Showcasing research from the ACNM group, Instituto de
Ciencia de Materiales de Barcelona — CSIC, Barcelona, Spain.

Spontaneous in-flight assembly of magnetic nanoparticles into
macroscopic chains

This image illustrates the spontaneous self-assembly of magnetic
nanoparticles into macroscopic chains by using a combination
of magnetron sputtering and gas aggregation techniques. This
research, a DAFNEOX collaboration, studies the behaviour

of complex agglomerates at the nano- and mesoscales. The
low-kinetic energy of the particles inside the magnetron
vacuum chamber and strong dipolar magnetic interaction
between individual nanoparticles are responsible for particles’
agglomeration at very low volume fractions. These results prove
that the cluster gun technique can go beyond single particle
fabrication into controlled and reproducible self-assembly of
nanoparticles.
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Knowing the interactions controlling aggregation processes in magnetic nanoparticles is of strong interest
in preventing or promoting nanoparticles’ aggregation at wish for different applications. Dipolar magnetic
interactions, proportional to the particle volume, are identified as the key driving force behind the for-
mation of macroscopic aggregates for particle sizes above about 20 nm. However, aggregates’ shape and
size are also strongly influenced by topological ordering. 1-D macroscopic chains of several micrometer
lengths are obtained with cube-shaped magnetic nanoparticles prepared by the gas-aggregation tech-
nique. Using an analytical model and molecular dynamics simulations, the energy landscape of interacting
cube-shaped magnetic nanoparticles is analysed revealing unintuitive dependence of the force acting on
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particles with the displacement and explaining pathways leading to their assembly into long linear chains.
The mechanical behaviour and magnetic structure of the chains are studied by a combination of atomic
and magnetic force measurements, and computer simulation. The results demonstrate that [111] mag-
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1 Introduction

Magnetic nanoparticles (NPs), nanocomposites, and artificial
array materials hold a special place in many areas of techno-
logy, not only because of their distinct properties, resulting
from their discrete nature and high surface to volume ratios,
but also because they can be used as functional building
blocks for the design and development of new devices.'™
Nowadays, different technological fields, such as catalysis,”®
storage devices,”® or biomedicine,” have gained strong indus-
trial and economical relevance boosting research activities in
these areas. Each of these applications has different require-
ments regarding shape, size and degree of particles’ aggrega-
tion, and therefore, knowing the interactions controlling aggre-
gation processes is of strong interest for preventing or promot-
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netic anisotropy of the cube-shaped nanoparticles strongly influences chain assembly features.

ing nanoparticles’ aggregation at wish for different appli-
cations. The growing activity in this field has also stimulated
the development of methods for the production of NPs and
clusters with precise control of size, shape, and composition.
In this regard, gas aggregation sources,'*’® which allow
obtaining core/shell structured nanoparticles easily, were
recently modified to achieve also high production rates'? as in
the case of wet chemistry synthesis techniques. Nevertheless,
these latter methods have limitations in terms of the simplicity
of the process, typically involving several processing steps,
surface contamination and size distribution. In contrast, gas-
phase techniques, operating in a controlled atmosphere,
present a way for the fabrication and manipulation of mag-
netic particles with well-defined composition and a narrow
size distribution. Fabrication of magnetic NPs with cuboidal
geometry is of particular interest due to their higher surface to
volume ratios, high packing density, and high surface
adhesion due to atomically flat touching faces. These features
are of high interest for applications in fields as diverse as cata-
lysis,” high-density magnetic storage devices,® or tailored
superlattices.”®'® In addition, single domain magnetic con-
figurations are mandatory for applications requiring hard mag-
netic behaviour, such as hard disk drives” or permanent
magnets.'® The magnetic configuration of constitutive single
domain elements in these applications is not determined
solely by the magnetic material bulk properties (Fe, Co, etc.).
Gatel et al.'” theoretically and experimentally analysed the
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magnetic configuration dependence on iron cube size. They
showed a surprising transition between single-domain [001]
and [111] (vortex) states with an increasing dimension of iron
nanocubes from 25 to 27 nm. In turn, magnetic anisotropy
changes the way particles assemble.'®?* In consequence, for
sub-25 nm magnetic NPs in suspension, the dominant inter-
action changes from anisotropic, long-range, and oriented
dipole-dipole coupling to the van der Waals short-range
surface coupling.>®** The potential of magnetic nanocubes to
form mesoscopic structures with different geometries is enor-
mous.”® For example, at an air-liquid interface, large mono-
layers assembled by 9 nm magnetic cubes were created,"**
whereas, in the same study, 13 nm NPs formed helices in the
presence of a magnetic field."

Here, we report on the spontaneous self-assembly of mag-
netic nanoparticles into macroscopic chains. We show that
dipolar interactions, proportional to the particle volume, are
the key driving force behind the formation of macroscopic
aggregates for particle sizes above about 20 nm; however,
aggregates’ shape and size are strongly influenced by topologi-
cal ordering. 1-D macroscopic chains of several pm lengths are
obtained with 25 nm magnetic iron/iron-oxide cube-shaped
magnetic nanoparticles fabricated by using a modified gas-
aggregation technique, which allows particles to assemble in
flight without the influence of the medium. Self-assembled
chains represent an excellent paradigmatic system to explore
the self-assembly process of individual particles and a unique
model system to study the behaviour of complex agglomerates
without dumping of the medium (i.e., only conservative inter-
particle forces are present) at the nano- and mesoscale ranges.
Since magnetic cores and shells may have different magnetic
anisotropies, a detailed characterisation of the NPs is required
for understanding the magnetic structure of the nanocubes.
We have used an exact analytical theory to predict the energeti-
cally favourable configurations. Our results reveal a complex
energy landscape leading to non-intuitive force distance
characteristics. Then, to validate the developed model, a series
of magnetic and atomic force microscopy measurements and
computer simulations were performed. Applying both tech-
niques simultaneously, the processes governing self-assembly
of magnetic cubes into single-stranded chains are unveiled.
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2 Methods

2.1 Experiment

Arrays of core/shell NPs (see Fig. 1) were prepared in a home-
built cluster source connected to a vacuum system with base
pressure in the low 107° Torr. More details on the synthesis
procedure are given in ESL.T A 1 inch diameter DC magnetron
with a Fe target (99.95% purity) was operated typically at 50
W. During deposition, the flux of argon was fixed at 80 sccm,
and the measured pressures were in the low 107® Torr. Si
wafers were used as substrates, except for the samples aimed
for transmission electron microscopy (TEM) imaging that were
deposited on carbon-coated grids.

The particle-size characterisation was determined by scan-
ning electron microscopy (SEM) using a QUANTA FEI 200
FEG-ESEM microscope. TEM, HRTEM and scanning TEM
(STEM) in the high angle annular dark field (HAADF) mode
were used to study the crystallinity, morphology, size, and dis-
persion of the samples. TEM images were obtained using a
JEOL JEM 1210 transmission electron microscope operating at
120 kv. HRTEM and STEM images were acquired in a FEI
Tecnai F20 microscope operating at 200 kV. Digital diffraction
patterns (DDP) of power spectra were obtained from selected
regions in the micrographs. No electron-beam-induced
changes were observed in any of the analyzed particles.”
Energy dispersive X-ray (EDS) spectra were acquired using an
EDAX super ultrathin window (SUTW) X-ray detector.

Micro-Raman spectra were obtained by using a Jobin-Yvon
T64000 monochromator with a liquid nitrogen cooled charge-
coupled detector. The excitation light was a 514.5 nm line
from an Ar-ion laser. The incident and scattered beams were
focused by an Olympus microscope using a x50 objective to
give a spot size of ca. 2 pm. Unpolarised Raman spectra were
measured due to the polycrystalline nature of the samples.

MFM measurements were performed with an MFP-3D
Asylum Research microscope using ASYMFM-HC probes with
CoPt/FePt (30 nm) coating. In MFM the phase shift near the
cantilever resonance was used to map stray fields by measur-
ing in the amplitude modulation AFM (AM-AFM) mode and
keeping the cantilever at a constant height (57 nm) from the
surface. Variable field module (VFM2) from Asylum Research,
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Fig. 1 Magnetic assembly of nanocubes in a single strand. (a) SEM and (b) TEM images of the micrometre long single-stranded core/shell iron NP

chain. (c) TEM image of a chain segment.
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which was a special holder with a rotating permanent magnet,
was used to apply a magnetic field of up to 1 T in the in-plane
direction.

2.2 Analytical theory and molecular dynamics simulations

We combine two modelling techniques to extract information
on the mechanical response of a free-standing chain: (i) We
utilise an exact analytical model to obtain a stray magnetic
field from a single cubic magnetic domain and calculate the
interaction energy of the two cubes,*® as shown in Fig. 3. (ii)
The mechanical properties of the magnetic chains are explored
using cubes consisting of elements as suggested by John et al.
(coarse-grained cube structure) and Zhang et al. (magnetic
dipole approximation).>#?°! Analytical calculations for uni-
formly magnetised cubes and simulations assumed mono-
disperse perfect cubes. Two systems were considered: one with
magnetisation orientated in the [001] crystallographic direc-
tion, and the other with magnetisation along the [111]
direction.

The John et al.>® and Zhang et al.>* models are modified in
two ways: first, instead of only one central dipole, 9 were used
(¢f illustration in Fig. S51). In this way, we have reproduced
the potential energy profile of the two cubes calculated analyti-
cally (see comparison in Fig. S6T). Also, additional dipoles take
into account the interaction of the touching corners of the
cubes, which is important for the stability of the chain under
extension (see ESI Moviest). If we analyse a case of extreme
extension, the magnetic energy of two [111] magnetised cubes
with aligned magnetisation touching on the corner,
which comes from the two adjacent corner cubes
(radius (2 — v/3)d/2 ~ 0.133d), is two times larger than the
energy stemming from the interaction between the central
cubes (radius d/2), i.e., Ucorner/Ucentral = 54 — 30v/3 ~ 2. And
second, an additional 24 spheres were placed inside of the
cube edges in order to make a smooth surface and avoid
pinning during mechanical manipulation. The geometrical
contact between two cubes is simulated using the WCA poten-
tial for the spheres (truncated and shifted Lennard-Jones
potential, elsewhere called also soft-sphere model) (see ESI).T

We study the mechanical behaviour of the model system by
means of molecular dynamics computer simulations: the
cubes are represented by the WCA potential and carry nine-
point dipoles as described in Fig. S5.f This model was the
basis for zero temperature molecular dynamics simulation.
The simulations of the breaking of the chains were performed
by different forces exerted on the chain ends. Molecular
dynamics was used to study mechanical manipulation of the
free-standing chain composed of magnetic cubes. The total
force was the conservative force of inter-particle interactions,
i.e., contact WCA potential of 33 (overlapping) spheres and 9
dipoles. The dipolar interactions were treated with cut-off at
Teu/d = 8 (cf. ref. 24), and a non-periodic simulation box was
used. The constituent spheres within the cube were moved as
rigid body data structures in every time step. The rotational
degrees of freedom are also governed by the equations of
motion for torque and angular velocity of the spheres. The
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total force and torque on each cluster representing one cube
are computed as the sum of the forces and torques on its con-
stituent particles at each time step. The dipole orientation is
accordingly rotated with the cube as a single entity. The
rotation was implemented by creating internal data structures
for each rigid body and performing time integration on these
data structures.>*** The mass of the cuboid corresponded to a
25 nm iron cube and was distributed over constitutive dipolar
particles. MD step was ¢ = 4 ps and the total length of the MD
simulation 400 ns.

3 Arrays of core/shell iron nanocubes
and their magnetic properties

3.1 One-step synthesis by gas-aggregation and magnetron
sputtering

NPs used in this work were prepared by a combination of mag-
netron sputtering and gas-aggregation techniques.®'’
Sputtered Fe atoms are cooled down in the cluster source and
then aggregate by collisions with flowing Ar gas at room temp-
erature (see Fig. S17 for a schematic of the cluster gun setup in
ESIY). Differential pumping drags the clusters through a small
nozzle into the deposition chamber. The gas is flowing
through the 3 mm slit at the rate of 80 cm® min™", i.e., with a
speed 0.14 m s~ . The kinetic energy of the particle due to the
surrounding gas flow is around 10 meV. Clusters are therefore
softly deposited onto a sample holder at room temperature,
thus retaining their original shape.® Mean NP size can be con-
trolled by careful selection of the deposition conditions (sput-
tering power, travelling distances, chamber pressure, and Ar
gas flow rates).’® The travel distance affects the size of the par-
ticles. Actually, the smaller travelling distance results in
reduced particle size as observed in ESL{ The particles under
12 nm have a hollow magnetite shell structure (c¢f. Fig. 2a and
ESI).t This appears as a consequence of the Kirkendall effect,
i.e., somewhat faster diffusion of iron towards the shell than
oxygen atoms inwards. As a result, iron from the centre of the
cluster diffuses towards the oxygen-rich shell leaving a void
space inside the cube. We should note that in any case,
natural oxidation makes it difficult to stabilise pure iron NPs
after preparation.*® Previous reports showed that an oxygen-
rich atmosphere in the deposition chamber during processing
leads to the formation of Fe/Fe oxide clusters.>” In our case,
the oxygen partial pressure (medium-vacuum conditions) in
addition to the Ar atmosphere warrants reactive sputtering;
thus, a chemical reaction occurs leading to the formation of
iron oxide shells before clusters are deposited on the
substrate.

In the present work, for a 5 c¢cm travel distance, a large
number of shell only particles were obtained with an average
particle size of about 8 nm. Meanwhile, for an 8 cm travel dis-
tance, an increase of the average particle size to 15 nm is
observed at the expense of the number of generated particles
(see Fig. S2).1 In addition, particles produced in the latter case
were mainly of a core/shell structure (see Fig. 2a). Further

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Shell size as a function of the NP grain size obtained from
different TEM images (a). Below 12 nm, the NPs show a hollow structure;
above this size, they show a core/shell configuration. Lines are a guide
to the eyes. High-resolution Z-contrast TEM image of a Fe/Fe oxide
core/shell NP (b). The large areas marked by the full lines are used for
the identification of (c) the Fe core and (d) the Fe oxide shell. (¢) Raman
spectrum confirming the presence of FezO,4 in the shell. (f) EDX line
profile analysis of one single NP making evident the core/shell structure.

increase of the travel distance resulted in a small increase in
the particle size: for a 11 cm travel distance, the average size
was 16 nm, while for 13 cm, the average size was 17 nm. When
the oxidation process is dominated by the Cabrera-Mott-like
mechanism, initial oxidation rapidly develops a 4 nm-thick
oxide shell around the Fe core. A similar effect has been
observed in the synthesis of iron core/shell cubes from solu-
tion,*® where a partial oxidation promoted the formation of
core/shell nanostructures with an iron core trapped inside the
oxide shell. Following this procedure, single crystalline iron
NPs covered by a crystalline Fe;O, shell can be fabricated. For
small enough NPs, ie. below about 9-10 nm, the Cabrera-
Mott like oxidation mechanism produces hollows. In contrast,
for particles above 12 nm, a core/shell structure is obtained
(see Fig. S3).1 This evolution can be clearly observed in Fig. 2a.
To promote spontaneous self-assembly, stronger interactions

This journal is © The Royal Society of Chemistry 2019
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between core/shell magnetic cubes are required, i.e., a strongly
magnetised iron core is necessary. Therefore, nanocube
dimensions should be larger than 12 nm in order to have a
core/shell structure with a strongly magnetised core.

3.2 Composition of magnetic cubes

A detailed characterization of the chemical composition of the
NPs is required in order to understand the magnetic structure
of the cubes, due to the different magnetic anisotropies of the
core and shell parts. The synthesis of single crystalline iron
NPs, ideally covered by a crystalline Fe;O, (magnetite) shell,
has been proposed as a promising way to improve chemical
stability and preserve a substantial iron core.*”*® Pure iron
NPs are unstable when brought to ambient conditions trans-
forming into iron/iron-oxide core/shell structured NPs.

A high-resolution Z-contrast TEM image is shown in
Fig. 2b. A well-defined square shape of the particle with a
sharply defined 4 nm shell can be appreciated. The reflections
of the power spectrum pattern (see Fig. 2c and d) obtained by
TEM can be indexed using the corresponding reflections of
cubic Fe for the core and the spinel structure for the shell.
Since TEM and electron diffraction techniques cannot dis-
tinguish between the different oxide phases, Raman spec-
troscopy was used to identify them. Different bands in the
Raman spectrum correspond to specific frequency vibration
modes, allowing distinguishing different oxide phases. In par-
ticular, maghemite differs from magnetite because it contains
no divalent iron species. Due to the fact that the ionic radius
of Fe(u) is larger than that of Fe(ur), Fe(u)-O bonds are longer
and weaker than Fe(ur)-O bonds; this shifts up the vibration
frequency in the Raman spectrum, and hence, Raman analysis
allows distinguishing between these two phases. In the Raman
spectrum displayed in Fig. 2e, the main band centred at
668 cm™" and the weaker peaks at ca. 539 and 317 cm™" have
been assigned to Ajg, Ty, and E, vibrational modes of magne-
tite, respectively.”® EDX line profile analysis of one single par-
ticle shows the absence of oxygen at the core and the progress-
ive increase at the surface (Fig. 2f), thus giving further support
for the idea of core/shell nanostructures of Fe/Fe;0,.

3.3 Self-assembled chains of magnetic cubes

The NPs are synthesised with different sizes and directly de-
posited on various substrates in a controlled atmosphere. The
presence of pure metallic iron is important since it promotes
higher magnetisation value and, therefore, better functionality
compared to iron-nickel alloys or iron-oxide particles. Far
from “being weak”, dipolar magnetism plays a leading role in
stabilising the structural order in the arrangements of NPs in
one dimensional structures. During assembly into chains, the
particles move and self-assemble in flight without the influ-
ence of the medium. Previously, dipolar chains were associated
with ground states of [001] magnetic easy axis, whereas those
with [111] oriented magnetic easy axis were expected to adopt
square lattice structures, ie., to form clusters.'"%?®
Mehdizadeh Taheri et al.*® reported magnetic chains of iron
cubes with a core/shell structure featuring fully touching faces

Nanoscale, 2019, 11, 14194-14202 | 14197
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of the cubes and synthesised at 0.02 vol% concentration. The
chains reported here are created in a controllable way in an
even more diluted system.

The magnetic dipolar attraction of particles above 25 nm is
strong enough to form long single stranded chains, while for
particles less than 25 nm, only individual particles and clus-
ters are detected (see Fig. 1). Individual particles are not
observed, which implies that the growth of chains is com-
pleted before being deposited on the substrate. Therefore, the
substrate does not influence chain formation. The emergence
of chains is actually driven by interplay of the geometrical
contact between two cubes and the magnetic dipolar inter-
action. It is worth mentioning that both contact and dipolar
interaction are anisotropic. The nanometer-sized iron cubes
display a fixed and permanent magnetic dipole moment that
is strong enough to form single strand chains.

The chain morphology provides an insight into the particle
magnetic anisotropy. The magnetic moment of magnetically
anisotropic materials tends to align with an easy axis, which is
an energetically favourable direction of spontaneous magneti-
sation. Actually, the direction of the easy axis of the magnetic
cube can be controlled by the core to shell ratio. There are
indeed two possible magnetic easy axes: one governed by the
magnetite shell lying in the [111] direction and the other gov-
erned by the iron core along the [001] direction.’”*”*® Since
hollow, i.e., magnetite shell-only, cubes have dimensions
below 12 nm, dipolar interactions are small and therefore no
chains are formed along the [111] orientation. It is evident
that the direction of the net magnetic orientation relative to
the cube geometry changes the structure of the observed
chains (see Fig. 3a and b). For chains of nanocubes, the assem-
bly mechanism drives the particles to adopt structures that
create a head-tail configuration, very much like chains of mag-
netic beads. In the case of [001] direction, this leads to deep
central minimum of magnetic potential energy with respect to
the lateral movement of the magnetic particles and conse-
quently to quite stiff configuration (¢f., ESI Movie 17). On the
contrary, when the magnetisation is along the principal axis,
i.e., [111] direction, the structure becomes more flexible (cf,
ESI Movie 27). The configuration with minimal energy has a
zig-zag dipole vector placement (cf., the top left panel where
particles are placed in face-to-face configuration in Fig. 3b) of
the magnetic cubes, and the system can extend to a head-tail
configuration by relative rotation of the cubes (¢f., also ref. 24).
The relative rotation is taking place along the bottom of the
circular valley shown in Fig. 3b. The valley is denoted as a
white circle and is tilted towards the centre of mass (c.m.) of
the bottom particle. The highest point of the valley is when
the c.m. of the upper particle is above the edge corner of the
particle below. This corresponds to head-tail placement of the
dipoles. Head-tail configuration of dipoles shows about a 20%
energy increase along the valley. At the minimum energy point
(zig-zag configuration), the distance between their centres of
mass Ar, is equal to the cube size Ar, = d. At the furthest
point of the circular minimum valley (i.e., when c.m. of one
particle is above the corner of the other), the centres of mass

14198 | Nanoscale, 2019, 11, 14194-14202
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Fig. 3 The energy landscape obtained analytically and a schematic
view of the chain of the particles for [001] (a) and [111] (b) easy magneti-
sation axis directions. Interaction energy per particle u, for pure iron
particles is scaled with the reference interaction energy ¢ = 25 eV (see
also Fig. S47). The contour of the bottom cube is shown with the black
solid line in the energy diagrams. The white solid line circle in the
energy diagram for the [111] magnetisation direction represents the
bottom of the circular potential valley. Three representative configur-
ations with [001] magnetisation directions are shown with side views in
the upper panels of (a). From left to right: centre of mass (c.m.) of one
particle in the middle of the edge of the other, one particle on top of
the other, and c.m. of one particle on the corner of the other. Four
representative configurations with [111] magnetisation are shown with
top and side views. The configurations are shown in the upper panels of
(b), from left to right: (i) zig-zag configuration, where the particles are
above each other with the surfaces placed face-to-face (the zig-zag
configuration is the most stable one), (ii) c.m. of the upper particle is at
the edge of the contour of the lower particle, (iii) head—tail configur-
ation when the upper particle’s c.m. is at the edge of the bottom particle
and (iv) the so-called unstable configuration, when c.m. of the upper
particle is furthermost from the contour of the bottom.

This journal is © The Royal Society of Chemistry 2019
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of the particles are 22% further apart than at global minimum
(as shown in Fig. 4, Ar,/d = +/3/2, ie., Ar, = 30.6 nm for
25 nm particles).

Fig. 4a gives the calculated dependence of the magnetic
restoring force on the distance between the centres of mass of
the two particles. We see that there are two maximums of the
force (roughly equal in size). The first peak, which is very
narrow, locks particles in a zig-zag position while the second
broad peak keeps the chain connected. The reason for the
existence of the first narrow maximum is that particles have
first to move laterally in order to come out of the zig-zag posi-
tion (see also Fig. 2b). The shape of the magnetic potential
energy valley further enhances the flexibility of the whole struc-
ture. The contour of the potential valley crosses the edge of the

A
42 7.
(b) T
-44 3
]
46 ?
> L %
9D, .48 ¢ X
S ¢ &
-50 S ¢
.52 g%
54" ks z,

650 700 750 800 850 900 950
Z4-Z30 [NmM]

Fig. 4 Calculated magnetic force and energy evolution under exten-
sion. (a) Restoring force dependence on the centre of the mass distance
between two 25 nm iron particles as one of the particles follows a
minimal energy path and is obtained using an analytical model. (b)
Energy per particle dependence on the length of the chain during
repeated extension of the chain consisting of 30 iron cubes of 25 nm.
Circles (blue) show energy evolution with the distance of its ends and
triangles (red) evolution when the chain ends are free and the chain
contracts. The extension/free chain retraction results are obtained from
simulation. Dashed arrows show the direction of extension/contraction
and numbers 1-4 sequence. Black lines are parabolas interpolated
through the simulated data.
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bottom cube, and a large part of it lies outside of the contour
of the bottom cube. In this area, the two-particle system
becomes unstable. This means that one cube can flip over the
edge of the other cube and change in the other equivalent
position on the different side of the cube (see ESI Movie 37).
This is also a local minimum of the restoring force (cf, Ar, =
30 nm) (Fig. 4a). Also, during extension, cubes can partially
detach when they are in a head-tail configuration, ie., stay
only attached by the corner-to-corner contact, Ze., at
Ar, = +/3d =~ 43nm. In the corner-to-corner configuration, the
parts of the chain have a large rotational freedom. This is also
a configuration from which we observe that the chain finally
detaches (breaks). Still, the local maximum of the force is at
roughly Ar, ~39 nm, and at this point, particles are still
overlapping.

The response of the chain of magnetic cubes to strain is
shown in Fig. 4b. We observe that the chain is extending and
contracting quasi-elastically (see ESI Movie 4}). The energy u
follows a parabolic curve, and the elastic force acting on the
ends of the chain increases linearly with the extension of the
chain. The estimated elastic coefficient of the chain is 0.21 +
0.05 meV nm . The elastic extension of the chain continues
up to the point where the maximal force per particle
approaches roughly 3 pN (see Fig. 4a) at roughly Ar, = 40 nm.
It is also observed that there is a pinning of the parts of the
chain in an energetically less favourable configuration, and as
a result, the energy depends on the history of the mechanical
manipulation.

3.4 Magnetic configuration of the chains

Our results demonstrate that dipole-dipole interactions, with
the resulting magnetic moment pointing along the chain, are
the origin of the chain formation. It is important to note,

(a) s (b)

OF o7

Fig. 5 (a) Topography image of part of the chain of iron/iron oxide
core/shell magnetic cube. (b) Chain of magnetic cubes with [111] mag-
netisation obtained by computer simulation (see text). (c) MFM image of
the chain before the magnetic field is applied, and (d) under 0.1 T in-
plane magnetic field. The direction of the magnetic field is indicated by
the red arrow.
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however, that particles in the chain spontaneously turn their
magnetisation in the presence of other magnetic particles to
minimise their own energy. Still, the spontaneous magnetic
moment of particles has to be along their easy magnetic axis,
ie, [111] direction'”** relative to cube geometry. When an
externally applied magnetic field is stronger than the magnetic
field of the particles itself, the magnetisation starts to align
itself with the external field independent of easy axis direction.
Therefore, an estimation of the dipole interaction can be
obtained by applying the magnetic field perpendicular to the
chain and measuring the field necessary to rotate their mag-
netic moment out of the chain direction.

In Fig. 5, we show the magnetisation dependence of indi-
vidual cubes of a representative part of a chain on the external
magnetic field. The stray magnetic field generated by the
chain is small when no external magnetic field is initially
applied (c¢f. AFM topography and MFM*"*> measurement in
Fig. 5a and c, respectively). A computer generated configur-

(@) Boy=-0.5T

.
-0.1 0 0.1
deg

Fig. 6 Magnetic images of the chain of cubes. MFM images on left
panels correspond to different magnetic fields applied in the following
sequence (@) —0.5T, (b) O T, (c) 0.5 T, and (d) O T. The direction of the
applied magnetic field is indicated by a full line (red) and arrow, and
magnetisation direction of the chain is indicated by dashed (yellow)
arrow. The sequence of the changes of the magnetic field follows the
order of the figures from the top (first) to the bottom (last). The visual-
isation of the magnetic field in the normal direction to the plane corres-
ponding to the different magnetic configurations obtained from compu-
ter simulation is shown in the right panels.
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ation with similar morphology as in the experiment is also
shown in Fig. 5b. The magnetic field necessary to rotate the
magnetisation direction of the cubes is larger than 0.1 T (cf,
no significant difference between Fig. 5¢ and d). The small
differences in the two figures are a consequence of local reor-
ientation of magnetisation due to the applied field. Still the
field is not strong enough to determine magnetisation of all
particles.

A sequence of MFM measurements at magnetic field —0.5
T, 0 T, 0.5 T, and 0 T is depicted in Fig. 6. In order to study
magnetisation reversal in an external magnetic field, a field
larger than that necessary to rotate the magnetisation direc-
tion of the cubes was applied. It is found that at —0.5 T, the
magnetisation of the chain is completely aligned along the
external field direction (see Fig. 6a). Therefore, we can con-
clude that the local magnetic field generated by cubes in the
chain is less than 0.5 T. In fact, the analytical results for uni-
formly magnetised iron cubes give 0.35 T in the centre of the
neighbouring cube placed face-to-face in a zig-zag configur-
ation and 0.15 T in the head-tail configuration (see ESIY).
Initially, a —0.5 T external magnetic field was applied to mag-
netise the chain in one direction and then the external mag-
netic field was turned off so that a spontaneous reordering of
magnetisation can take place. No remanence is found when
the external field is set back to zero, as observed in Fig. 6a
and b. The magnetisation direction, after the external field is
switched off, is along the chain backbone. The magnetisation
orientation is determined by the previously applied external

(b) F=-3pN F=3pN
el

GEONANARROR TV D

200

B,[mT]

200
100
0

100
200

Fig. 7 Mechanical manipulation of the chain composed of magnetic
nanocubes. (a) Topography and MFM image of a broken chain segment.
(b) Force required to break the chain and the calculated magnetic field
in the orthogonal direction of the plane.
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magnetic field, as it can be observed at the corners in Fig. 6b.
In the next step, a 0.5 T external field is applied in the opposite
direction. As one would expect, after the magnetic field is
switched off, the resulting configuration shows that the pole
north and south of the individual cubes and the chain as
whole have interchanged their positions. The visualisation of
the sequence obtained from the computer simulation is
shown in the right panels of Fig. 6.

The magnetic configuration of a broken chain is also
shown in Fig. 7a. The MFM images illustrate that one end
corresponds to the a north pole and other end to a south pole
(the north and south poles are differentiated in the figure as
light and dark contrasts), which is indicative of the magnetic
moment aligned along the chain. This can be compared with
the simulation results in Fig. 7e; the snapshots just before and
after chain break-up are shown as well as the magnetic field
perpendicular to the substrate plane. A constant force of 3 pN
was applied on the terminal cubes. The initial configuration
was a zig-zag magnetisation configuration where cubes are in
face-by-face contact, seen on the right side of the panel in
Fig. 7b. The transitions between these phases create the stray
field. When the chain is finally broken, we observe at the two
ends the stray field pointing up and down, similar to Fig. 7a.

4 Conclusions

We have shown that a combination of magnetron sputtering
and gas aggregation techniques represents a powerful tool to
generate complex structures of magnetic NPs in a single step
fabrication process. Single-stranded micrometer-long chains
made up of 25 nm magnetic nanocubes are obtained by spon-
taneous self-assembly. The morphology of these chains is
remarkably different from those of spheres or fabricated in
suspension, ie., they are long and single-stranded. It is found
that dipolar magnetism is the driving force boosting chain for-
mation and its structure reveals a tendency to keep connected
under major degrees of structural strain in the process of for-
mation and deposition. Using an exact analytical model and
numerical simulations, we have estimated the magnetic energy
scales governing the process. The low-kinetic energy of the par-
ticles inside the magnetron vacuum chamber and strong
dipolar magnetic interaction between individual particles are
responsible for agglomeration of the particles at very low
volume fractions. The competition between anisotropic inter-
actions and shape offers various pathways for self-assembly,
each with exciting possibilities. Here, we have discussed self-
assembly of 25 nm magnetic core/shell nanocubes with [111]
magnetisation. Since anisotropies of iron and iron-oxide are
different, ie., [001] and [111], respectively, the overall an-
isotropy of the cubes can be selected through different core/
shell ratios controlled by gas-aggregation process parameters.
As a general frame, the present results demonstrate that the
cluster gun technique can go beyond fabrication of single par-
ticles into controlled and reproducible self-assembly of NPs as
they form.
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