nanocomposite materials with
anisotropic mechanical properties."””® Magnetic field-induced
self-organization is facilitated by large structural and
magnetic anisotropies, as shown for elongated hematite nano-
spindles producing nematically ordered assemblies under
a directing static or dynamic field.” Anisotropic metallic MNPs
as constituents in ferrofluids may result in a strongly enhanced
magnetoviscous effect in comparison to conventional
ferrofluids.*®****

Field-dependent SANS is further used to detect collective
magnetic correlations among particles in disordered assem-
blies and ordered particle nanocrystals.'**** Small-angle scat-
tering accesses the characteristic length scales connected with
interparticle correlations and magnetic interactions between
nanoparticles (Fig. 6). In Dennis et al.*® the internal magnetic
structure of clusters of MNPs was determined by polarized SANS
and connected to their performance for magnetic particle
imaging and hyperthermia applications. This emphasizes the
significant influence of internal coupling either by dipolar or by
exchange interactions on the magnetism of MNP clusters or
multi-core particles. Dextran coated iron oxide multi-core
particles, e.g., show a domain structure extending over a stack
of parallelepiped structural grains as observed with polarized
SANS.*® Magnetic nanoflowers consisting of sintered iron oxide
crystallites are another example of hierarchical nanostructures
and are great candidates for magnetic hyperthermia applica-
tions thanks to exceptionally high heating rates. Polarized SANS
confirms a preferentially superferromagnetic coupling of the
crystallites in a nanoflower resulting essentially in single-
domain particles but with a slight spin disorder due to the
grain boundaries and other structural defects.'®® Furthermore,
in the case of a dense powder of such nanoflowers positive
correlations between neighboring particle moments were
observed creating locally a supraferromagnetic structure.'®
This is in contrast to conventional, spherical MNPs where the
moments of interacting but superparamagnetic particles tend
to align more in an antiferromagnetic-like manner.'® The
magnetic correlations between interacting particles’ moments
are reflected in the magnetic structure factor, which will deviate
from the scattering of the structural arrangement.”® Interest-
ingly, the interparticle coupling can enhance the magnetic
heating of nanoflower samples as shown by Sakellari et al.***
which illustrates the potential of dipolar interactions to (i) drive
particle arrangement and to (ii) modify the static and dynamic
magnetization behavior of MNP assemblies. In general, inter-
particle interactions are an additional control parameter to
produce collective magnetism, and which can be monitored by
neutron scattering. This makes magnetic SANS an invaluable
tool to study nanoscopic magnetic correlations in a large variety
of MNP samples and other magnetically nanostructured

systems."”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3 Time-resolved in situ
measurements

Time-resolved studies with time resolution less than 100 ms are
routinely possible on X-ray and neutron beamlines. This ranges
from the observation of spontaneous nucleation and growth of
particles, changes due to oxidation over time scales of several
days, to the reorientation and switching behavior of the particle
moment and the dynamic assembly of superstructures with
a magnetic field.

A common route to synthesize iron oxide nanoparticles
involves precipitating an iron precursor in an alkaline, aqueous
solution.”®"” In situ SAXS helps to identify different reaction
pathways that may change with synthesis temperature."® The
formation pathway involves intermediate metastable precursors
before nucleation and growth of nanoparticles.**>"* Ex situ
analysis typically requires sample preparation steps like
centrifugation and drying, which potentially can lead to arti-
facts, e.g. a change in the particle size.>” Continuous flow
reactors, in which the reagents are pumped and mixed under
well-controlled reaction conditions, realize large-scale and
reproducible co-precipitation syntheses.”***** Further, the local
position along the reaction tube coincides with the reaction
time. This allows observing in situ the transient reaction states
after mixing and to study the growth mechanism?**>**° and
changes in the magnetic behavior.>”’

In situ synchrotron measurements are suitable to follow
closely the reaction kinetics and precursor state during the
synthesis of iron oxide nanoparticles.”® For instance, Kabelitz
et al.*” followed the formation of maghemite nanoparticles from
ferric and ferrous chloride with triethanolamine as a stabilizing
agent in an aqueous solution. At various time steps during the
synthesis, samples of a few ul were extracted from the reaction
solution and placed in an acoustic levitator to perform X-ray
absorption near-edge spectroscopy (XANES) and SAXS. XANES
allows determining the oxidation state during the reaction, while
the SAXS data detect the growth of particles. The magnetic iron
oxide forms rapidly within seconds after mixing the chloride
precursor with the NaOH base solution under the abrupt pH
change. The co-precipitation is sensitive to local fluctuations of
the reaction conditions and affects reproducibility. In situ time-
resolved, simultaneous SAXS/WAXS studies under supercritical
fluid conditions shed light on the synthesis process at 300 bar
and above 300 °C allowing to choose suitable residence time to
obtain narrow size distributions.”® Thermal decomposition with
high boiling point organic solvents allows synthesizing very
monodisperse iron oxide nanoparticles economically in large
scale quantities.*“**> By continuously sampling the reaction
mixture through a X-ray transparent sample chamber (Fig. 7a),
combined SAXS/WAXS experiments resolve the formation of iron
oleate complexes, their thermal decomposition to intermediate
clusters, and nanoparticle nucleation and growth.'* For a repro-
ducible process, an in-depth understanding of the reaction
mechanism during each step of nanoparticle formation is
needed. The development of in situ scattering set-ups gives
fundamental insights into the nucleation and particle growth

Nanoscale Adv., 2022, 4,1026-1059 | 1035


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00482d

Open Access Article. Published on 17 ledna 2022. Downloaded on 17.05.2026 2:59:29.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

kinetics, e.g. identifying transient amorphous phases and particle
aggregation processes in the iron oleate heat-up synthesis, not
accounted for in the classical description.”*

Post-processing steps may be required for purification and
potentially phase transfer to polar solvents via ligand exchange.***
Stable, aqueous dispersion of nanoparticles based on amphi-
philic polymers are further functionalizable with selected
macromolecules,* e.g. for targeted drug delivery. The choice of
surfactant can alter structural and magnetic properties.”*® The
stability of the aqueous particle dispersion and absence of
interparticle correlations, expected after successful phase trans-
fer, is easily confirmed using small-angle X-ray scattering."”
Controlled evaporation of the particle dispersion results in the
formation of nanoparticle superlattices*® as discussed further in
Section 4. To increase the colloidal and chemical stability,
magnetic particles can be coated with a protective silica layer,
which physically separates the magnetic cores and helps to avoid
agglomeration. Time-resolved SAXS has the potential to investi-
gate in situ the growth kinetics of silica coating on magnetite
nanoparticles under various reaction conditions, e.g. the depen-
dence of precursor concentration on the coating process and in
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particular controlling the shell thickness in relation to the
magnetic volume fraction and superparamagnetic relaxation.**’
Apart from monitoring the growth kinetics of MNPs, time-
resolved experiments allow determining the dynamic ordering
and relaxation processes of magnetic nanoparticles in magnetic
fields, e.g. the formation of chain-like aggregates in a dilute
dispersion, which align with an external magnetic field. The
analysis of the scattering cross-section in Huang et al.>* indicates
that 20% of the particles form two-bead chains under an external
magnetic field. The arrangement is completely reversible when
the magnetic field is absent. For Co nanoparticles concentrated
up to 6 v