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Avenue de La Fäıencerie, L-1511 Luxembour
cGeneral Numerics Research Lab, Moritz

Germany

1026 | Nanoscale Adv., 2022, 4, 1026
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magnetic nanoparticle design

Dirk Honecker, *a Mathias Bersweiler, b Sergey Erokhin,c Dmitry Berkov, c

Karine Chesnel,d Diego Alba Venero, a Asma Qdemat,e Sabrina Disch, e

Johanna K. Jochum, f Andreas Michels b and Philipp Bender f

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

assemblies. Additionally, the magnetic scattering contributions enable retrieving the internal

magnetization profile of the nanoparticles as well as the inter-particle moment correlations caused by

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 elds, making them ideal candidates for
various technical, biomedical, and energy applications. For
each application, the employed particles must fulll specic
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 devices1 or ferrouids,2 which are
stable and dense colloidal suspensions of MNPs used for seals
and dampers. Ferrouids rely on superparamagnetic particles
stabilized by surfactants that create (reversible) anisotropic
aggregates in a magnetic eld, whereas the particles envisioned
for data-storage devices need strong magnetic anisotropy
leading to high coercivities to guarantee thermal stability.
Recently, Liu et al.3 demonstrated the reversible paramagnetic-
to-ferromagnetic transition by jamming MNPs at oil–water
interfaces producing congurable and permanently magnetized
emulsion droplets. This concept can be applied, e.g., to
synthesize magneto-responsive nematic liquid crystals.4

Typical life science applications, on the other hand, include
biosensors,5 magnetic resonance6 and particle imaging,7 remote
cell control,8 magnetic drug targeting and delivery,9 as well as
magnetic separation.10 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.11 The working principle of magnetic
hyperthermia is to inject MNPs into tumors and heat them by
applying alternating magnetic elds to kill the surrounding
tumor cells. Commercial heating coil setup provide a xed
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 elds on the nanoscale12

is also utilized for catalysis and energy applications, such as
CO2 hydrogenation13 and electrolysis (i.e. water splitting),14 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 elds requires
the Royal Society of Chemistry
iron oxide MNPs with a signicant dynamic susceptibility at
high frequencies/low amplitudes. Recent works indicate that for
magnetic hyperthermia large, defect-rich MNPs are great
candidates,15 including so-called nanoowers16 and nanocubes
with interfacial defects.17 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,18 by doping,19 by
combining crystalline and amorphous parent material,20 or by
controlling twin structures in the nanocrystals.21 Core-shell
particle systems are another particle type explored for
magnetic hyperthermia applications22,23 as the heating power
can be adjusted by tuning the interface coupling.24 The control
over the magnetic properties via exchange coupling makes
core–shell particle systems compelling for various applications
in life science25 and technology.26 Particles that are suited for
magnetic hyperthermia are commonly also suitable for
magnetic particle imaging as the signal is created by alternating
magnetic elds.27 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,28

magnetic microspheres29 or large multi-core systems of self-
assembled nanoparticles, so-called supraparticles,30 are
desired as they have large moments and can be thus easily
extracted by magnetic gradient elds. Magnetic separation –

which can be used, e.g. for water purication31 or bioseparation
– oen necessitates surface modication to achieve the specic
binding of the target compound to the MNPs.32 Particle
surfactants can affect the magnetic properties of the function-
alized MNP ensembles, which need to be controlled during
particle synthesis.33 It is worth mentioning that supraparticles
are well-suited for magnetic separation and also envisioned for
a wide array of applications related to sustainability.34 Nowa-
days, the synthesis of supraparticles or mesocrystals can be well
controlled35 allowing the preparation of particle systems with
a wide range of magnetic properties and additional
functionalities.36

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,37 including
iron oxides magnetite/maghemite,38 and hematite.39 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.40 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.41 More exotic magnetization states can
be found, e.g. in hollow particles,42 nanorings,43 nanotubes,44

and other shape-anisotropic hollow particles,45 or nanodots46
Nanoscale Adv., 2022, 4, 1026–1059 | 1027
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and nano-octopods.47 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. TbCu2
(ref. 48) or GdCu2 (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.50 Furthermore, they
excel by a high saturation magnetization and hysteresis-less
magnetic response which is desirable for various technolog-
ical applications.51 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 specic 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 oen assumed that the individual particles or
crystals are single-domains with a homogeneous internal
magnetization prole. Single-domain means that all the atomic
magnetic moments ma within the particle are aligned parallel to
each other.104 Hence, the total particle moment can be repre-
sented by a macrospin m ¼ P

ma, and thus MNPs may be
regarded macroscopically as simple dipoles. The moment m

uctuates with a characteristic relaxation time s between energy
minima due to thermal activation and it can be distinguished
between superparamagnetic (measurement time tm [ s) and
thermally blocked (tm � s) particles. Only spherical and defect-
free particles with diameters below a material-specic single-
domain size can be considered model-like, homogeneously
magnetized particles. Real MNP samples always deviate to
Fig. 1 The macroscopic properties and consequently the applicability o
tions) are defined by their structural arrangement and magnetic inter
nanometers down to the individual MNPs. Themagnetic properties of the
atomic structure. Small-angle scattering allows to determine the chem
connect it with the macroscopic ensemble properties.

1028 | Nanoscale Adv., 2022, 4, 1026–1059
a certain extent from this oversimplied picture. The intra- and
inter-particle magnetization proles depend on various
parameters, including the particle size and shape,105,106 as well
as dipolar interactions with neighboring particles.107 Further-
more, structural defects within MNPs are very common,108

especially at the particle surface,109 which can critically affect
their magnetic properties. Magnetization or Mössbauer spec-
troscopy measurements indicate the existence of non-negligible
spin disorder in MNPs.110 The precise determination of the
internal 3D magnetization prole 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 prole 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.108 On the other
hand, Lorentz transmission electron microscopy (LTEM) allows
detecting the stray eld magnetization of MNPs with nano-
meter-resolution.111 Higher spatial resolution than LTEM is
provided by electron holography, which is sensitive to the entire
nanoparticle spin conguration.112 This technique helped to
image the dipolar coupling in planar arrangements of MNPs.113

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
f MNP systems (e.g. for technological, biomedical, or energy applica-
actions on a mesoscopic length scale ranging from a few hundred
MNPs depend on the particle morphology, chemical composition, and
ical and magnetic structure over the mesoscopic length scale and to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of small-angle scattering techniques and their main characteristics: tm is the typical time needed for onemeasurement and texp is the
usual time needed for the total experiment

Techniques Sample and experiment characteristics Instruments Facilities Unique features

SAXS + GISAXS +
XRR

� 20–50 ml (colloids), 1–10 mg (powders) SAXS/WAXS52 ANSTO
� tm z 1 min, texp z 1 � 3 days 12-ID53 APS
� Scattering power depends on atomic number D71 54 Bessy-II
� GISAXS/XRR: planar samples �10 � 1 mm2 I22 55 Diamond Microfocus option

SAXS56 Elettra
Retrievable information ID02 57 ESRF USAXS
� Particle size, shape and correlations ID12 58 ESRF XRR, XMCD
� GISAXS: lateral density uctuations P03 59 Petra-III Microfocus
� XRR: chemical composition prole over thickness cSAXS60 PSI Coherent diffractive imaging,

tensor tomography
� A wide range of laboratory SAXS diffractometers exists on
the right we give a selection of synchrotron instruments

Beamline 1–561 SLAC

SIXS Soleil
SWING62 Soleil
BL05XU63 SPring-8

XRMS � Thin samples (e.g. MNPs deposited on Si wafer) BL29 –
BOREAS64

ALBA XMCD/XMLD, extended so X-ray
regime of 80 to 4000 eV

� Beam size 0.1 � 0.1 mm2 to 1 � 1 mm2 4.0.265 ALS XMCD/XMLD, 400 to 1500 eV
� tm z 1 � 10 min, texp z 1 � 3 days 4-ID-D66 APS XMCD/XMLD, 2.7 to 30 keV
� Prior XMCD measurement recommended ALICE67 BESSY-II XMCD/XMLD, 8 to 1900 eV

I1068 Diamond XMCD/XMLD, 400 to 1600 eV
Retrievable information BM28-XMAS69 ESRF 2 to 40 keV
� Interparticle moment correlations ID3270 ESRF XMCD/XMLD, 400 to 1600 eV

photon energy
� Local disorder and moment uctuations (coherent
XRMS)

I101171 MAX-II XMCD/XMLD, 200 to 1700 eV

23-ID-172 NSLS-II XMCD/XMLD, 250 to 2000 eV
P0973 Petra-III XMCD, variable linear

polarisation, 2.7 and 13.7 keV
EMA74 SIRIUS XMCD, 2.7–30 keV
Sextants75 SOLEIL XMCD/XMLD, 50–1800 eV
BL39XU76 SPring-8 XMCD/XMLD, 5–37 keV

SANS + GISANS � MNP colloids (V z 200 � 400 ml) QUOKKA77 ANSTO
� MNP powders (m z 100 � 200 mg) KWS-178 FRM-II
� tm z 0.1–2 h, texp z 2–5 days SANS-179 FRM-II TISANE
� Listed instruments allow polarized experiments D2280,81 ILL TISANE, in situ SAXS
� Contrast can be varied by isotope substitution D3382 ILL Monochrome & time-of-ight

mode
� GISANS: planar samples �1 � 1 cm2 LARMOR83 ISIS Spin-echo techniques + diffraction
Retrievable information ZOOM84 ISIS Low-q
� Particle size, shape and correlations BL15 TAIKAN85 J-PARC High-q
� Magnetization prole within MNPs NG7-SANS86 NIST TISANE
� Magnetic correlations (structure factor) VSANS87 NIST Low-q
� GISANS: transversal correlations in layer plane SANS-188 PSI

NR � Planar samples �1 � 1 cm2 MARIA89 FRM-II Reectometry + GISANS
� tm z 1 � 10 min (reectometry) SuperADAM90 ILL Reectometry + GISANS
tm z 1 � 10 h (GISANS) D1791 ILL Monochrome & time-of-ight

mode + GISANS
� Listed instruments allow polarized experiments CRISP92 and

polREF93
ISIS

Offspec94 ISIS Spin-echo techniques
Retrievable information BL17

SHARAKU95
J-PARC

� Chemical/magnetic composition prole over thickness
(e.g. of layered thin lms)

MAGIK96 and
PBR97

NIST

ARMOR98 PSI
MAGREF99 SNS Reectometry + GISANS

NSE � Similar sample requirements as for SANS RESEDA100,101 FRM-II MIEZE
� tm z 2 � 5 h, texp z 5 � 10 days IN15102 ILL Low-q
Retrievable information VIN ROSE103 J-PARC Commissioning MIEZE
� Relaxation dynamics in ns to ps-regime

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 1026–1059 | 1029
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magnetisation prole of particles and large particle assemblies.
For so matter systems and structural biology, small-angle
scattering is well established as an advanced characterization
technique sampling a statistically relevant number of nano-
particles.114 A general, comprehensive introduction on the non-
magnetic theoretical foundations and specics of both X-ray
and neutron small-angle scattering is given in the textbook by
Hamley 115. 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 Mühlbauer et al.116 provides an
overview on dominantly bulk magnetic systems, like magnetic
alloys and oxides, noncollinear magnetic structures, skyrmions
and ux-line lattices. This review will close a gap and shows the
benets 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
exibility 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 reectometry (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 eld.
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 appliedmagnetic, electric, or
ow elds. The chemical composition and density are associ-
ated with the scattering length density (SLD) r(r), which for X-
1030 | Nanoscale Adv., 2022, 4, 1026–1059
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) fjN(q)j2, where N(q) is the Fourier
transform of r(r) and q is the scattering vector which is given as
the difference between the incoming and scattered wave vector
with the magnitude q ¼ 4p

l
sin q for small scattering angles 2q,

where l 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 reection
geometry (Fig. 2b). Oen, instead of the 2D scattering pattern,
1D data I(q) are analyzed, e.g. the radial average, which can be
written in the case of spherical symmetry as I(q) f

Ð
p(r)sin(qr)/

(qr)dr. Here, p(r) ¼ r2C(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 prole. The correlation function is derived from exper-
imental data by inverse Fourier transforms and provides
essential information regarding particle shape, size, density
prole, and particle interference, and—in particular for
neutrons—the magnetization distribution and magnetic inho-
mogeneities caused by spatial variations in magnetic parame-
ters.118 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.119 For
several other particle geometries, analytical functions for P(q)
exist. For sufficiently narrow size distributions, the analysis of
higher-order form factor oscillation allows resolving ner
details of the surface conguration and irregular particle shape,
e.g. the degree of truncation and roundness of cuboids.120 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 ts of the
reciprocal scattering data. To t experimental data or to calcu-
late the expected scattering signal of a variety of sample
systems, open-source soware 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.121

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 3Dmagnetization proleM(r)¼ [Mx(r),My(r),Mz(r)].
The weighting of the three contributions of M(q) depends on
themeasurementmode (i.e. unpolarized, half-polarized, or fully
polarized) as discussed in detail in the review of Mühlbauer
et al.122 Complementary, resonant X-ray magnetic scattering
© 2022 The Author(s). Published by the Royal Society of Chemistry
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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 ai. Specular reflection
(orange arrow) is seen at ai ¼ 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.

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 ¼ 0.15). (b) 1D scattering intensity I(q) of the ensemble.
The comparison with the form factor P(q) of a single sphere with radius
10 nm shows how the polydispersity smears out the form factor
oscillations at high-q, i.e. the Porod range. (c) The corresponding pair
distance distribution function p(r) is determined by an inverse Fourier
transform of I(q). The data were computed with SasView,117 which
provides tools and models to fit data to various particle geometries.
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relies on measuring the scattered X-ray beam to examine
magnetic proles of specic magnetic elements in a material.123

Analyzing the spin asymmetry in the scattering over an
absorption edge for circularly polarized X-ray photons allows
obtaining amagnetic 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.124 to study the inuence 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.125 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 ts 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
the correlations between the positions of nanoparticles126 and
the packing density.127 Szczerba et al.128 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 dened systems, the aggregate size can be directly inferred
via inverse Fourier transform.125 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.129

Another type of highly investigated MNPs for biomedical
applications are core–shell nanoparticles. An analysis of
inorganic-core/organic-shell systems is oen 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 prole of highly graed poly(ethylene glycol)-
coated iron oxide MNPs and the temperature-induced contrac-
tion of the shell.133 For SANS, contrast variation by hydrogen-
deuterium isotope substitution enables to determine the
particle morphology and in particular highlight the structure of
the surfactant.134,135 For example, Koll et al.130 studied the
structure of superparamagnetic iron oxide MNPs encapsulated
with a highly stable diblock copolymer shell by SANS and SAXS
Nanoscale Adv., 2022, 4, 1026–1059 | 1031
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using contrast variation (see Fig. 4b). They could show that their
encapsulation process results in a high polymer shell stability,
whichmakes it a great approach for the preparation of MNPs for
drug delivery systems. Contrast variation is also useful to study
the inuence of surfactant concentration on the stability and
aggregation of ferrouids.136–138 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.139 For the above works, the
data were in most cases analyzed by model ts. 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.140 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 specic sensitivity, e.g. to
reveal the chemical composition of internal material bound-
aries Fe3O4 core Mn2O3 shell nanoparticles.141

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.131 These
bacteria biomineralize magnetite nanoparticles in specialized
organelles (magnetosomes) in a linear arrangement, which
enable them to orient along and migrate with the geomagnetic
eld (see Fig. 4c). When dispersed in water, the bacteria align
along an externally applied magnetic eld resulting in
Fig. 4 (a) From SAXS measurements of MNP clusters, the individual part
shown for two different samples in Szczerba et al.128 Reproduced with pe
of iron oxide MNPs encapsulated with a diblock copolymer shell was inve
of the MNPs and the thickness of the inner and outer shells could be ev
Society of Chemistry. (c) In Rosenfeldt et al.131 SAXS was employed to m
magnetotactic bacteria. See the top panel for an electron microscopy im
about the naturally occurring chains of magnetite particles. (d) The top
totactic bacteria that were aligned by applying an external magnetic fiel
(bottom) was extracted by an inverse Fourier transform using a singular v
nearest and next-neighbors distance distribution of the linear chain of
permission of the International Union of Crystallography.

1032 | Nanoscale Adv., 2022, 4, 1026–1059
anisotropic scattering patterns. In Bender et al.132 an inverse
Fourier transform was applied (here using the singular value
decomposition) to extract the underlying 2D correlation func-
tion, which nicely reects 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.142 The MNPs are arranged in a slightly bent chain and the
observed misalignment of the particle moment at low magnetic
elds is a consequence of magnetic dipolar interactions,
magnetic particle anisotropy, and the acting elastic force of the
cytoskeleton.143 The bacteria prove high stability against distor-
tion by magnetic forces as demonstrated with polarized SANS on
a xed freeze-dried powder of the bacteria,144 which make them
great candidates for various biomedical,145 environmental146

applications. Recently, for example, their use was suggested for
magnonic devices147 and for magnetic actuation.148

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 ltering backgrounds such as
non-magnetic contributions and spin-misalignment scattering
arising from moments deviating randomly from the eld axis.
SANSPOL gives access to very weak magnetic contributions, e.g.
to infer the existence of a magnetic dead layer in magnetic
Fe3O4 glass ceramics,149 to reveal the diffusion mediated Nb
icle size, cluster size, and compactness can be derived, as exemplarily
rmission of the International Union of Crystallography. (b) The structure
stigated by SAXS and SANS. By performing a contrast variation, the size
aluated. Reproduced from Koll et al.130 with permission from the Royal
onitor the structural changes during the different cultivation stages of
age. The 1D SAXS data (bottom panel) were fitted to obtain information
panel shows the 2D SAXS pattern of a colloidal suspension of magne-
d (in the horizontal direction) from which the 2D correlation function
alue decomposition.132 The real-space correlation function reflects the
MNPs and the average size of the isometric MNPs. Reproduced with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enrichment around nanoprecipitates in a metallic matrix,150

and to investigate the magnetization distribution of ferrimag-
netic iron oxide compounds with their nuclear SANS contribu-
tion oen 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.150

The magnetic scattering length density determined by
polarized SANS is a quantitative measure of the magnetization
prole. 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
observed136,139 that is mainly associated with the presence of
antiphase boundaries.154 Disch et al.151 used SANSPOL to
determine the eld 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,155 resulting in spin canting and
random disorder of half the atomic moments as indicated by
nuclear resonant scattering.156 Taking advantage of the spatial
sensitivity of SANSPOL, Zákutná et al.152 determined that the
coherently magnetized core of Co-doped ferrite MNPs grows
with the magnetic eld (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
surface spins. The surface conguration and chemical
Fig. 5 (a) Magnetic field variation of the magnetic scattering length d
described by Langevin behavior (solid lines). The inset displays themagne
the bulk magnetic moment. Reproduced with permission from Disch et a
reserved. (b) Representation of the structure (vertical cut) and magnetic (
of the magnetically disordered shell (surface spin disorder indicated by bl
(POLARIS) demonstrates that the spins structure on the shell is completely
license. (c) Atomistic simulation of the spin configuration of a Fe3O4 core
the octahedral Mn-sites. The dashed line separates the coherently magne
a canting of the net magnetization of the nanoparticle. Taken fromOberd

© 2022 The Author(s). Published by the Royal Society of Chemistry
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.157

POLARIS also allows observing deviations from single
domain behavior to complex spin structures with the presence
of ordered misaligned moments from the magnetic eld axis.
The technique measures the neutron spin-state aer scattering
at the samples allowing to separate magnetic from nuclear
scattering using a polarized 3He gas cell as analyzing neutron
lter. For a dense self-assembled face-centered cubic super-
lattice of 9 nm Fe3O4 nanoparticles, Krycka et al. revealed the
existence of considerable, temperature-dependent spin canting
of 20–30� in a 1 nm surface region.158,159 A combination of
polarized SANS and X-ray magnetic circular dichroism (XMCD)
spectroscopy allowed to reveal the evolution of magnetic order
inmultiphase 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 eld and reversed magnetization of the surrounding Fe
oxide at lower temperatures.160

Strong spin canting (Fig. 5c) is observed in densely packed
core–shell Fe3O4@MnxFe3�xO4.153 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.161 the purely
magnetic SANS signal for Mn–Zn-ferrite samples shows a tran-
sition of a nearly homogenous magnetization prole for 28 nm
particles to a vortex-like conguration for 38 nm particles. FePt-
core/iron-oxide-shell particles can exhibit a vortex-like intra-
particle magnetization conguration reducing dipolar interac-
tions between the particles when no magnetic elds are
applied.162 To identify such complex inhomogeneous confor-
mations, magnetic simulations are a key component. The
ensity for nanospheres and nanocubes due to particle reorientation
tization distribution in the nanospheres extracted by SANS compared to
l.151 ©IOP Publishing and Deutsche Physikalische Gesellschaft. All rights
horizontal) morphology of Co ferrite MNP of 14 nm size. The thickness
ue arrows) reduces with magnetic field. SANS with polarization analysis
uncorrelated. Adapted from Zákutná et al.152 under terms of the CC-BY
andMn-doped ferrite shell with antisymmetric exchange interaction on
tized core from the shell with local spin frustration leading eventually to
ick et al.153 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.163 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-uorescent
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.163 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.173 – 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 q¼ 0.58 nm�1 is associated with the distance
of neighboring particles. The extended high q-range for SAXS shows
higher-order oscillations of the particle form factor. The scattering at
low q reflects interparticle correlations within the clusters. The field-
dependent, purely magnetic neutron scattering cross-section ISF

resolves the directional correlations between the particle moments. At
small magnetic fields, a maximum at 0.12 nm�1 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.182 Copyright 2018 by the American Physical
Society.

1034 | Nanoscale Adv., 2022, 4, 1026–1059
supraparticles, a larger colloidal vesicle encapsulates self-
assembled CdSe–CdS core–shell quantum dots with super-
paramagnetic magnetite MNPs.164 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
aer thermal annealing. In Bender et al.140 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
elds.

Field-sensitive ferrogels on the other hand are envisioned for
so actuators. Helminger et al.165 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 so 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.166 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
ferrouid.167 Even in the absence of particle agglomeration and
chaining, long-range concentration uctuations along the eld
indicating a strong anisotropy of the Brownian motion are
observed under magnetic eld.168 Using a combination of
scattering methods and reverse Monte Carlo simulations,
Nandakumaran et al.169 explored the chain formation mecha-
nism under magnetic eld in solution. Eventually, dipolar
magnetic interactions in ferrouids induce the formation of
superstructure ranging from short-range ordered aggregates via
chain-like structures170,171 to eld-induced pseudocrystalline
ordering in concentrated ferrouids.172,173

Interparticle forces sensitively affect the rheology of colloidal
dispersions. The magnetoviscous effect, i.e. the strong increase
in viscosity with magnetic eld, has been investigated with in
situ magnetorheology and small-angle scattering investigating
the orientational order.174,175 Shear-thinning behavior is
explained by the disruption of the so aggregates for high
© 2022 The Author(s). Published by the Royal Society of Chemistry
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enough shear ows.176 Similarly, driven by particle surface
charges, the viscosity can be modied with electric elds in
transformer-oil-based ferrouids.177 Magnetic-eld 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.178 Magnetic eld-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 eld.179 Anisotropic metallic MNPs
as constituents in ferrouids may result in a strongly enhanced
magnetoviscous effect in comparison to conventional
ferrouids.180,181

Field-dependent SANS is further used to detect collective
magnetic correlations among particles in disordered assem-
blies and ordered particle nanocrystals.183–185 Small-angle scat-
tering accesses the characteristic length scales connected with
interparticle correlations and magnetic interactions between
nanoparticles (Fig. 6). In Dennis et al.186 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
signicant inuence 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.187 Magnetic nanoowers 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
conrms a preferentially superferromagnetic coupling of the
crystallites in a nanoower resulting essentially in single-
domain particles but with a slight spin disorder due to the
grain boundaries and other structural defects.188 Furthermore,
in the case of a dense powder of such nanoowers positive
correlations between neighboring particle moments were
observed creating locally a supraferromagnetic structure.189

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.182 The
magnetic correlations between interacting particles' moments
are reected in the magnetic structure factor, which will deviate
from the scattering of the structural arrangement.190 Interest-
ingly, the interparticle coupling can enhance the magnetic
heating of nanoower samples as shown by Sakellari et al.191

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.192
© 2022 The Author(s). Published by the Royal Society of Chemistry
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 eld.

A common route to synthesize iron oxide nanoparticles
involves precipitating an iron precursor in an alkaline, aqueous
solution.196,197 In situ SAXS helps to identify different reaction
pathways that may change with synthesis temperature.198 The
formation pathway involves intermediate metastable precursors
before nucleation and growth of nanoparticles.199–201 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.202 Continuous ow
reactors, in which the reagents are pumped and mixed under
well-controlled reaction conditions, realize large-scale and
reproducible co-precipitation syntheses.203,204 Further, the local
position along the reaction tube coincides with the reaction
time. This allows observing in situ the transient reaction states
aer mixing and to study the growth mechanism205,206 and
changes in the magnetic behavior.207

In situ synchrotron measurements are suitable to follow
closely the reaction kinetics and precursor state during the
synthesis of iron oxide nanoparticles.208 For instance, Kabelitz
et al.209 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 ml 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 aer mixing the chloride
precursor with the NaOH base solution under the abrupt pH
change. The co-precipitation is sensitive to local uctuations of
the reaction conditions and affects reproducibility. In situ time-
resolved, simultaneous SAXS/WAXS studies under supercritical
uid 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.210 Thermal decomposition with
high boiling point organic solvents allows synthesizing very
monodisperse iron oxide nanoparticles economically in large
scale quantities.211,212 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.193 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
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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.213

Post-processing steps may be required for purication and
potentially phase transfer to polar solvents via ligand exchange.214

Stable, aqueous dispersion of nanoparticles based on amphi-
philic polymers are further functionalizable with selected
macromolecules,215 e.g. for targeted drug delivery. The choice of
surfactant can alter structural and magnetic properties.216 The
stability of the aqueous particle dispersion and absence of
interparticle correlations, expected aer successful phase trans-
fer, is easily conrmed using small-angle X-ray scattering.217

Controlled evaporation of the particle dispersion results in the
formation of nanoparticle superlattices218 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
Fig. 7 (a) In situ X-ray scattering allows monitoring the reaction kinetics
oxide nanoparticles by thermal decomposition. Taken from Lassenberger
SAXS on a levitated drop allows following the assembly of maghemite n
shrinks, a structure factor appears indicating that the particles form clust
the interior of the drop. Adapted with permission from Agthe et al.194 Co
rofluids, nanoparticle chains are spontaneously formed and order in a lo
established in an alternating field. The reversal of magnetic moments is g
The pulsed beam technique TISANE achieves ms time resolution with
scattering and overcoming the wavelength smearing for a continuous
Copyright 2006 by the American Physical Society.

1036 | Nanoscale Adv., 2022, 4, 1026–1059
particular controlling the shell thickness in relation to the
magnetic volume fraction and superparamagnetic relaxation.219

Apart from monitoring the growth kinetics of MNPs, time-
resolved experiments allow determining the dynamic ordering
and relaxation processes of magnetic nanoparticles in magnetic
elds, e.g. the formation of chain-like aggregates in a dilute
dispersion, which align with an external magnetic eld. The
analysis of the scattering cross-section in Huang et al.220 indicates
that 20% of the particles form two-bead chains under an external
magnetic eld. The arrangement is completely reversible when
the magnetic eld is absent. For Co nanoparticles concentrated
up to 6 vol% dispersed in oil, polarized SANS shows the emer-
gence of sixfold symmetric scattering peaks with a magnetic eld
indicating reversible pseudocristalline hexagonal order over
domains of 100–150 nm, estimated by thewidth of the correlation
peak.221 The order disappears at zero eld and the particles
arrange in uncorrelated dipolar chains composed of a few parti-
cles. The correlation disappears on the timescale of seconds when
the eld is switched off.222 The decay times increase signicantly
with a eld, indicating the stabilizing inuence of dipolar inter-
action on the particle moments relaxation.223 Time-resolved
and precursor states of inorganic and micellar in the synthesis of iron
et al.193 Published under an AuthorChoice License by ACS. (b) Real-time
anocubes into mesocrystals. As the solvent evaporates and the drop

ers and growth of ordered domains both at the air–liquid interface and
pyright 2016 American Chemical Society. (c) In concentrated Co fer-
cal hexagonal arrangement in a static magnetic field, while only partly
overned by a characteristic Brownian relaxation time of several 100 ms.
neutrons allowing to measure the AC frequency dependence of the
beam. Reprinted figures with permission from Wiedenmann et al.195

© 2022 The Author(s). Published by the Royal Society of Chemistry
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unpolarized and polarized small-angle neutron scattering with
AC eld and for temperatures down to the freezing temperature
of the solvent demonstrates that the magnetic reorientation
process of Co and Fe3O4 ferrouids is composed of moment
relaxation characteristic for Brownian rotation of the magnetic
cores with nite viscosity or by Néel type relaxation in the frozen
state and a variable volume fraction of arrested, static moments,
which can be aligned along with a preferred orientation.224,225 For
anisotropic magnetic particles and aggregates, the distorted
scattering pattern of a rotating sample in a staticmagnetic eld or
a rotating magnetic eld allows estimating the rotational diffu-
sion coefficient in the characteristic range up to 1000/s.226

Continuous beammeasurements are restricted to AC frequencies
below a few hundred Hz. Neutrons passing the sample at a given
time arrive at the detector as time-shied events due to the spread
in velocity resulting in a smeared oscillation amplitude of the
signal. Time resolution is hence limited to 1 ms.

Regarding SANS, faster relaxation times are accessible with
a phase-lock technique called TISANE, which synchronizes
microsecond short neutron pulses from high-speed choppers
with a periodic stimulus like oscillatory shear, electric or
magnetic elds extending the probed frequency range to the
kHz regime (Fig. 7c). Similar to stroboscopic data acquisition,
the scattering signal is observed over many periods to obtain
sufficient counting statistics. A TISANE chopper system has
been installed at a few neutron instruments, like SANS-I at FRM-
II, D22 at ILL, and NG-7 SANS at NIST. In a concentrated Co
ferrouid at ambient temperature, eld-induced ordering
occurs on timescales of 100 ms determined by Brownian rota-
tion, locally ordered domains of 100 nm size driven by a dipolar-
eld governed ordering process are created at a later stage
within a few seconds of applying an external magnetic eld.195

The pulsed beam technique has been further used to study the
reorientation dynamics of colloidal dispersions of Ni nanorods
in oscillating elds.80 A recent experiment at NIST investigated
hematite nanospindles dispersed in D2O. These anisometric
nanoparticles show a signicantly different and more complex
reorientation behavior. Sufficiently large nanospindles have
a tendency for uniaxial anisotropy overcoming thermal uctu-
ation of the magnetic moment within the basal plane.227 With
the magnetic easy axis xed in the basal plane, the hematite
spindles orient and rotate with their long axis perpendicular to
an applied eld.228 From an analysis of the frequency-dependent
phase delay of the scattering amplitude to the oscillating
magnetic eld, one can extract the rotational diffusion coeffi-
cient of opaque, dense magnetic particle dispersions.229 The
structure-directing inuence of static and dynamic magnetic
elds179,230,231 can induce self-assembly of nanocrystals with
translational and orientation order that exhibit strongly aniso-
tropic properties that can be used for optical lters, and
nanometer-scale viscoelasticity sensors.232 Furthermore, doping
ferronematic liquid crystals with elongated MNPs such as the
hematite spindles is a promising approach to improve their
performance, and thus understanding the relaxation dynamics
of these composites is crucial for potential applications, e.g., in
at panel displays.233
© 2022 The Author(s). Published by the Royal Society of Chemistry
4 Reflectometry and grazing-
incidence scattering

Nanoparticle assemblies revealing interparticle correlations are
typically obtained either by bottom-up self-organization or top-
down lithographic techniques. Commonly, a solid substrate
supports the sample and provides connement with a structure-
directing inuence. The scattering under grazing incidence
geometry, or reection geometry (Fig. 2b), has several advan-
tages for such supported nanostructures. First, if the incident
angle ai of the incoming X-ray or neutron beam is small, its
large footprint illuminates a relatively large sample area. This
results in a much larger scattering volume than in transmission
geometry, so that even very thin layers with nanoscale thickness
can be studied. Moreover, close to the critical angles for total
reection of the surface and the substrate dynamical scattering
effects can be exploited to enhance the scattering intensity and
exclusively illuminate the interlayer such that the scattering
pattern will be highly sensitive to its structure.

Reectometry, off-specular scattering, and grazing-incidence
small-angle scattering (GISAS) are closely related experimental
techniques exploiting the reection geometry for the charac-
terization of thin lms and interfaces. Excellent literature is
available that gives fundamental knowledge about these tech-
niques and the associated scattering theory.236–238 Here, we will
focus on an overview of the scattering geometries and the
different information gained from specular/off-specular reec-
tometry and grazing-incidence scattering using X-ray and
neutron scattering probes. Scattering in the specular condition
(with scattering angle equal to the incidence angle, af ¼ ai,
Fig. 8a) probes the structural and magnetic depth prole of thin
lms, multilayers, and laterally nanostructured materials.
Lateral sample inhomogeneities, such as interface roughness or
magnetic domains in the mm regime, give rise to off-specular
scattering (with scattering angle unequal to the incidence
angle).239 In contrast, lateral structures in the nm length scale
result in intensity registered outside the scattering plane,
denoted as GISAS (Fig. 2b).

Polarized neutron scattering measures the change in the
polarization state of the scattered neutron: the sample magne-
tization parallel to an external magnetic eld causes non-spin-
ip reectivity, whereas neutron polarization reversal indi-
cates perpendicular magnetization components, which allows
resolving variations of the magnetization vector.240 Polarized
neutron reectometry (PNR) has revealed the dipolar magnetic
particle coupling in nanoparticle assemblies observed as
domain-like congurations at remanence241 and through
varying layer density.242 Polarized GISANS, on the other hand, is
an emerging technique that will enhance our understanding of
lateral interparticle coupling.243

The strong potential of reectometry and grazing incidence
scattering techniques towards depth- and laterally resolved
nanostructures nds wide application in the structural and
magnetic characterization of MNP assemblies in different
dimensions: ranging from nanoparticle monolayers244 through
multilayers245 to highly ordered 3D superstructures such as
Nanoscale Adv., 2022, 4, 1026–1059 | 1037
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mesocrystals.246,247 The following subsections will give an over-
view of recent achievements using reectometry (4.1) and
grazing incidence scattering (4.2), emphasizing also time-
resolved studies of in situ self-organization phenomena.235,248

4.1 Structural and magnetic depth prole

Neutron reectometry has the unique strength to assess depth-
resolved structural information, e.g. from buried interfaces,
multilayer systems, and nanostructured polymer templates. In
combination with off-specular scattering, Lauter et al.249

revealed the structure transformation from cylindrical to
lamellar structure in nanocomposite lms of diblock copolymer
and magnetite nanoparticles. For assemblies of nanoparticle
arrays, the mean distance between the mm sized supercrystals is
accessible using off-specular scattering.250 In a combined XRR,
GISAXS, and PNR study, Mishra et al.245 analyzed the structural
and magnetic ordering of spin-coated nanoparticle lms and
monolayers. Next to a hexagonal lateral order revealed by
GISAXS, a clear modulation of the depth prole was found using
XRR, indicating a layered nanoparticle stacking with a linear
density gradient between the substrate and top layer. PNR
revealed dipolar interparticle coupling and formation of local
domains, resembling a so ferromagnetic state in remanence.
Fig. 8 (a) Sketch of an experimental specular reflectometry setup with the
versus the momentum transfer qz normal to the surface after applying a m
and (II) 48 hours, respectively. The scattering length density profile indica
layer near the interface (in blue). The Bragg peak (dashed line in the reflec
NP layers. Reprinted figures with permission from Vorobiev et al.234 Cop
GISAXS signal highlights the different stages from a dilute dispersion of o
self-assembly into superlattices. (Top right) Evaporation cell with gas flow
height measurement, and camera (e). Adapted from Josten et al.235 Cop

1038 | Nanoscale Adv., 2022, 4, 1026–1059
Neutron reectometry allows studying the self-organization of
nanoparticles from dense ferrouids at the solid–liquid interface.
Vorobiev et al.234 revealed the eld dependence of the layered
structure of ferrouids near a solid substrate with a dense wetting
layer (Fig. 8a). The different depth proles resulting from either
static conditions, under shear, and with a magnetic eld, are
accessible using neutron reectometry.251 Moreover, the ferro-
uid properties such as particle surface functionalization strongly
affect the rst adsorption layers on the solid substrate.252,253 Theis-
Bröhl et al.254 revealed the inuence of different substrates on the
wetting layer and subsequent layer formation from ferrouids
and the magnetization depth prole in the obtained assemblies.
Saini et al.242 elucidated the impact of amagnetic substrate on the
iron oxide nanoparticle layer formation using PNR, highlighting
the importance of particle size and the resulting magnetic
moment. Saini and Wolff255 further used a magnetic eld to
induce a microshearing effect on small quantities of magnetic
polymer nanocomposites that improved the crystallization
behavior of nonmagnetic surfactant micelles in water.

4.2 Lateral and 3D nanostructure

Long-range ordered arrays of nanoparticles, such as meso-
crystals or supercrystals, typically assemble as a two-
incident (ki) and reflected (kf) neutron beam and the reflected intensity
agnetic field of B ¼ 10.5 mT perpendicular to the interface for (I) 24 h
tes a dense double layer of particles separated by a wetting surfactant
tivity) implies the formation and later densification of extended ordered
yright 2004 by the American Physical Society. (b) The evolution of the
leate-capped g-Fe2O3 nanosphere in toluene to evaporation-induced
control (a) to adjust evaporation rate, light micrometer (d) for droplet

yright 2018, The Authors, published by Springer Nature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dimensional powder on the substrate with only the substrate
normal as the preferred direction. As a result, all (hkl) reec-
tions of the sample can be detected using GISAS at the same
time.246 In contrast, for an individual, single-crystalline array of
nanoparticles, the sample needs to be rotated around the
substrate normal to successively fulll the Bragg condition for
different lattice planes. Lateral structural information can be
unambiguously derived from the so-called Yoneda line that
emerges at a scattering angle equal to the critical angle of total
reection of the sample (af ¼ ac). For shallow incidence angles
ai, both diffraction and refraction processes contribute to the
scattering pattern. This leads to two distinct reections for each
lattice plane (hkl), which can be indexed by a combination of
Bragg's and Snell's laws.256,257 The full GISAXS pattern, including
the diffuse scattering resulting from mosaicity, originates from
a series of different combinations of reection and scattering
events. For a correct description, multiple scattering effects are
considered in the frame of the distorted wave Born approxi-
mation (DWBA).258,259 In the case of a rough surface, e.g. for
islands of nanoparticle assemblies on the substrate, the
condition of an ideally at sample is no longer valid, and the
conventional born approximation (BA) applies.260

GISAXS is widely employed to follow the self-organization of
nanoparticles into two- and three-dimensional arrangements.
For arrangements of semiconductor nanocrystals, GISAXS has
been applied to gain insight into oriented attachment,261 the
inuence of the swelling behavior of the surrounding ligand
shell,262 and two-dimensional nanoparticle organization at
liquid/air263 and uid/uid264 interfaces. GISAXS allows
comparing quantitatively the quality (substrate coverage, grain
size, packing density, and lattice disorder) of FePt nanoparticle
monolayers for different Langmuir deposition and spin coating
techniques.244 The structure-directing inuence of the particle
shape has been investigated for cuboidal maghemite nano-
particles, revealing the signicant impact of the degree of
corner truncation246,256 and overall nanoparticle size247 on the
formed mesocrystal structures, ranging from body-centered
tetragonal to face-centered cubic and simple cubic structure
types. A rich structural diversity of binary nanocrystal super-
lattices composed of iron oxide and gold nanoparticles and the
inuence of lattice contraction upon solvent evaporation was
reported by Smith et al.265 For binary assemblies of CoFe2O4–

Fe3O4, SAXS discerned the long-range ordering and high phase
purity that results in coherent magnetic switching mediated by
the enhanced dipolar coupling.266 Lu et al.267 report binary
superlattices composed of two different nanoparticle sizes and
how excess nanoparticles of one size regime may be expelled
and grow separately into locally monodisperse nanoparticle
superlattices.

Using the high ux of synchrotron beamlines, GISAXS is
a suitable tool for the in situ investigation of the dynamic
crystallization processes during the self-organization of nano-
particles. For Au and PbS quantum dots, time-resolved GISAXS
enabled a distinction between lateral and three-dimensional
growth during the initial stages of superlattice formation as
well as overall lattice contraction effects during long-term
aging.268 Evaporation of a colloidal nanoparticle dispersion
© 2022 The Author(s). Published by the Royal Society of Chemistry
can stimulate spontaneous MNP self-assembly yielding highly
ordered and extended nanoparticle superlattices. The process is
determined by a complex interplay between various interactions
between particles and substrate, added surfactant molecules,
drying kinetics of the solvent, and interfacial energy between
surfaces. Siffalovic et al.269 revealed the three-phase (liquid–
solid–air) drop contact line as the origin of iron oxide nano-
particle self-organization during drop-casting. The early stages
of the self-assembly process of iron oxide nanoparticles in
a fast-drying colloidal drop were studied with GISAXS with
a temporal resolution down to milliseconds, leading to assem-
blies with a perfect hexagonal close-packed array within
domains with less than 100 nm extension.270 Hu et al.271 applied
vertical scans with transmission SAXS near the liquid interface
to identify the region of concentrated NPs and the degree of
order above the interface. Mishra et al.272 reported the inuence
of wetting vs. dewetting properties of the solvent on the lm
morphologies of iron oxide nanoparticles on solid substrates.
Josten et al.235 studied the formation of iron oxide mesocrystals
by a drop-casting approach using an evaporation cell designed
for in situ GISAXS with controlled evaporation rates (Fig. 8b),
identifying four different stages: from a concentrating disper-
sion to formation, growth, and nally rearrangement of the
superlattice. The onset of superlattice formation happens
suddenly within seconds indicated by the appearance of sharp
structure peaks between two sequential measurements. A
detailed analysis quanties the ratio of ordered and disordered
particle fractions and yields information on the growth kinetics
and structural evolution of the superlattice. Nanoparticle self-
organization into 1-, 2-, and 3-dimensional assemblies within
the solution is accessible using transmission SAXS.273 Elimi-
nating the structure-directing inuence of the substrate, levi-
tation of drops by ultrasonic waves allows monitoring the two-
step assembly of nanoparticles into mesocrystals using time-
resolved transmission SAXS (Fig. 7b). The particles cluster in
intermediate, dense, but disordered precursors that rapidly
transform into large mesocrystals.194,274

Given the well-progressed application of GISAXS to the
structural characterization of MNP assemblies, the next
important step will be applying grazing-incidence scattering
techniques to the understanding of the magnetic morphology
in nanoparticle arrangements. Schlage et al.275 combined the
structural analysis of in situ grown magnetic antidot arrays
using GISAXS with magnetic characterization using nuclear
resonance X-ray scattering, revealing the magnetization of the
growing iron nanostructure and the impact of an iron oxide
capping layer. GISANS in combination with polarized neutrons
will be a suitable tool to investigate interparticle interactions,
such as short-range coupling between nanoparticles in layered
assemblies as demonstrated for Co nanoparticles by Theis-
Bröhl et al.276,277 Wolff et al.243 applied a magnetic eld to induce
a microshearing effect on small quantities of magnetic polymer
nanocomposites that improved the crystallization behavior of
nonmagnetic surfactant micelles in water. The authors suggest
a time-resolved and polarized GISANS experiment to elucidate
the shear-induced magnetic structure formation and lateral
interparticle coupling. Shear alignment of polymer micelles can
Nanoscale Adv., 2022, 4, 1026–1059 | 1039
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serve as a template to impose crystalline order and to fabricate
ordered so magnets.
5 X-ray magnetic scattering and
spectroscopy

Synchrotron X-ray radiation offers an advanced tool to probe
magnetic correlations in nanostructured materials, such as
MNP monolayers and is a unique technique to investigate
nanoscale magnetism in the presence of high neutron
absorbers such as Sm or Gd. Due to their high brilliance,
synchrotron X-rays enable the detection of scattering signals
produced by very thin magnetic layers and low amounts of
magnetic materials in a relatively short time, which is oen
challenging to probe with neutrons. In addition, the ability to
tune the X-ray energy to specic magnetic resonances provides
element selectivity and the magneto-optical contrast necessary
to obtain magnetic information. Also, switching the X-ray
polarization allows separating the magnetic scattering signal
from the charge distribution signal, yielding information on the
magnetic and structural correlations, separately. In this section,
we will describe two X-ray techniques to study nanostructured
magnetic systems, with examples of MNPs. X-ray magnetic
circular dichroism (XMCD) allows identifying magnetic reso-
nances and extracting information about the spin and orbital
moments of a system, but without information on spatial
correlations. X-ray resonant magnetic scattering (XRMS)
provides additionally spatio-temporal information about
nanoscale magnetic correlations.280 Also, we will show how
coherent-XRMS can provide unique information about the local
magnetic disorder and the dynamics of uctuations in MNP
assemblies.
5.1 Magnetic resonances via XMCD

First predicted and demonstrated in the mid-1980's,281,282 X-ray
magnetic circular dichroism (XMCD) exploits the polarization
degree of X-rays to probe the magnetic state of matter via
absorption spectroscopy.283–285 XMCD is the X-ray equivalent to
the magnetic Faraday and Kerr effects observed with visible light
in transmission and reection geometries, respectively. XMCD is
a spectroscopy technique, where the X-ray energy E is scanned
across specic absorption edges of the material. X-ray absorption
(XAS) spectra are recorded at opposite helicities of the circular
polarization in order to measure the direction of the atomic
magnetic moment relative to the polarization vector of the X-rays.
The two resulting XAS spectra m�(E) are then subtracted to esti-

mate the standard dichroic ratio RD ¼ mþðEÞ � m�ðEÞ
mþðEÞ þ m�ðEÞ

.

For best magneto-optical contrast, XMCD is typically
measured near absorption edges of electronic energy bands for
which spin–orbit coupling is present. For transition metals,
such as Mn, Fe, Co, Ni, XMCD is routinely performed at the L2
and L3 edges where electrons transition from the 2p1/2 and 2p3/2
bands, respectively, up to the 3d valence band. For rare-earth
elements, such as Sm, Gd, Tb, Dy, Yb, XMCD is usually
carried out at the M2, M3, M4 or M5 edges where electrons
1040 | Nanoscale Adv., 2022, 4, 1026–1059
transition from the 3p1/2, 3p3/2, 3d3/2 or 3d5/2 bands, respec-
tively, up to the 4f valence band. In this band notation, the
subscript corresponds to the quantum number j, resulting from
the combination of the spin s and orbital l angular momenta.
The strength and shape of the absorption signal m(E) (which
reects the electronic density of state in a specic orientation of
the magnetic moment associated with j) change when the hel-
icity of the polarization is switched. The resulting dichroic ratio
RD informs on the distribution of magnetic resonance energies,
for each magnetic ion and each crystallographic site present in
the material. Also, information about the spin s and orbital l
moments can be extracted by applying the sum rules.286,287

Combining XAS spectra collected at opposite polarization hel-
icities yields the imaginary part f2 of the charge (fc) and
magnetic (fm) atomic scattering factors: fc/m ¼ f1,c/m + if2,c/m as
illustrated in Fig. 9. The real part f1 can subsequently be ob-
tained via Kramers–Kronig transformation.278

A few XMCD studies of MNPs have been carried out so far,
including on Co,278,288 CoPt,289,290 CoFe,291 CoFe2O4,292 ZnO,293

maghemite g-Fe2O3,294 magnetite Fe3O4,279,295 hollow MNP,296

and nanoscale ferrite produced by bacteria and tailoring their
magnetic properties by controlled chemical doping.297–299 For
bimagnetic core–shell systems, element-specic XMCD
contributed to determining the interaction between the iron
core and spin-canted ferrimagnetic iron oxide shell,300

measuring the magnetothermal behavior,301 explaining the
enhanced anisotropy originating from mixed-oxide interfacial
layer302 and the distribution and coupling of cations.303 The high
sensitivity of XMCD revealed also the induced ferromagnetic
order of Ag atoms at the interface of crystalline Fe nanograins
and clusters304 and the polarization of Au nanoparticles by
dilute Fe nanoparticles305 in granular thin lms.

Fig. 9 shows examples of XAS/XMCD spectra collected at the
Co-L2,3 edges on 9 nm Co MNPs278 (Fig. 9b) and at the Fe-L3
edges on 8 nm Fe3O4 MNPs279 (Fig. 9c). The various elements
can be separated by identifying the characteristic absorption
edges. This allows in particular to investigate the magnetic
contributions of mixed ferrites.306 Regarding the data collected
at the Fe-L3 edge on Fe3O4 MNPs (Fig. 9c), the XMCD spectrum
exhibits a characteristic W shape with three narrow peaks,
which correspond to the various tetrahedral and octahedral
sites occupied by the Fe2+ and Fe3+ ions in the spinel crystal-
lographic structure. A quantitative analysis of the XMCD signal
using the sum rules indicates that the orbital moment ML is
quenched and that the magnetization is supported by the spin
MS moment. The value of MS is found to be around 2.5 (2.7) mB/
Fe3O4 at 300 K (20 K), which is smaller than the value measured
in bulk Fe3O4, suggesting nano-sizing effects and spin canting
at the surface of the Fe3O4 MNPs.

These examples demonstrate how XMCD can yield useful
quantitative information on themagnetic resonances, magnetic
atomic scattering factors fc/m, orbital moment ML, and spin
moment MS, all spatially averaged over the MNP material.
However, XMCD does not provide any information on spatial
correlations. Such information can be obtained locally on
discrete nanostructures via imaging, e.g. photoemission elec-
tron microscopy with XMCD (XMCD-PEEM) to resolve the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XAS and XMCD measurements on MNPs. (a) Sketch of the experimental setup showing the MNP film placed in transmission geometry
under an out-of-plane in situ magnetic field and transmitted light detected downstream on a photodiode. (b) XAS data collected on 9 nm Co
MNPs, displaying the real (f1) and imaginary (f2) parts of the charge (fc) and magnetic (fm) atomic scattering factors. Reprinted figure with
permission from Kortright et al.278 Copyright 2005 by the American Physical Society. (c) XAS (top) and associated XMCD (bottom) data collect on
8 nm Fe3O4 MNPs. Adapted from Cai et al.279 Rights managed by AIP Publishing.
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magnetization state of single particles,307 or by X-ray scattering
techniques over particle ensembles, as discussed in the
following.

It is worth mentioning that XMCD is only present when the
material exhibits a non-zero net magnetization (for example,
ferromagnetic materials). For anti-ferromagnetic materials,
where the net magnetization sums up to zero, the technique of
X-ray magnetic linear dichroism (XLMD) is applied instead of
XMCD.
5.2 Spatial and temporal correlations via XRMS

X-ray resonant magnetic scattering (XRMS) exploits the X-ray
polarization to probe spatial magnetic correlations in the
matter via scattering.308,309 To optimize the magneto-optical
contrast, the energy of the X-rays needs to be nely tuned to
resonance edges of the magnetic element(s), which are oen
shied relative to the theoretical tabulated edges, due to the
electronic state of the excited atom in the local chemical and
magnetic environments. Additionally, magnetic resonances
may be sharper than electronic resonances. For these reasons,
and given potential energy shis in beamline calibrations, it is
generally recommended to perform XMCDmeasurements prior
to XRMS identing the exact magnetic resonance edges to
optimize the magneto-optical contrast.

Unlike for XMCD, where integrated absorption spectra are
measured either as drain current from the sample, total uo-
rescence yield or as transmitted photon intensity (see Fig. 9a),
the XRMS intensity is recorded as a function of the scattering
momentum transfer q (see Fig. 10a) and necessitates scanning
the photo-detector spatially or using two dimensional detection
downstream.

Historically, XRMS was rst used in the hard X-ray regime,
using L-absorption edges of rare-earth elements, for example to
characterise magnetic nanostructures in granular amorphous
GdFe alloys.310 It is also worth mentioning that with sufficient
magnetic contrast, non-resonant magnetic scattering of hard X-
rays may be used to obtain information about existing atomic
© 2022 The Author(s). Published by the Royal Society of Chemistry
magnetic ordering.311 One advantage is the deep penetration of
hard X-rays compared to so X-rays, allowing to study thicker,
even mm thick materials with XRMS in transmission geometry.

However, XRMS is nowadays mostly used in the so X-ray
range to study nanoscale magnetic structures, such as
magnetic multilayers,312–317 magnetic domains in ferromagnetic
thin lms,318–326 noncollinear spin textures in magnetic thin
lms,327–332 magnetic ordering in antiferromagnetic system333

and exchange-coupled magnetic layers.334,335 When tuned to the
Co and Fe-L3 edges, the X-ray wavelength is around l ¼ 1.6 nm
and 1.75 nm, respectively (so X-rays). These wavelengths are
perfectly suited for the study of MNP assemblies, as it gives
access to spatial ranges from a few nanometers up to about
100 nm depending on the resolution and the angular extent of
the detector. So far, only a few studies have utilized XRMS to
probe magnetic nano-objects, such as Co/Pt nanowire
lattices,336 FePd single nanowires,337 Co MNPs,278 patterned
nanomagnet arrays,338 and Fe3O4 MNPs,339 as illustrated in
Fig. 10 and 11a–c. For all these systems, the X-ray energy is
tuned to either Co-L2,3 or Fe-L2,3 edges in the so X-ray range.
Because these materials are nano-structured, so X-rays are well
suited to access their inherent nanoscale magnetic correlations.

For isotropic materials that do not show any preferential
direction, one can use a point detector, typically a photodiode
mounted on a rotating arm that allows scanning the scattering
angle 2q through a wide range from 0 up to 90� similar to
powder X-ray diffraction (XRD). However, most of the XRMS
signal is oen concentrated in the small angle region. An
example of a scan in the small-angle regime is illustrated in
Fig. 10b, where the XRMS signal is recorded at the Co-L3 edge on
9 nm Co MNPs.278

To extract magnetic correlations, I(q) data sets are recorded
at le and right circular (I�) as well as linear (Ilin) X-ray polari-
zation, and at various magnetic eld values B. Using a point
detector allows to study the dependence of the scattered
intensity I(B) with the magnetic eld B at a xed q value, as
illustrated in Fig. 10c.
Nanoscale Adv., 2022, 4, 1026–1059 | 1041
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Fig. 10 XRMS data collected with punctual detection on 9 nm Co MNP monolayers. (a) Sketch of the experimental setup showing the MNP film
placed in transmission geometry under an out-of-plane in situ magnetic field and scattered light detected downstream at transverse scattering
vector q. (b) (top) sets of Ilin(q) spectra collected at B ¼ 0T and B ¼ 0.5 T; (bottom) Associated difference DIlin(q) revealing specific magnetic
orders. (c) Magnetic field variation of Ilin, I+(B), I�(B) spectra collected at various q values. Reprinted figure with permission from Kortright et al.278

Copyright 2005 by the American Physical Society.
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The two-dimensional detection mode, similar to single
crystal detection, provides 2D lateral spatial resolution, partic-
ularly informative for non-isotropic nanostructured materials.
In this case, a two-dimensional detector such as a CCD camera
is placed either directly downstream if the material is probed in
transmission (Fig. 9a), or positioned at some angle if the
material is probed in reection (Fig. 2b). When done in trans-
mission, the probed scattering angle 2q is typically limited to
small values, making XRMS fall in the small-angle X-ray scat-
tering (SAXS) category, analog to small-angle neutron scattering
(SANS).

Fig. 11 shows examples of 2D XRMS patterns collected on
self-assemblies of Fe3O4 MNPs with the energy E tuned to the
rst magnetic peak within the Fe-L3 edge (Fig. 11a and b), and
on assemblies of Co MNPs with energy tuned to the Co-L3 edge
(Fig. 11c). Because the MNP materials are nanostructured, the
scattering signal is actually a combination of conventional
(Thomson) charge scattering (induced by structural
Fig. 11 Scattering patterns, containing XRMS signal, collected at the Fe-
Fe3O4 MNPs and (c) collected at the Co-L3 edge on 9 nmCoMNPs (Cour
Fe3O4 MNPs at the Fe-L3 edge. This speckle pattern corresponds to th
Correlation pattern generated by cross-correlating two speckle patterns
g2(t) at different temperatures crossing the superparamagnetic transition

1042 | Nanoscale Adv., 2022, 4, 1026–1059
correlations) and magnetic scattering (induced by magnetic
correlations). The shape of the scattering signal is an isotropic
ring (Fig. 11a and b), due to the fact that the scattering signal is
collected over a large portion of the sample, averaging many
various orientations of short-range MNP assemblies. The radius
of the ring informs on the average inter-particle distance,
whereas its width is related to the correlation lengths. On the
other hand, the scattering pattern in Fig. 11c shows a set of local
peaks, revealing in this case long-range ordered lattices of NPs.
To extract information about magnetic periodicities and
magnetic correlation lengths, some further steps are necessary,
exploiting the dependence of the signal with varying magnetic
eld as well as polarization dependence, as explained below.

The scattering intensity I(q) collected in opposite helicities of
circular polarization can be decomposed as a mix of charge and
magnetic scattering amplitudes, Ac and Am, and be written as
I�ðqÞ ¼ jAc þ Amj2 ¼ jAcj2 � ðA*cAm þ A*mAcÞ þ jAmj2.319,339 In this
expression, the respective charge/magnetic scattering
L3 edge on thin layers of MNPs of (a) 11 nm Fe3O4 MNPs and (b) 5 nm
tesy K. Chesnel). (d) Coherent-XRMS speckle pattern collected on 5 nm
e area marked in red of the scattering pattern shown in the inset; (e)
for estimating correlation coefficient r. (f) Normalized time correlation
(unpublished, courtesy K. Chesnel).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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amplitudes Ac/m ¼ fc/msc/m(q) are made of the atomic scattering
factor fc/m and the structure factor sc/m(q) that contains infor-
mation on the charge/magnetic structure of the material. The
factor sc/m(q) is essentially the Fourier transform of the charge/
magnetic density functions.

To access the information on magnetic correlations speci-
cally, one method consists in looking at the reconstructed linear
intensity Ilin(q) ¼ I+ + I� ¼ jAcj2 + jAmj2, and following its eld
dependence by collecting data at different eld values, typically
at B ¼ 0 and at a saturating eld Bmax. If the charge component
Ac is not eld-dependent, one can access the magnetic compo-
nent Am by measuring the difference DIlin(q) ¼ Ilin(Bmax) � Ilin(B
¼ 0)¼ DjAmj2¼ Djsm(q)j2.278 This method, illustrated in Fig. 10b
and c, only works if the magnetic scattering is comparable to
charge scattering so the variation can be effectively measured.

If jAmj2 � jAcj2, a more suited approach consists in exploiting
the dichroic difference and calculating the magnetic ratio,

dened as RM ¼ Iþ � I�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iþ þ I�

p . In the small magnetic scattering

approximation, one can show that

RM z
2ReðAcAmÞ

jAcj2
fjAmjfjsmðqÞj, thus giving access to the

magnitude of the magnetic scattering amplitude jAmj directly
rather than its square jAmj2.339

The q-dependence of the magnetic scattering is a measure
for spatial magnetic correlations, such as inter-particle ferro-
magnetic and antiferromagnetic couplings, which correspond
to a preferential parallel and antiparallel alignment of magnetic
particle moments, respectively.340

Finally, coherent X-ray resonant magnetic scattering (C-
XRMS) makes use of the high brilliance and coherence of
synchrotron radiation, which produces wavefronts highly
correlated in space and in time. Coherence may be achieved in
two ways: longitudinally (temporal), by selecting a mono-
chromatic wavelength band, or laterally (spatial) via pinhole
ltering and reducing the source size. Under coherent illumi-
nation, the interference between scattered beams from different
parts of the material produces a speckle pattern (Fig. 11d). The
particular position and shape of the speckle spots reect the
local charge distribution and magnetic structure in the mate-
rial. The speckle pattern is a unique ngerprint of the nanoscale
correlations, e.g. the size and distribution of the magnetic
domain conguration.341 C-XRMS is sensitive to short-range
inter-particle ordering as well as on slow dynamical behavior
in MNP assemblies.342

In the cross-correlation process, two speckle patterns A and B
are compared by superimposing them with some gradual lateral
shi and multiplying them pixel-by-pixel. This operation (deno-
ted by the symbol �) produces a correlation pattern, such as the
one shown in Fig. 11e. By integrating the signal under the peak
(
P

operation) and normalizing by the auto-correlations of the
two speckle patterns,343,344 one obtains a normalized correlation

coefficient r ¼
P ðA� BÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðA� AÞP ðB� BÞp which varies between

0 (no correlation) and 100% (same exact pattern).

The coefficient r can be estimated over the entire speckle
pattern, or on specic regions and q values, e.g. characteristic
© 2022 The Author(s). Published by the Royal Society of Chemistry
for short-range magnetic correlations in the plane of a mono-
layer of MNPs.345 The dependence of r on an applied magnetic
eld and temperature shows the evolution of these magnetic
correlations throughout a magnetic hysteresis and crossing
phase transitions. Similar to comparing the correlation coeffi-
cient r for two images A and B, another, more common
approach, known as X-ray photon correlation spectroscopy
(XPCS), consists in estimating the correlation coefficient346,347

g2ðtÞ ¼ hIAðtÞIBðtþ DtÞi
hIAðtÞi2

and following its evolution in time.

XPCS allows accessing collective diffusion coefficients348 and
investigating the slow dynamics of uctuating magnetic
congurations at the mesoscopic scale with eld and temper-
ature.349 Fig. 11f shows g2(t) measured at the Fe-L3 edge on
Fe3O4 MNPs at different temperatures crossing the super-
paramagnetic blocking transition.
6 Neutron spin-echo techniques

Neutron spin-echo (NSE) spectroscopy is an ultra-high energy
resolution technique, offering energy resolutions better than 1
neV102,350 by encoding the generalized velocities of a neutron
with the precession angle (Larmor labeling) in a magnetic eld.
Since the development of the rst NSE instrument in the 1970s,
several more techniques have been established that utilize the
neutron spin precession to address the scattering process with
unique energy and momentum transfer resolution. Amongst
these are neutron resonant spin-echo (NRSE) and modulation
of intensity with zero effort (MIEZE) that utilize spin ippers in
resonance with the precessional frequency of a neutron instead
of large solenoids used in classical NSE.351 Fig. 12 shows sche-
matically the three different NSE spectrometers. While classical
NSE still holds the records for reaching the highest temporal
correlations (and therefore highest energy resolution), NRSE
offers the possibility to reach shorter Fourier times with the use
of a eld subtraction coil.352 The MIEZE technique on the other
hand is best suited for measurements of magnetic samples as
well as measurements requiring an applied magnetic eld or
other depolarizing sample conditions as all spin manipulation
takes place exclusively before the sample region. NSE tech-
niques measure the intermediate scattering function S(q, t)
directly (Fig. 13a), while other inelastic neutron scattering
techniques such as backscattering and time-of-ight spectros-
copy measure its Fourier transform, the dynamic structure
factor S(q, u). Typical timescales accessible with spin-echo
techniques are 2 ps to 50 ns (NSE) and 0.1 ps to 20 ns (MIEZE).

First and foremost, NSE techniques have been used to study
diffusion and relaxation processes of MNPs in dispersion as
ferrouids, colloids, or ferrogels, and embedded in a metallic
matrix. Ferrouids with different concentrations of magnetite
MNPs (size range 3–5 nm) measured with classical NSE, showed
that the energy transfer of the nuclear scattering scales with q4,
rather than with q2, which is typical for translational diffu-
sion.353 The authors explained this so mode through dipole-
bond fractals, which break by applying a magnetic eld. The
magnetic subsystem is superparamagnetic at low elds and the
spin dynamics seem to follow a Néel relaxation process. Larger
Nanoscale Adv., 2022, 4, 1026–1059 | 1043
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elds induce stronger uctuations at small q.353 The same group
employed a mixture of isotopic 54Fe and natural magnetite
MNPs (size z30 nm) to eliminate the contribution of the
particle pair correlation function due to the varying scattering
amplitudes.354 The self-scattering of individual particles reveals
a stretched relaxation at low q. The pair-correlation, however,
shows an oscillation-like behavior at large q and amixedmotion
of oscillation and diffusion at small q. The period of oscillation
(for both q) was found to be 40 ns with an amplitude of 10 Å,
which is of the order of magnitude of the length of the surfac-
tant molecule.354 Similar behavior was found for a magnetite
ferrouid (MNP size z10 nm) and a magnetite ferrogel con-
taining the same amount of MNPs.355 The dynamics can be
described as a motion of chain-like structures composed of
random dipole bonds between particles. For an aqueous ferro-
uid constituted of maghemite MNPs (size ¼ 9.8 nm) with
a globally repulsive interparticle potential it was found that for
low q the collective diffusion is accelerated due to the repulsive
interactions between the particles. When a eld is applied,
a small anisotropy in the diffusion coefficient is predicted by the
simulation. This is however not observed in the NSE measure-
ments either due to polydispersity, or the relatively small
dipolar interaction.356 Lebedev et al.357 have studied the diffu-
sion of single-domain particles of MnZn-ferrite (size�10 nm) in
dodecane. As presented in Fig. 13b, the temperature-dependent
intermediate scattering function nicely shows the existence of
two distinct relaxation processes, which can be attributed to
a fast and slow diffusion process. This example demonstrates
the strength of NSE techniques for the characterization of
a colloidal suspension of MNPs (such as ferrouids) as
Fig. 12 Schematic depiction of the spin manipulation components for
neutron resonance spin-echo (L-NRSE), and longitudinal modulation o
indicates the orientation of the guide field that maintains the neutron pol
p/2 flipper starts the neutron spin precession in the plane perpendicular to
for an empty beam the initial polarization is recovered at the second p/2 fl

measure the resulting beam polarization with a polarization analyzer and
flippers produce magnetic fields rotating with neutron Larmor frequenc

1044 | Nanoscale Adv., 2022, 4, 1026–1059
relaxation processes can be determined at different q-values
over a large timescale (several orders of magnitude). For ferro-
magnetic Fe(Cu) nanoparticles embedded in a silver matrix of
a heterogeneous alloy, NSE provides direct evidence of the
interparticle correlations of correlated interparticle magnetic
relaxation.358

For magnetic measurements, classical NSE is complicated as
the sample region needs to be decoupled from the precession
eld areas to conserve the Larmor labeling between the two
spectrometer arms. Since all spin manipulation occurs before
the sample position in MIEZE it is ideally suited for measure-
ments of samples under magnetic elds. The MIEZE method
has recently been developed at various institutes around the
world, including the Reactor Institute Del, the ISIS neutron
and muon source,83 Oak Ridge National Laboratory
(ORNL),359,360with several instruments going into user operation
(RESEDA, FRM-II101,361 VIN-ROSE, J-PARC362,363). First MIEZE
measurements, studying the dynamic magnetic properties of
MNPs, have been performed on a magnetite ferrouid (MNP
size z10 nm). Hayashida et al.364 found a superparamagnetic
relaxation time of 1.6 ns for these MNPs. This study shows that
MIEZE-SANS can be employed to detect directly the moment
uctuations of MNPs.

MIEZE can further play a crucial role in the investigation of
magnons in MNP systems. Such collective magnetic excitations
were predicted by Krawczyk and Puszkarski366 and have rst
been experimentally detected by Krycka et al.367 using the triple-
axis spectrometer BT7 at NIST.368 Tartakovskaya et al.369 describe
theoretically the dispersion of spin waves in two- and three-
dimensional MNP systems by calculations based on a linear
a classical neutron spin-echo spectrometer (NSE), longitudinal field
f intensity with zero effort (L-MIEZE) from left to right. The red arrow
arization along the neutron beam path from left to right. The upstream
the guide field. For NSE, thep flipper reverses the spin states such that
ipper, which projects the neutron spin back along the field direction to
a neutron detector. For NRSE and MIEZE, the radio-frequency (RF) spin
y that (de)accelerates neutrons yielding a spin-echo on the detector.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) With time-of-flight and backscattering spectrometers the dynamic structure factor S(q, u) is detected, which can be converted by an
energy Fourier transform into the intermediate scattering function S(q, t), and which is directly measured by NSE. The time-dependent self-
correlation function G(r, t) follows from a Fourier transform in space. With MIEZE the contrast CMIEZE f

Ð
S(q, u) cos(usMIEZE)du ¼ S(q, sMIEZE) is

measured for a given MIEZE time sMIEZE. Adapted from Arrighi and Higgins365 under terms of the CC-BY license. (b) Lebedev et al.357 determined
the intermediate scattering function S(q, t) (here called PNSE) for a ferrofluid with 10 nm MnZn-ferrite MNPs at different temperatures. The NSE
signal in double logarithmic scale clearly shows the existence of two distinct relaxation processes that scale with temperature. Copyright ©1999
Published by Elsevier B.V. (c) Hayashida et al.364 investigated the relaxation dynamics of 10 nm magnetite MNPs in a ferrofluid by measuring the
MIEZE contrast CMIEZE of the nuclear (circles) and magnetic (triangles) scattering at three different q-values for three different MIEZE times (from
top to bottom: 0.3 ns, 0.8 ns, 1.6 ns). The red line is the instrumental resolution function. The difference between nuclear and magnetic contrast
can be attributed to the superparamagnetic relaxation of the MNPs. Copyright ©2008 Elsevier B.V. All rights reserved.
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combination of atomic orbitals (LCAO) model taking into
account dipolar interactions. They predict a phase transition
that is caused by the competition between dipolar interaction
and uniaxial anisotropy and formulate an expression for the
relaxation times and their relation to the dimensionality of
a MNP system. MIEZE is an excellent tool for studying magnetic
excitations as demonstrated on RESEDA (MLZ) on magnons in
bulk Fe370,371 and on uctuating skyrmion lattices.372

One advantage of NSE techniques is that the energy resolu-
tion is decoupled from the width of the used wavelength band.
Therefore, a wavelength selector with a broad wavelength band�
dl
l

¼ 10%
�

can be used instead of a monochromator (as is

used for example at triple-axis spectrometers) providing a much
higher incoming ux onto the sample without sacricing energy
resolution. Furthermore, the large dynamic range � 1 ps to 10
ns and the availability of a small angle scattering option make
MIEZE an interesting candidate to study intra-as well as inter-
particle dynamics, like the relaxation processes at the interfaces
between particle core and shell.153 In dispersion, these effects
are obscured by the presence of Brownian diffusion. Hence, to
investigate the moment dynamics one should aim to embed the
MNPs in a hard matrix but that is rather transparent to
neutrons, such as aluminium or zirconium. On the other hand,
studying the diffusion and relaxation of MNPs in viscoelastic
matrices can be an interesting research eld in itself in partic-
ular concerning biomedical applications (e.g., regarding the
interaction of MNPs with physiological/cellular environments)
or so actuators and robotics (e.g., regarding the binding of
MNPs in ferrogels and elastomers).
© 2022 The Author(s). Published by the Royal Society of Chemistry
7 Micromagnetic simulations

A model-based analysis of magnetic scattering data (either in
magnetic SANS, neutron reectometry, GISANS, or XRMS) is
feasible only for a few selected sample microstructures (e.g. with
a low polydispersity and a well-dened particle morphology). To
circumvent this complexity, the application of micromagnetic
simulations was proposed recently to translate the reciprocal-
space data into real space. This indirect approach for data
analysis was so far used for magnetic SANS and bears great
potential for the other small-angle scattering techniques.
Additionally, dynamic micromagnetic simulations can be per-
formed to evaluate time-resolved measurements and NSE data.
In the following, we give a brief overview of the state-of-the-art
characterization of MNPs using micromagnetic simulations.

The ‘classical’ (mesoscopic) approach to micromagnetics374

predicts the static magnetization conguration or the magne-
tization dynamics with a spatial resolution of a few nanometers.
Commonly, ve contributions to the total magnetic Gibbs free
energy are taken into account: the Zeeman energy in the
external magnetic eld, magnetocrystalline anisotropy,
symmetric exchange, the antisymmetric Dzyaloshinskii–Moriya
interaction (DMI), and the magnetodipolar energy. On the
nanometer length scale, one can ignore the discrete atomic
structure and a continuum approximation suffices to resolve
the details of typical magnetization structures both in thin lm
and bulk systems. Finally, the minimization of the total
magnetic energy is performed, e.g. by an optimized version of
a gradient method employing the dissipation part of the
Landau–Lifshitz equation of motion for magnetic moments.375
Nanoscale Adv., 2022, 4, 1026–1059 | 1045
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Fig. 14 Examples for the spatial distribution of nanoparticles with
various shapes. (a and b) Spherical particles with different volume
fractions. Reprinted figures with permission from Vivas et al.373

Copyright 2020 by the American Physical Society. (c) and (d) Ellipsoids
of revolution with different aspect ratios. (e) Clustered particles with
polyhedron shapes. (f) A dense system of particles with a core–shell
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As for all physical theories, the violation of applicability limits
(e.g. attempts to achieve a better resolution than allowed by
mesoscopic theories) leads to physically irrelevant results. This
remark is in particular important for small-sized magnetic
particles, where atomistic modeling is oen the more appro-
priate choice, e.g. to observe the effect of antiferromagnetic
bonds across antiphase boundaries within MNPs,108 or DMI-
induced canted spins across core/shell Fe3O4/MnxFe3�xO4

MNPs.153

Numerical micromagnetics utilizes two different approaches
for spatial discretization, nite-difference (FDM) and nite-
element methods (FEM). FDM uses commonly a simple rect-
angular grid that opens up the possibility to apply fast Fourier
transformation (FFT) to compute the long-range magneto-
dipolar interaction energy. A drawback of FDM consists in the
difficulty to adequately represent non-at surfaces (e.g. the
surface of a spherical nanoparticle) so that an increased
computational effort is required to describe curved surfaces
with a very ne discretization mesh. A novel micromagnetic
approach based on a polyhedral nite-element mesh has been
developed by Erokhin et al.376 This enables the study of the
magnetization distribution of a wide range of mono- and poly-
crystalline materials as well as MNPs embedded in a nonmag-
netic matrix. Moreover, the approach allows for a highly exible
mesh generation combined with an efficient FFT-based mag-
netodipolar energy calculation. The methodology was success-
fully applied to explain the details of the magnetization reversal
in Fe-based so magnetic alloys,377 Nd–Fe–B nanocomposites
possessing a core–shell grain structure,378 and to optimize the
structural properties of permanent-magnet materials based on
ferrite alloys.379 Fig. 14 presents examples of MNP systems that
can be efficiently discretized by a polyhedron mesh keeping the
total number of elements at a computationally reasonable level.
These examples include spherical particle systems with
different volume fractions, a gradual transition from oblate to
prolate particle shapes, clustered particles of polyhedron
shapes, and core–shell microstructures.

In the following, we discuss the magnetic SANS response of
an ensemble of spherical, defect-free Fe MNPs. For such
a system, the magnetization reversal process occurs exclusively
via the coherent magnetization rotation for particle sizes below
the critical single-domain size Dcr ¼ 15 nm for Fe.373 Only for
a dilute ensemble of particles with diameters smaller than Dcr

and having a cubic magnetic anisotropy, one can expect that the
magnetization behavior resembles the analytical result for
randomly-oriented Stoner-Wohlfarth particles;380 for all other
cases, micromagnetic modeling is required. As an example,
Fig. 15 depicts the magnetization reversal of Fe MNPs with
a diameter of D¼ 40 nm and amagnetic volume fraction of xp¼
15%. The hysteresis curve (Fig. 15, blue line) shows the typical
behavior of a so magnetic material, which starts to demag-
netize in positive external elds due to the inuence of the
magnetodipolar interaction. This inuence has a twofold
impact: a strong self-generated demagnetization of the particle
and a weaker interparticle coupling. To quantify the average
magnetization state of the particles as a function of an applied
1046 | Nanoscale Adv., 2022, 4, 1026–1059
eld, the absolute magnetization dependence

jMj ¼ Np
�1 PNp

i¼1
jMij (red line) can be used, where

jMij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMi;xÞ2 þ

�
Mi;y

�2 þ ðMi;zÞ2
q

(1)

is the total magnetization of the ith-particle, and Np denotes the
number of particles in the simulation volume. Therefore, the
quantity jMj � Ms describes the average deviation of the parti-
cle's magnetization distribution from the single-domain state.
In particular, the minimum of the jMj(B)-dependence corre-
sponds to a highly nonuniform magnetization state. As shown
in Fig. 15b, this state corresponds to a vortex-type spin cong-
uration, which is predominant at remanence.

With the real-space magnetization congurations obtained
from micromagnetic simulations, one can directly compare 2D
SANS patterns from modeling and experiment. This is possible
because both techniques address the same resolution range
�1–100 nm. In magnetic neutron scattering, one measures
a weighted sum of magnetization components, and the
numerical simulations allow one to decrypt the response of
individual magnetic contributions and to study the effect of
variations in microstructure and magnetic parameters.381 This
fact renders numerical micromagnetics the go-to tool to attain
a comprehensive SANS data interpretation of 3D magnetic
structures.

Fig. 16a represents the results of such a calculation for an
ensemble of spherical 40 nm-sized Fe particles. Shown is the
total magnetic SANS cross-section at remanence and at satura-
tion (xp ¼ 15%). While at large elds the main contribution to
the total scattering originates from the longitudinal magneti-
zation component eMz, at remanence all Fourier components
play an important role in the formation of the resulting SANS
pattern. Nonzero transversal magnetization componentseMx;y at
small momentum-transfer vectors indicate interparticle corre-
lations, while for q-ranges associated to the particle interior it
indicates an inhomogeneous spin structure and eventually the
microstructure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Evolution of the magnetization of spherical Fe nanoparticles with a diameter of D ¼ 40 nm and a volume fraction of xp ¼ 15%. (a)
Hysteresis loop (blue line) averaged over many geometrical realizations (gray lines); inset: jMj(B) magnetization dependence (red line) showing
the deviation of the particle's magnetization from the single-domain state (dashed blue line in the inset corresponds to the saturation
magnetization of iron); (b) magnetization states at different fields for an individual particle (upper row) and over the whole simulation box (lower
row).

Fig. 16 Results of the micromagnetic SANS modelling for an
ensemble of spherical Fe particles with a diameter of D ¼ 40 nm. (a)
The total magnetic SANS cross-section in the perpendicular scattering
geometry (xp ¼ 15%). (b) Azimutally-averaged total magnetic SANS
cross-sections and corresponding distance distribution functions p(r)
for xp ¼ 5% and xp ¼ 15%. Reprinted figure with permission from Vivas
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formation of a multidomain state. As was shown in Vivas
et al.,373 the radially-averaged total SANS cross-section can be
used for the further analysis of the magnetization congura-
tion. For example, its Fourier transformation to the so-called
pair-distance distribution function demonstrates a quantita-
tive different behavior at saturation and in the remanent state.
At saturation, the p(r) for almost homogeneously magnetized
spheres in the dilute limit (xp ¼ 5%) coincides with the
analytical solution, whereas the vortex-like congurations at
remanence produce an oscillating pair-distance distribution
function (Fig. 16b, upper row). In this way, it is seen that the
p(r)-representation has an advantage over the azimuthally-
averaged total magnetic SANS cross-section due to the much
larger sensitivity of p(r) to the details of the magnetization
conguration. Applying the same approach to the relatively
dense ensemble (xp ¼ 15%) of spherical Fe particles of the same
size, we observe another distinctive feature (Fig. 16b, lower row).
Both (saturated and remanent) curves exhibit a second
maximum due to the increased inuence of the interparticle
magnetodipolar interaction. The position of the rst local
maximum in the saturated regime coincides with the xp ¼ 5%
case, which is an indication for the fully magnetized state of
spheres of any volume fraction. The peak shi from saturation
to remanence, as for the dilute case, is again attributed to an
inhomogeneous magnetization conguration of the particles.

The above example suggests that magnetic SANS is highly
sensitive to the internal magnetization prole of MNPs. Thus,
micromagnetic simulations are a valuable tool to analyze
experimental data, as shown in Bersweiler et al.,161 where
micromagnetic simulations were employed to interpret
measured magnetic SANS proles. The combination of simu-
lations and experiments conrmed that MnZn-ferrite MNPs
© 2022 The Author(s). Published by the Royal Society of Chemistry
with diameters of around 10 nm are in a homogeneously
magnetized single-domain state, with increasing diameter the
magnetization conguration deviates from the collinear align-
ment. For the analysis of nuclear small-angle scattering data of
biomacromolecules, the usage of ab initio382 and molecular
dynamics simulations383 are already well established for several
years. Considering that the capabilities of micromagnetic
modeling have dramatically increased in recent years thanks to
the deployment of graphical processing units (GPU), which
speed up calculations considerably,384 we believe that also for
et al. Copyright 2020 by the American Physical Society.
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the analysis of magnetic small-angle scattering data micro-
magnetic simulations will become the standard approach.
8 Summary and perspectives

Small-angle scattering of X-rays and neutrons is sensitive to the
chemical composition and magnetization prole of nano-
structured samples on a mesoscopic length scale from about 1
to a few hundred nanometers. The strength of small-angle
scattering is that it can be employed to directly interrelate the
macroscopic behavior and magnetic properties with their
nuclear-magnetic nano-/microstructure. As shown and dis-
cussed for various examples, such a multiscale characterization
can help to optimize the MNP systems for specic applications.
Additionally, advanced small-angle scattering techniques exist
that allow time-resolved experiments. Such dynamic measure-
ments are especially useful to monitor time-dependent
synthesis processes, and they allow to characterize MNPs
intended for applications where the relaxation dynamics of the
system play a decisive role.

Despite small-angle scattering being such a powerful tool, it
is signicantly underused by the MNP community, which may
be attributed to its reputation for being difficult and inacces-
sible as the scattering signal is presented in reciprocal space. In
contrast to other, localized characterization techniques,
however, scattering assesses the genuine compositional and
structural arrangement averaged over large sample volumes.
The data analysis is highly sensitive to, e.g. size distributions
that smear out characteristic features of the signal expected
from individual, perfect shapes. This is an advantage as it
allows assessing distribution functions and dispersity of MNP
ensembles from a single measurement. As a result, SAXS –

performed routinely nowadays with laboratory instruments – is
predestined for determining particle size distributions of MNPs
and has become the standard approach for a pre-
characterization of commercial MNP suspensions. To extract
the size distributions, the particles should have a well-dened
shape so that the intensity can be tted with the appropriate
model function. In the case of less well-dened particles,
model-independent approaches can be used to reveal the
autocorrelation functions of the scattering length density
prole from the SAXS data by inverse Fourier transforms, which
allows gaining valuable information about the average particle
morphology and density prole.

Similar to SAXS and nuclear SANS, magnetic SANS data are
either analyzed in reciprocal space via model ts (at least for
well-dened and nearly monodisperse samples) or in real space
by applying inverse Fourier transforms. Magnetic neutron
scattering is very sensitive to differences in the magnetization
distribution and allows observing weak disorder superposed on
the average magnetization. Magnetic scattering is sensitive to
the magnetization density perpendicular to the scattering
vector. Thus, the extracted correlation functions do not result
from a scalar composition prole (as for nuclear scattering).
The magnetic correlation function measures the variation in
strength as well as spatial orientation of the magnetization
1048 | Nanoscale Adv., 2022, 4, 1026–1059
vector eld over the characteristic distances,385 which makes
their interpretation in terms of model functions challenging.

To directly relate data to physically motivated magnetization
congurations, micromagnetic simulations have emerged as
a tool to interpret magnetic small-angle scattering experiments.
This is a new research avenue that will gain steam in upcoming
years thanks to the ever-increasing computational speed384 and
accessibility of open-source simulation tools.386 It is easy to
imagine that also neutron reectometry, GISANS, and also
XRMS will benet from a combined data analysis with micro-
magnetic simulations in upcoming years. In general, it can be
said that improved tools for data analysis (such as soware and
simulations) are key to making small-angle scattering tech-
niques more accessible for non-expert users. In particular,
micromagnetic simulations have the huge advantage of basi-
cally translating the oen non-intuitive reciprocal data into
comprehensible real-space images. However, micromagnetics
assumes a continuous magnetization, and thus to simulate the
internal magnetization prole of ne particles, e.g., to elucidate
the inuence of structural defects, spin coupling across an
interface, and magnetic frustration, atomistic simulations may
be better suited.153 Regarding the calculation of interparticle
correlations in MNP assemblies to resolve short- and long-range
order Monte-Carlo simulations can be employed as demon-
strated recently for articial spin ice.387 For data tting, tools
based on Bayesian statistics are developed to improve the pre-
dicitive power of model ts of neutron reectometry388 and
SANS389 data and maximize the information density. Similar to
modelts also inverse Fourier transforms are usually ill-posed
problems, and thus similiar approaches have been introduced
in recent years to nd the most probable solution390 or by using
image processing inspired approaches such as the singular
value decomposition132 or fast iterative method to reveal the
real-space 2D correlations.391 In this context, it is safe to assume
that also machine learning will massively contribute in
upcoming years. In fact, for neutron reectometry rst
approaches are published which aim to achieve an automatized
data analysis to extract parameters from scattering data without
expert knowledge.392,393 This concept can be easily transferred to
other scattering techniques such as SANS to classify the most
appropriate model.394

Regarding future experiments, we think that combining
small-angle scattering experiments with micromagnetic simu-
lations could be particularly useful to investigate exotic nano-
particles such as hollow particles42 including nanorings,43

nanotubes,44 and other shape-anisotropic hollow particles,45 or
nanodots46 and nano-octopods.47 Recently, it was shown that
the coercivity of MNPs is enhanced by the exchange coupling at
the interface of ferrimagnetic and antiferromagnetic self-
assembled monolayers.395 For this and similar systems, reec-
tometry, GISANS, and XRMS can reveal the correlation between
structural andmagnetic ordering between the layers over a large
size range with nanometer resolution. Micromagnetic simula-
tions allow linking the microscopic structure to the corre-
sponding macroscopic magnetic properties. Thus, these studies
will help to optimize the particle properties for specic
applications.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In addition to static simulations, dynamic micromagnetic
simulations can be performed, which will be invaluable for the
analysis of time-resolved data. So far, most stroboscopic small-
angle scattering measurements of MNPs were performed to
monitor structural changes and the diffusional motion of
nanoparticles. Such experiments can be easily extended to study
clustering dynamics and in combination with dynamic micro-
magnetic simulations would reveal the structural and magnetic
properties of supraparticles30 or particle clusters.28 The big
strength of stroboscopic small-angle scattering techniques (e.g.
SANS or coherent-XRMS) is that they can also resolve the
internal magnetization dynamics of the MNPs. Stroboscopic
small-angle scattering techniques have the potential to access
unique information regarding the relaxation dynamics of MNP
samples when combined with micromagnetic simulations.
Such experiments enable to study structure formation of MNPs
in alternating magnetic elds, similar to what is already done in
static elds, or resolve the time-modulated internal magneti-
zation prole of MNPs to compare it with their static prole. By
combining simultaneous magnetic hyperthermia experiments
with small-angle scattering,396 a fundamentally new under-
standing of the microscopic dynamics governing magnetic
heating could be obtained and systematic studies (varying the
particles sizes, morphology, etc.) will help to optimize the
particle properties for hyperthermia applications. These
simultaneous, in situ measurements would further give insight
into the local modications while heating MNPs12 and catalytic
applications such as CO2 hydrogenation13 and electrolysis.14

In this context, we believe that NSE and especially MIEZE-
SANS will gain signicant popularity for MNP characterization
once the methodology is better established. With MIEZE, spin
dynamics in the picosecond to nanosecond regime are acces-
sible. This time range is especially interesting to study trans-
versal, intra-well moment relaxation in MNPs.397 Recent
experiments revealed that the magnetic heating is signicantly
increased for some samples compared to classical magnetic
hyperthermia with GHz-frequencies elds and low eld ampli-
tudes of around 0.2 mT.398 The extremely high heating rates of
150 K s�1 were achieved when the excitation frequency matched
the characteristic transversal relaxation frequency of the
particle moments. Additionally, within densely packed MNP
assemblies, spin-waves may form due to a dipolar coupling
between the precessing spins.367 The expected time and length
scales are accessible with MIEZE-SANS and should be investi-
gated similar to studies performed on bulk ferromagnets.370

Finally, we want to mention another small-angle scattering
technique that may be useful for future MNP studies. Similar to
NSE, which encodes changes in neutron velocity due to energy
transfer, Spin-echo SANS (SESANS) utilizes the Larmor preces-
sion of a neutron to resolve minute scattering angles. SESANS
allows observing microstructures in a single measurement over
three orders of magnitude from nm to several mm, well beyond
the conventional SANS regime. It has been successfully used to
study the structural properties of non-magnetic NP systems,
such as porous silica particles.399 SESANS can also be applied to
magnetic samples with sufficient magnetic scattering
contrast.400 SEMSANS, a comparable approach to MIEZE with
© 2022 The Author(s). Published by the Royal Society of Chemistry
neutron spin manipulation before the sample, enables the
measurement of spatial magnetic correlations with exible and
varying magnetic eld congurations.401 The technique could
be benecial to characterize large MNPs and dense assemblies
thereof, including magnetic superstructures, and to study their
eld-dependent response.
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L. Balcells, A. Kamzin, R. Nazipov, et al., ACS Appl. Nano
Mater., 2020, 3, 4465–4476.

25 G. C. Lavorato, R. Das, J. Alonso Masa, M.-H. Phan and
H. Srikanth, Nanoscale Adv., 2021, 3, 867–888.
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42 H. Khurshid, Z. Nemati, Ó. Iglesias, J. Alonso, M.-H. Phan
and H. Srikanth, New Trends in Nanoparticle Magnetism,
Springer, 2021, pp. 137–158.

43 R. Das, C. Witanachchi, Z. Nemati, V. Kalappattil,
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132 P. Bender, D. Zákutná, S. Disch, L. Marcano, D. Alba Venero
and D. Honecker, Acta Crystallogr., Sect. A: Found. Adv.,
2019, 75, 766–771.
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Ortega, M. Estrader, S. Estradé, E. Winkler, R. D. Zysler,
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152 D. Zákutná, D. Nǐzňanský, L. C. Barnsley, E. Babcock,
Z. Salhi, A. Feoktystov, D. Honecker and S. Disch, Phys.
Rev. X, 2020, 10, 031019.

153 S. D. Oberdick, A. Abdelgawad, C. Moya, S. Mesbahi-Vasey,
D. Kepaptsoglou, V. K. Lazarov, R. F. L. Evans, D. Meilak,
E. Skoropata, J. van Lierop, I. Hunt-Isaak, H. Pan, Y. Ijiri,
K. L. Krycka, J. A. Borchers and S. A. Majetich, Sci. Rep.,
2018, 8, 3425.
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J. Jestin, Macromolecules, 2011, 44, 8858–8865.

179 D. Hoffelner, M. Kundt, A. Schmidt, E. Kentzinger,
P. Bender and S. Disch, Faraday Discuss., 2015, 181, 449–
461.

180 A. Günther, S. Monz, A. Tschöpe, R. Birringer and
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P. M. Abdala and D. Koziej, Chem. Mater., 2014, 26, 2086–
2094.

209 A. Kabelitz, A. Guilherme, M. Joester, U. Reinholz,
M. Radtke, R. Bienert, K. Schulz, R. Schmack,
R. Kraehnert and F. Emmerling, CrystEngComm, 2015, 17,
8463–8470.

210 M. Bremholm, M. Felicissimo and B. B. Iversen, Angew.
Chem., Int. Ed., 2009, 48, 4788–4791.

211 S. Sun and H. Zeng, J. Am. Chem. Soc., 2002, 124, 8204–8205.
212 J. Park, K. An, Y. Hwang, J.-G. Park, H.-J. Noh, J.-Y. Kim,

J.-H. Park, N.-M. Hwang and T. Hyeon, Nat. Mater., 2004,
3, 891–895.

213 V. Leffler, S. Ehlert, B. Förster, M. Dulle and S. Förster, ACS
Nano, 2021, 15, 840–856.

214 S. Sun, H. Zeng, D. B. Robinson, S. Raoux, P. M. Rice,
S. X. Wang and G. Li, J. Am. Chem. Soc., 2004, 126, 273–279.

215 W. W. Yu, E. Chang, C. M. Sayes, R. Drezek and V. L. Colvin,
Nanotechnology, 2006, 17, 4483–4487.

216 S. I. Palma, M. Marciello, A. Carvalho, S. Veintemillas-
Verdaguer, M. del Puerto Morales and A. C. Roque, J.
Colloid Interface Sci., 2015, 437, 147–155.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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227 D. Zákutná, Y. Falke, D. Dresen, S. Prévost, P. Bender,
D. Honecker and S. Disch, Nanoscale, 2019, 11, 7149–7156.

228 M. Reufer, H. Dietsch, U. Gasser, A. Hirt, A. Menzel and
P. Schurtenberger, J. Phys. Chem. B, 2010, 114, 4763–4769.

229 C. Glinka, M. Bleuel, P. Tsai, D. Zákutná, D. Honecker,
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G. Salazar-Alvarez, T. Brückel and L. Bergström, Sci. Rep.,
2017, 7, 2802.

236 P. Müller-Buschbaum, Lect. Notes Phys., 2009, 776, 61–89.
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R. Röhlsberger, New J. Phys., 2012, 14, 43007.
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110, 102207.

278 J. B. Kortright, O. Hellwig, K. Chesnel, S. Sun and
E. E. Fullerton, Phys. Rev. B: Condens. Matter Mater. Phys.,
2005, 71, 012402.

279 Y. P. Cai, K. Chesnel, M. Trevino, A. Westover,
R. G. Harrison, J. M. Hancock, S. Turley, A. Scherz,
© 2022 The Author(s). Published by the Royal Society of Chemistry

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


Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
1/

9/
20

25
 8

:5
2:

43
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
A. Reid, B. Wu, C. Graves, T. Wang, T. Liu and H. Dürr, J.
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