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The direct integration of 1D magnetic nanostructures into electronic circuits is crucial for realizing their
great potential as components in magnetic storage, logical devices, and spintronic applications. Here, we
present a novel template-free technique for producing magnetic nanochains and nanowires using
directed self-assembly of gas-phase-generated metallic nanoparticles. The 1D nanostructures can be
self-assembled along most substrate surfaces and can be freely suspended over micrometer distances,
allowing for direct incorporation into different device architectures. The latter is demonstrated by a one-
step integration of nhanochains onto a pre-patterned Si chip and the fabrication of devices exhibiting mag-
netoresistance. Moreover, fusing the nanochains into nanowires by post-annealing significantly enhances
the magnetic properties, with a 35% increase in the coercivity. Using magnetometry, X-ray microscopy,
and micromagnetic simulations, we demonstrate how variations in the orientation of the magnetocrystal-
line anisotropy and the presence of larger multi-domain particles along the nanochains play a key role in
the domain formation and magnetization reversal. Furthermore, it is shown that the increased coercivity
in the nanowires can be attributed to the formation of a uniform magnetocrystalline anisotropy along the
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1. Introduction

Cylindrical 1D magnetic nanowires (NWs) exhibit large axial
shape anisotropy due to the high aspect ratio and can host
novel magnetization configurations resulting from the curved
geometry and absence of lateral confinement."? Owing to
their unique properties, magnetic NWs have attracted signifi-
cant interest, not only because of the promise of new physical
phenomena but also due to their great potential as com-
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wires and the onset of exchange interactions.

ponents in magnetic storage and logic devices,>™ spintronic

applications,®® and novel permanent magnets.'*"" Magnetic
NWs are commonly generated using template-assisted electro-
chemical deposition, which offers great versatility in terms of
size, geometry, and composition’** but relies on templates
that have to be dissolved and require additional transfer steps
to deposit the NWs onto substrates for characterization or inte-
gration into devices. Direct-write fabrication of 3D magnetic
nanostructures,>'® including NWs,'”'® can be achieved by
focused electron beam-induced deposition (FEBID). However,
while providing large flexibility with respect to available geo-
metries that can be produced, the technique typically suffers
from impurities and poor crystallinity.'>'”

Linear 1D arrangement of self-assembled nanoparticles
(NPs) has structural similarities to NWs in that they possess a
large aspect ratio and curved geometry. These so-called nano-
chains (NCs) have applications in bio-medicine,”**"
trast agents,”® microwave absorption,”*** catalysis,
plasmonics,>”*® memory applications,>® and magnetic field
and gas sensing.’*”" Self-assembly of functional magnetic NPs
onto electric circuits offers a scalable and low-cost approach
for producing novel devices.*>® However, studies have mainly
focused on 2D particle films requiring multi-stage device fabri-
cation that can suffer from low uniformity and cracks of the

as con-
25,26
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particle layer, which are the major drawbacks for large-scale
applications.>”° Most self-assembly techniques are based on
NPs suspended in a solution where they organize into 1D
structures via interparticle interactions mediated by attached
ligand molecules, templates, or external fields.*>*' The latter
approach is commonly used to form NCs of magnetic NPs by
applying a magnetic field directly to the suspension or during
drop-casting onto a substrate.*”™*° This strategy is simple,
cheap, and scalable but generally offers poor control of the
spatial distribution of the 1D structures when transferred to a
substrate where chain aggregation leads to densely packed
assemblies along the surface as the solvent evaporates. An
alternative route is to use magnetic fields to form NCs from
gas-phase-generated NPs.>>?%°%3! gimilar to most solution-
based methods, these approaches typically result in large
bundles of NCs with limited control of the final geometry.
Future applications will require precise control of the self-
assembly and, ideally, direct integration of the NCs into
devices. However, positioning NPs into separated NCs along
pre-defined directions onto substrates has proven to be a great
challenge,’® and recent progress relies on functionalizing the
NPs to avoid aggregation,*” top-down lithography to spatially
confine the suspension,>”****%® or 3D nanoprinting combin-
ing charged aerosol NPs and electric fields.>*>®

We have developed a template-free technique for directed
self-assembly of magnetic NPs into parallel NCs with controlla-
ble average length directly onto most substrates.*® The method
employs an aerosol technique based on spark ablation®® to
produce charged NPs suspended in a carrier gas. The NPs are
attracted to a substrate using an electric field, where they are
self-assembled, one by one, into 1D NCs along the direction of
an applied magnetic field. Since the magnetic field is applied
independently of the electric field capturing the NPs, the self-
assembly can be controlled by varying the direction of the
applied magnetic field to generate NCs oriented vertically or
along the substrate surface. Furthermore, by varying the external
magnetic field direction during the particle deposition, complex
vertical and in-plane structures made up of interconnected per-
pendicular NCs can be generated.’® The approach is highly ver-
satile as it relies on charged aerosolized NPs, which various
methods can produce including, using precursors, atomizing
particles from a chemical solution, flame spray synthesis, or
evaporation methods.?” In particular, the generation techniques
based on spark ablation, used in this work, offer a large selec-
tion of building blocks to self-assemble, ranging from single-
element®® and alloyed®®° NPs to bimagnetic systems.®*®!

Here, we demonstrate how the approach can be extended to
template-free generation of magnetic Co NWs directly along
surfaces by post-annealing the NCs. With increasing annealing
temperature, the NPs start to fuse and gradually transform
into diameter-modulated NWs and, finally, continuous cylind-
rical-like wires. The method is not limited to assembling NPs
along solid surfaces but also provides template-free generation
of free-standing 1D nanostructures. Moreover, the technique
allows for the direct integration of NCs and NWs onto sub-
strates relevant to applications and different device architec-
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tures. The latter is demonstrated by self-assembling Co NCs
directly onto a pre-patterned Si chip to produce devices exhibit-
ing magnetoresistance (MR). Similar to 2D particle
films,>*%*"®* the observed MR is attributed to the nanogranu-
lar structures of the NCs, where particles along the chains can
adopt different magnetization configurations depending on
the strength and directions of the applied field, resulting in
changes in the conductance due to spin-dependent scattering.
To the best of our knowledge, this is the first time NCs have
been used as sensing elements in devices exhibiting magne-
toresistance (MR). These results demonstrate the potential for
future facile on-chip integration of 1D nano-granular MR
sensors with integrated circuits.

Furthermore, the generation technique allows for studying
the effect on the magnetic properties as the NPs are arranged
into parallel NCs and fused into NWs. Previous studies have
revealed enhanced magnetic properties as the NPs are
arranged into NCs.*****® However, these studies have focused
on Fe-oxide systems where the magnetization reversal is mainly
determined by the shape anisotropy resulting from the high
aspect ratio of the NCs. We show that arranging the NPs into
parallel 1D linear assemblies leads to highly anisotropic
systems with an almost 100% increase in the remanent magne-
tization compared to 3D networks of randomly oriented and
interconnected chains. Moreover, fusing the NCs into NWs
results in a 35% increase in the coercivity which cannot be
explained by shape anisotropy alone. Combining magneto-
metry, X-ray microscopy, and micromagnetic simulations, we
show that the magnetocrystalline anisotropy (MCA) of the indi-
vidual NPs and the local geometry plays a decisive role in the
magnetization reversal and the formation of magnetic domains.

2. Experimental and Simulations

Nanoparticle generation started from the evaporation of
materials by repetitive sparks (~80 Hz) between two high-
purity metallic Co rods under the flow of carrier gas.®” In this
work, a carrier gas composed of 95% N, and 5% H, (1.68 lpm)
was used to avoid oxidation, and the pressure in the system
was set to 1015 mbar and kept constant during the generation
process.”® The evaporated material condenses into sub-10 nm
primary particles that collide forming larger irregular agglom-
erates which are then passed through a Ni®® bipolar diffusion
charger to obtain an even charge distribution, needed for the
size selection of the produced NPs. The agglomerates are then
transported through a tube furnace where they are compacted
into faceted single-crystalline NPs at ~1473 K before being
size-selected to electrical mobility diameters of 40 nm using a
differential mobility analyzer. In this work, the particle concen-
tration was monitored online with a TSI Electrometer Model
3068B, and the desired coverage was calculated from here.®®
The deposition takes place in an electrostatic precipitator,®”
where a 750 kV m™" electric field attracts the charged NPs to
the substrate. The directed self-assembly occurs when an exter-
nal magnetic field is applied during the deposition. Directed
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Fig. 1 (a) Schematic illustration of NC formation by attracting negatively charged particles using an electric field E from the gas phase and self-
assembling them by employing an external magnetic field Heyternal (b) SEM images of an as-prepared NC, and post-annealed NWs at (c) 673 and (d)

773 K. (e) Free-standing NCs deposited on a TEM grid.

self-assembly occurs as an external magnetic field magnetizes
the NPs along a specific direction, leading to attractive aniso-
tropic magnetic dipole-dipole interactions between the already
deposited NPs and the NPs arriving from the carrier gas and
the formation of NCs along the field direction, as described in
detail here,*® and schematically illustrated in Fig. 1(a). In the
present study, 1D NCs were generated by applying a magnetic
field of 300 mT along the substrate surface. The post-anneal-
ing of NCs was carried out at 773 K for 2 min with the same
gas composition as the carrier gas.

Crystal structure of the as-prepared and annealed particles
was evaluated by X-ray diffraction in transmission geometry
using Stoe Stadi MP, Mythen 1k detector, Cu-K alpha radi-
ation, 4 = 1.54178 A. Electron microscopy was performed using
transmission electron microscopy (TEM) Jeol JEM-3000F, and
scanning electron microscopy (SEM), Hitachi-SU8010 Cold
Field Emission. To study the magnetic behavior of the struc-
tures, they were prepared directly on single crystalline SiO,
stripes and the measurements were done using a supercon-
ducting quantum interference device vibrating sample mag-
netometer (SQUID-VSM, MPMS 3, Quantum Design), and a
commercial vibrating  sample magnetometer
(MicroSense Model 10 VSM) equipped with a rotating electro-
magnet generating a maximum field of 2 T. The scanning
transmission X-ray microscopy measurements were performed
at the PolLux beamline®® of the Swiss Light Source and the
SoftiMAX beamline®®”° of the MAX IV laboratory.

Micromagnetic simulations were conducted by Ubermag
with OOMMF micromagnetic calculator.”"”> The designed
structures were discretized into cubic cells with a 2 nm side
length well below the exchange length of face-centered cubic
(fcc) Co (~3.25 nm). An exchange constant of 1.3 x 10" ]
m™", cubic anisotropy of 2.7 x 10° ] m™, and saturation mag-
netization of 1.4 x 10° A m™" were used corresponding to Co-
fcc phase. The cubic anisotropy was introduced in the nano-
chain system in random orientation for each particle and also

vector
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in a uniform manner with an easy axis along the chain. In the
nanowire system, this anisotropy was considered with the
same orientation throughout the structure with an easy axis
along the wire axis.

Magnetoresistive devices are fabricated by the magnetic-
field directed self-assembly of ~40 nm Co NPs on metallic
leads with 1 pm and 500 nm gap distances. The leads with
5 pm width are fabricated on SiO,/Si wafers via electron beam
lithography (EBL, Raith-150), and evaporation of a 15 nm Ti
adhesion layer followed by 85 nm Au using a Temescal e-beam
evaporator. Producing seven devices on the same Si chip
required about 90 min of EBL processing and 20 min for self-
assembling nanoparticles across the gaps separating the
source and drain. Subsequently, the measurements are carried
out in a dilution refrigerator equipped with a superconducting
magnet. Yokogawa GS200 is utilized as DC voltage source and
the current is measured through a Femto DLPCA-200 I/V con-
verter at a 1 nAV~" gain connected to an HP 34401A multimeter.

3. Results and discussion

Directed self-assembly of aerosolized magnetic NPs suspended
in a carrier gas is achieved by combining electric and magnetic
fields. The role of the electric field is to attract the charged par-
ticles to the substrate, whereas the magnetic field magnetizes
the NPs along a specific direction. As the NPs approach the
surface, they are attracted to the already deposited NPs via
magnetic dipole-dipole interactions to form NCs along the
magnetization direction. It should be stressed that the electric
field is solely responsible for collecting the aerosolized NPs
onto the surface. Consequently, the magnetic field can be
applied independently to guide the self-assembly vertically or
along any horizontal direction.’® Note that the self-assembly is
not limited to one direction, but also more complicated 3D
vertical structures and tailored 2D interconnected networks

This journal is © The Royal Society of Chemistry 2023
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can be generated by varying the external magnetic field direc-
tion during the deposition.”®

Herein, we will focus on metallic Co NCs self-assembled
along the substrate surface and transformed into NWs by post-
annealing. The NCs are generated from Co NPs with an
average diameter of 40 nm deposited onto a Si wafer while
applying an in-plane magnetic field. The process is schemati-
cally illustrated in Fig. 1(a), together with SEM images showing
as-produced NCs and NWs post-annealed at different tempera-
tures (Fig. 1(b)-(d)). After annealing the NCs at 673 K for
2 min, the NPs start to fuse at the interparticle boundaries to
form what can be described as strongly diameter-modulated
NWs. The NPs continue to merge with increasing temperature,
resulting in a more uniform cylindrical-like NW at 773 K. The
length of the NWs is approximately determined by that of the
NCs, which in turn is governed by the particle coverage.
However, there is a large tendency to form chain bundles with
increasing coverage, and the length of single-particle-wide NCs
is limited to about 1 pm. Furthermore, the technique can
generate free-standing 1D structures, as can be seen in
Fig. 1(e), where NCs self-assembled along the surface of a TEM
grid are transversing holes in the carbon film. Since the NCs
are freely suspended, NPs extracted from the carrier gas will
either pass straight through or contribute to the self-assembly,
allowing for significantly more particles to be deposited onto
the substrate without forming bundles and consequently the
generation of longer chains that can extend several microns.

3.1. Structural characterization

The crystal structure of the nanoscale building blocks making
up the 1D structures was determined from XRD measurements
performed on a Co NP sample prepared without size selection
to maximize the particle concentration and thus diffracted
intensity. The diffractogram in Fig. 2(a) shows predominately
Bragg peaks at 26 positions corresponding to the metastable
Co-fce phase, with only weak intensity observed from hexag-
onal close-packed (hcp) Co at low angles. The stabilization of
the Co-fcc phase can be understood from the high heating and
cooling rates experienced by the particles as they are generated
through a liquid-like coalescence of very fine particles at high
temperatures and fast cooling to room temperature.”>””> The
positions of the Bragg peaks do not change as the sample is
heated to 773 K for 2 min, indicating that post-annealing does
not affect the crystal structure. However, while the symmetry
of the crystal structure appears to be unchanged, HRTEM
measurements indicate that the interparticle crystallographic
alignment along the NCs is affected as the NPs are merged
into NWs. Fig. 2(b) displays an HRTEM image from a NC
made up of NPs appearing single-crystalline with facets and
average 0.208 A interplanar distances corresponding to {111}
(for more images and fast Fourier transform diffractogram see
Fig. S1t). Moreover, it appears that there is no interparticle
crystalographic alignment along the chain. In contrast, the
HRTEM image from a NW (post-annealed NC at 773 K for
2 min), Fig. 2(c), reveals that the NPs have fused at the inter-
particle junction with a uniform crystal structure. These find-
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Fig. 2 (a) XRD diffractograms of as-prepared, and post-annealed Co
nanoparticles, HRTEM images of (b) NCs, and (c) NWs formed by post-
anenaling at 773 K for 2 min.

ings indicate that the post-annealing aligns the crystal lattices
along the NCs, consistent with previous studies where poly-
crystalline Co NW generated by FEBID became single-crystal-
line after post-annealing at similar temperatures.'®

3.2. Magnetic properties

The generation technique offers a unique possibility of study-
ing the effect on the magnetic properties as the NPs are
arranged into linear 1D NCs and subsequently fused to form
NWs. Fig. 3(a)-(c) shows three samples, from hereon referred
to as S1, S2, and S3, composed of 3D networks of randomly
oriented interconnected single chains and bundles (S1), paral-
lel NCs generated via magnetic-field assisted self-assembly
(S2), and NWs formed by post-annealing (S3). The particle cov-
erage is the same for all three samples and was chosen to
obtain a high density of 1D structures to maximize the signal
for the magnetometry measurements while avoiding signifi-
cant bundle formation. The NCs and NWs have large vari-
ations in lengths and co-exist with much smaller structures
such as dimers, trimers, and single NPs. However, as will be
demonstrated, the magnetization reversal becomes indepen-
dent of length for relatively short NCs and NWs. Consequently,
differences between the samples can be directly correlated
with aligning the NPs into parallel NCs and forming NWs by
post-annealing. Fig. 3(d)-(f) displays magnetization curves
recorded from the three samples while applying a magnetic
field along one of two orthogonal in-plane directions. Whereas

Nanoscale, 2023, 15, 18500-18510 | 18503


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr03878e

Open Access Article. Published on 09 November 2023. Downloaded on 2/21/2026 9:19:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Nanoscale

i 3 et

TT{TTTI T TTITI 77T

10 ay 102 LR AR RN RR NN LA 1.0 T T T ITI T TO T T I TT T O
F— st ] F—s2 . r— s3] ]
[ —S1.1 ] [ —S2 1L & F —S3 L B
0.5_— - 0.5_— - 0,5_— -
%] C / ] C ] C ]
2 00 0.0 i /
= / /

S
(S}
UNLLELN L
i
2
o
LA B R

(d)

YT ERTTARTATI FRRRRNRTE FRRRINRERY RATARRRRANEN

[T AT ST ARATI AT

T T

(e)

IRRRRRRT SRRRYRRRTE RRAT

®

T b oo o b o

[T I

-400  -200 0 200 400 -400  -200

HoH (mT)

0 200 400

poH (mT)

-400  -200 0 200 400

poH (mT)

Fig. 3 SEM images of (a) randomly oriented interconnected chains, S1, (b) ordered NCs, S2, and (c) continuous NWs, S3, on quartz substrates.
Magnetic hysteresis loops of (d) S1, (e) S2, and (f) S3 measured with an in-plane magnetic field oriented parallel (||) and perpendicular (1) to the

longitudinal direction of the NCs and NWs.

the total magnetic moment at 1.8 T (m, 5 1) is almost identical
for the three samples (Table 1), the remanence and coercivity
are significantly different.

For S1, the NPs arrange in randomly oriented 3D intercon-
nected chains and bundles. The average particle size is below
the single-domain critical diameter for Co-fcc (D. ~ 80 nm),
and the NPs can be spontaneously magnetized in the carrier
gas as they are cooled down to room temperature.
Consequently, they will be attracted to the already deposited
NPs via magnetic dipole-dipole interactions when reaching
the substrate. Since the particle magnetization has no prefer-
ential direction, the NPs self-assemble into 3D irregular struc-
tures®® as opposed to the ordered 1D NCs obtained when

Table 1 Experimental values of the three samples. The values are
obtained at 300 K unless specified otherwise

HoH.|l poH L M,/ M,/ mq.gr Hl|
Sample  (mT) (mT) Mdl Ml (nAm’) (2K)(mT)
S1 73.6 71.9 035 0.33 135 155.2
S2 72.2 47.2 0.69 022 125 170.5
S3 97.3 58.0 0.69 019 137 279.0

18504 | Nanoscale, 2023, 15, 18500-18510

applying a magnetic field (S2). The random distribution of
chain-like structures leads to an isotropic magnetic response,
as demonstrated by the identical shapes of hysteresis loops
recorded along two orthogonal in-plane directions, see
Fig. 3(d). The high aspect ratio of the NCs in S1 leads to sig-
nificant shape anisotropy with a magnetic easy-axis parallel to
the long axis of the chains. In contrast, the cubic magnetocrys-
talline anisotropy of the individual Co-fcc NPs results in easy
axes along the (111) directions, which according to HRTEM
data in Fig. 2(b), can be randomly oriented along the chains.
Consequently, applying an external field to the randomly
oriented NCs and bundles in S1 leads to competition between
the magnetocrystalline and shape anisotropy. The sample
magnetization saturates for sufficiently large external fields as
the individual particle moments align along the applied field
direction. However, the shape anisotropy dominates at low
external fields and rearranges the magnetization along the ran-
domly oriented chains. The net remanent magnetization is
thus significantly reduced with a value of M,/M; ~ 0.34 at
300 K. The observed value is lower than that of M,/M; = 0.50
expected for an isotropic distribution of the magnetic easy
axes defined here by the longitudinal direction of the chains,
indicating that additional effects influence the remanent mag-

This journal is © The Royal Society of Chemistry 2023
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netization, such as local fields from the randomly oriented
neighboring structures.

In contrast, arranging the NPs into parallel NCs (S2) results
in a highly anisotropic system, as evident from the signifi-
cantly different coercive fields H. and reduced magnetization
M,/M; along and perpendicular to the chain-axis, see Fig. 3(d)
and (e) and Table 1. Measuring with the applied field along
the chains results in an almost 100% increase in the remanent
magnetization compared to S1. The increase can be under-
stood again by the effect of the shape anisotropy, which is
colinear with the NCs and the applied magnetic field. On the
other hand, fusing the NPs to form NWs results in a ~35%
increase in the coercivity compared to S2. The increase in coer-
civity can not only be attributed to the shape anisotropy, as it
scales with aspect ratio. Fig. 4(a) and (b) shows the size distri-
bution of structures in S2 and S3 obtained by SEM image ana-
lysis over a large representing area (see the ESIt) and plotting
the relative covered area by NCs or NWs with different sizes. It
is observed that in the average size of the structures, the peak
position in Fig. 4(a) and (b), does not vary considerably after
the post-annealing to be accounted for the changes in coerciv-
ity and thus effects other than shape anisotropy must be
responsible for the increased coercivity that is investigated by
micromagnetic simulations. There is, however, a small
decrease in the number 1D structures with length >1200 nm in
Fig. 4(b) which can be attributed to the fragmentation of NWs
during the post-annealing.”®””

3.2.1. Micromagnetic simulations. The differences in coer-
civity between S2 and S3 were studied by micromagnetic simu-
lations using Ubermag with OOMMF micromagnetic
calculator.”"”> The NCs were generated by forming a linear 1D
arrangement with the particles in direct contact, whereas
neighboring NPs were merged by introducing a 10 nm overlap
at the interparticle boundaries to mimic the NW structures in
S3. Different lengths were obtained by adding NPs with dia-
meters randomly selected in the range of 30-50 nm to account
for the size distribution observed in the samples. As indicated
by the HRTEM images in Fig. 2, while there is a small separ-
ation between particles in the NCs, in NWs particles are fused
together at the junctions. Moreover, no significant interparti-
cle crystalline alignment along the NCs is expected as opposed
to the NWs, where the post-annealing appears to produce
single-crystalline 1D structures. Based on these observations,
two main differences between S2 and S3 can be identified that
can affect the magnetic properties. Firstly, forming continuous
single-crystalline NWs introduces exchange interactions
throughout the structure. Secondly, the single-crystalline NW
structure is predicted to have mostly uniform MCA as opposed
to the NCs, where a predominantly random cubic anisotropy is
expected. Fig. 4(c) displays the coercivity values obtained by
simulating hysteresis loops parallel to the long axis of NCs and
NWs with different lengths. In these simulations, exchange,
cubic anisotropy, and demagnetization energies were con-
sidered in addition to the Zeeman energy of a sweeping mag-
netic field. For NCs with random cubic anisotropy, the coerciv-
ity increases as more NPs are added up to a length of

This journal is © The Royal Society of Chemistry 2023
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NWs (b). The bottom axis shows calculated length assuming an average
40 nm diameter, the curves are guide to the eye. (c) Simulated coercivity
values of NCs and NWs per length.

~200 nm, after which it stays constant at around uoH. =
160 mT, in good agreement with the experimental value of
HoH. = 170 mT measured at 2 K from S2, shown in Table 1.
Fusing the NPs to form NWs with uniform cubic anisotropy
and longitudinal easy axis results in a similar trend, but now
with a #30% increase in the coercivity with a constant value of
HoH. = 217 mT. The simulated value is similar to previous com-
putational studies of cylindrical Co-fcc NWs with similar dia-
meters,”® and in reasonable agreement with the measured
value of 279 mT from S3 at 2 K. The SEM image analysis on
images shown in Fig. S3 of the ESI} are presented in Fig. 4(a)
and (b) revealing that ~#79% of the NCs and ~71% of the NWs
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have lengths corresponding to the constant uoH. values in
Fig. 4(c) indicating that the wide length distribution of the two
samples does not significantly influence the magnetic pro-
perties. In addition, coercivity values of NCs with uniform
MCA with and without interparticle exchange interaction are
displayed in Fig. 4(c) that are placed between the other two
aforementioned curves. Therefore, the micromagnetic results
suggest that the increase in the coercivity of NWs with regard
to NCs is achieved by the synergy of exchange interaction
enhancement and uniform MCA induced by post-annealing.
Furthermore, simulations are consistent with an alignment of
the particle crystal lattice and the formation of single-crystal-
line NWs by post-annealing.

3.2.2. Scanning transmission X-ray microscopy. Domain
formation and magnetization reversal along individual NCs
were studied using STXM combined with X-ray Magnetic
Circular Dichroism (XMCD). The STXM images were per-
formed by raster scanning the sample across a nano-focused
X-ray beam while detecting the transmitted intensity. Before
the X-ray measurements, the sample was pre-characterized
using SEM. Fig. 5(b) shows a nano-XAS from NCs, recorded at
the Co L;-edge using right and left circularly polarized X-rays.
The difference in absorption between the two helicities pro-
vides an XMCD spectrum proportional to the projected 3d
magnetization onto the direction of the X-ray beam. Mounting
the sample at a 30-degree angle to the X-ray beam and tuning
the photon energy to the maximum L; XMCD signal thus pro-
vides spatially resolved XMCD images with a black and white
contrast corresponding to the magnetization direction along
the 1D structures.

Fig. 5(a) and (c) display an SEM and an STXM image from a
free-standing NC self-assembled directly along a TEM grid and
post-annealed at 776 K for 2 min. While fusing has started at
some of the interparticle boundaries, most NPs still maintain
their original shape, and the structure can be expected to be
more NC than NW-like. Before the measurement, the sample
was magnetized perpendicular to the chain axis using a 7 T ex

i
776

sl
778

T
774

Photon Energy (eV)

Fig. 5
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situ field. The remanent state, shown in Fig. 5(d), was imaged
corresponding to the equilibrium magnetic configuration
adopted by the system as it relaxes after the field have been
removed. The appearance of bright and dark XMCD contrast
demonstrates the presence of domains with the magnetization
predominately lying along the chain axis but in different direc-
tions. Considering that the NC is far from uniform, it is likely
that the emergence of magnetic domains originates from local
structural variations along the chain. This is supported by the
observation of domains placed at irregular distances from
each other. Whereas the average particle size is below the
single-domain critical diameter D, ~ 80 nm for Co-fcc, there
are large multi-domain particles along the chain that could act
as nucleation centers that initiate the domain formation as
observed in diameter-modulated cylindrical NWs.”® Moreover,
different directions of the MCA could be expected along the
chain as the NPs have not fused to form a NW.

To gain insights into the mechanisms behind the domain
formation, micromagnetic simulations were performed on
NCs made up of NPs ranging from 30 to 50 nm, with and
without the inclusion of a larger 100 nm multi-domain particle
and also considering uniform and random MCA orientations.
The magnetization configurations were obtained by minimiz-
ing the energy after saturating the NC perpendicular to the
chain axis which is shown in Fig. 5(e) and (f). In addition, the
equilibrium magnetization configuration for a NW, with fused
particles, was simulated in the same way shown in Fig. 5(g).
The simulations suggest that the randomly oriented MCA
results in domain formation along the chains. Morover, when
including a larger NP in the chain, the domain wall is prefer-
ably formed in the multi-domain particle in the form of a
vortex. In contrast, domains are not formed in NCs or NWs
when considering uniform MCA with longitudinal easy-axis
(Fig. 5(f) and (g)), suggesting that the domain formation with
irregular distances in Fig. 5(d) is governed by the randomness
of the MCA, and local variations in the size of particles along a
chain.

v

148406

l, le+6

500000

0

z-component

500000

[ “lets
146406

(a) SEM image of a freestanding NC, (b) nano-XAS and XMCD recorded from the NCs. (c) STXM, and (d) STXM-XMCD images of the NC.

Simulated equilibrium magnetization configuration after perpendicularly magnetizing NCs with and without the inclusion of a multi-domain particle,
with (e) random cubic anisotropy, and (f) uniform cubic anisotropy. (g) The simulated equilibrium state of a NC with fused particles and uniform
cubic anisotropy. The red—blue color code represents the projection of the magnetization along the z-direction parallel to the chain axis.
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Furthermore, the magnetization reversal of individual NCs
was studied using STXM and in situ magnetic fields applied
along the chain-axis. Fig. 6(a) and (b) shows an SEM and
STXM image from the same two NCs, one short composed of 4
NPs (NC1) and one much longer with a length of about 2 pm
(NC2). The STXM image clearly reproduces the structural fea-
tures with the larger NPs along the longer chain clearly visible.
Fig. 6(c) displays the spatially resolved XMCD signal while
applying an in-plane 140 mT in situ magnetic field along the
positive z-direction. Note that the in situ field is parallel to the
field applied during the self-assembly and thus also aligned
with the remanent magnetization. As expected, the resulting
magnetic contrast demonstrates a homogeneous magnetiza-
tion along the NC parallel to the applied field and the rema-
nent magnetization (bright contrast). Reversing the magnetic
field results in the shorter chain (NC1) switching its magneti-
zation (dark contrast), see Fig. 6(d). The switching can be
explained by the small shape anisotropy of the shorter chain,
allowing the weak in situ field of —140 mT to reverse the mag-
netization. Magnetization switching under the —140 mT field
is also observed in a region along NC2 where switching occurs
in the middle of the chain close to a significantly larger NP,
indicated by arrows in Fig. 6(a) and (d).

To further study the impact of multi-domain particles
during the magnetization reversal process in NCs, micromag-
netic simulations were conducted on a chain with an inclusion
of a 100 nm particle. Fig. 6(e) selectively illustrates the magne-
tization configuration of the NC as the magnetic field is swept
from —500 mT to +500 mT along the chain (z-direction). The
results reveal that the magnetization reversal starts from vari-

-500mT  +11
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ations in the spin structure of the large particle shell and also
particles located at the ends of the chain. The process con-
tinues with the formation of a vortex inside the larger particle,
the emergence of transverse magnetization configurations in
the NPs at 110 mT, and magnetization switching of the half of
the NC at around 120 mT. By further increasing the field, the
other half of the chain reverses its magnetization along the +z-
direction, at +500 mT the system reaches saturation with the
magnetization lying along the chain axis. The results are con-
sistent with the STXM-XMCD measurements in Fig. 6 and
emphasize the effect of multi-domain particles in the magneti-
zation reversal.

3.2.3. Direct integration and magnetotransport. Fig. 7(a)
shows the direct self-assembly of Co nanoparticles across a
1 pm gap separating two Au pads acting as source and drain
electrodes. It is observed that 9 NCs are bridging the contacts
in this device. The system is analogous to particle film
structures,’®**"** but with a 1D arrangement of the NPs (nano-
grains). The magnetoresistance, MR = AR/Rs,;, of the device
was measured while applying a magnetic field along the chain
axis at a temperature of 25 mK, and the result is shown in
Fig. 7(b), together with a hysteresis loop recorded from S2 at
2 K to correlate MR and magnetization changes. Starting from
a saturated state R, at uoH = —500 mT and sweeping the field
in the positive direction results in a gradual decrease of the
MR with a minimum denoted by I in Fig. 7(b). The behavior is
ascribed to a reduced scattering cross-section due to the for-
mation of transverse magnetization components as the NPs
start reversing their magnetization along the NCs, similar to
previous studies of polycrystalline Co NWs.®® The simulated

vt
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Fig. 6

P

Magnetization Reversal Image Sequences

(a) SEM image of a short (NC1) and a long (NC2) chain. (b) STXM image from the same area. Magnetic contrast after magnetizing along (c) +z

and (d) —z using in situ fields of +140 mT. (e) Magnetization reversal sequences while sweeping the field from —500 to +500 mT along the chain
axis. The red—blue color code represents the projection of the magnetization along the z-direction parallel to the chain axis. Note that the particle
magnetization, given by the arrows, can also have x—y components during the reversal, which will be important for the magnetotransport properties

of the NCs.
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Fig. 7 (a) SEM image of Co NCs directly self-assembled across a 1 pm
gap between the source and drain. (b) MR behavior measured using a
constant bias voltage of —0.5 V while varying a magnetic field along the
chain axis at 25 mK. The arrows and schematic magnetization configur-
ations correspond to sweeping the magnetic field from —500 mT in the
positive direction. Similar behavior is observed when sweeping the field
in the opposite direction (blue MR curve), but arrows and schematic
magnetization configuration has been omitted for clarity. Also shown is
a hysteresis loop recorded from S2 at 2 K.

reversal process at 110 and 120 mT in Fig. 6(e) shows examples
of the emergence of perpendicular magnetization components
in the NPs as the magnetization rotates away from the chain
axis. The rotation continues until the formation of magnetic
domains at the nucleation field H,, ~ 100 mT, where a steep
increase with a peak of MR = 1.8% centered around the coer-
cive field uoH. ~ 200 mT is observed (II in Fig. 7(b)). An
example of magnetic domain formation during the magnetiza-
tion reversal can be seen in the STXM images in Fig. 6(d). The
increase of MR at H. is attributed to the formation of magnetic
domains along the NCs that, on average, have opposite magne-
tization, leading to an increased resistivity as the electrons
travel across regions with antiparallel configuration, similar to
granular particle systems.***>®* Furthermore, domain walls
can further contribute to the increase in resistivity due to spin

18508 | Nanoscale, 2023, 15, 18500-18510
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accumulation, as previously observed for Co NWs with similar
diameters.®

The device in Fig. 7 is one out of seven produced on the
same Si chip, of which six exhibit MR behavior with changes
in the resistivity around the nucleation and coercive fields, see
Fig. S4.7 It should be noted that the source and drain are con-
tacted through a set of parallel unique NCs with different
nanoscale structures. As demonstrated, variations in the MCA
and the size of the NPs along the NCs influence the domain
formation and magnetization reversal. Subsequently, the two
MR contributions denoted I and II above can vary in magni-
tude between the devices. The main contribution for devices 1
and 4 comes from domain formation at H. with an increase in
MR, whereas a decrease due to transverse magnetization com-
ponents dominates in devices 2 and 5. For device 3, both
mechanisms contribute equally, and for device 6, a more
complex MR behavior is observed.

4. Conclusions

This work presents the first magnetotransport study of metal-
lic NCs integrated into devices. The magnetoresistive elements
were directly integrated using a novel template-free approach
with directed self-assembly of gas-phase generated NPs using a
combination of electric and magnetic fields. Measuring the
electric conductance reveals an MR of 0.5-1.8%, providing
proof of principle for facile fabrication of magnetoresistive
devices based on 1D nanogranular sensing elements.
Furthermore, the study presents the first investigation into the
effect on the magnetic properties as 1D nano-granular systems
are transformed into single-crystalline NWs. By combining
magnetometry, X-ray microscopy, and micromagnetic simu-
lations, we demonstrate how interparticle interactions, local
variations in the MCA, and the size of the individual NPs play
a crucial role in domain formation and magnetization reversal.
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