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ARTICLE INFO ABSTRACT

Keywords: Advanced nanofabrication exploiting e-beam lithography has been used to prepare nanocomposites consisting
Hard-soft magnetic nanocomposites of periodic arrays of soft magnetic FeCo-based nano-inclusions of variable dimensions, embedded in a hard
Modelling magnetic FePt matrix. Nanocomposites with non-magnetic (Pt) inclusions and single phase hard magnetic FePt
Permanent magnet

microstructures were prepared as reference samples. The formation of Kirkendall voids in the soft-in-hard
nanocomposites, because of annealing-induced diffusion, has been identified through high resolution imaging
and chemical analysis. Replication of the pm-scaled nanocomposite and hard magnetic units over mm-scaled
surfaces allowed global magnetic characterisation of magnetisation reversal using standard magnetometry.
Magnetic force microscopy imaging was used for spatially resolved magnetic characterisation in different
remanent magnetic states. Both of these experimental techniques were used to study the influence of the size,
volume content and nature of the nano-inclusions on magnetisation reversal. The well-defined geometry and
nano-scaled size of the inclusions render these nanocomposites as model systems for micromagnetic simulations
and very good agreement was achieved between measured and simulated magnetisation reversal curves. This
accordance motivates future in-silico optimisation of such soft-in-hard nanocomposites, which may serve as
model systems to guide the design of new high performance bulk magnets which are less dependent on critical
elements.

1. Introduction multilayer with almost 80 vol% soft phase [4]. Nanocomposite magnets
with a more complex sample architecture consisting of building blocks
with a soft core (Fez5Coss), hard matrix (Nd,Fe;4B) and super-hard
grain-shell (Sm,Fe;,N;) have been predicted to have an energy product
greater than 400 kJ/m?> at the application relevant temperature of 450
K, for a 40 vol.% soft phase content [5]. However, to achieve the
predicted excellent magnetic properties in real magnets, it is necessary

to have nanoscale control of the soft phase dimensions, sharp chemical

The discovery that Fe-rich Nd-Fe-B alloys produced by melt-spinning
show remanence enhancement [1] opened the field of hard-soft
nanocomposites, and the effect was subsequently explained by the
concept of exchange-spring magnets [2]. The essential idea consists
in combining the high magnetisation of a soft magnetic phase with
the high anisotropy of a hard magnetic phase, so as to produce a
magnet with an energy product (BH),,,, exceeding that of one based

on the hard phase alone. Interest in this class of magnetic materials
has been renewed as they offer the potential to reduce the content
of strategic and expensive elements used to make high performance
magnets (rare earths such as Nd, Pr, and Sm, as well as Pt and
Pd). Micromagnetic simulations predicted room temperature energy
products of 800 kJ/m? for a SmCos/a-Fe multilayer with 85 vol% soft
phase [3] and a record value of 1 MJ/m? for a Sm,Fe,;N;/Fegs5Co35

interfaces and strong exchange coupling between the phases.

The routes that have been used to fabricate hard-soft nanocompos-
ites can be categorised into three groups: chemical, metallurgical and
thin film deposition. Chemical routes based on nanoparticle prepara-
tion, in which the soft and hard phases are intimately mixed through
core-shell structuration [6] and self-assembly [7], have been used to
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fabricate ferrite, FePt and SmCo [8] based nanocomposites [9]. Metal-
lurgical routes [10] used to produce nanostructured powders include
melt-spinning and high energy ball milling [11]. The relatively low co-
ercivity generally reported for chemically and metallurgically prepared
nanocomposites are attributed to insufficient control of the soft-phase
dimensions [12]. However, there have been some very promising recent
reports on the development of anisotropic nanocomposite powders
with relatively high coercivity, either by chemical coating of FeCo
onto the surface of SmCos flakes produced by surfactant-assisted ball
milling [13], or application of a modified hydrogenation disproportion-
ation desorption recombination (HDDR) process to produce Nd-Fe-B/a-
Fe [14]. While chemical and metallurgical routes hold potential for the
manufacture of bulk nanocomposite magnets for use at the macroscale,
the application of patterned thin film nanocomposites is necessarily
limited to micro- or nano-devices. However, thin films are of great
interest as model systems to study magnetisation reversal in hard—
soft nanocomposites, owing to the greater degree of control achievable
over the nano-structure. Multilayered hard—soft structures comprised of
various combinations of different materials such as Nd,Fe;4B/Fe [15],
SmCos/Co [16], SmCos/Fe [17] and FePt/Fe [18] have been studied.
The achievement of texture in the hard phase favours high energy
products and a maximum value of 400 kJ/m> was reported in a fully
epitaxial SmCos/Fe/SmCos trilayer deposited by Pulsed Laser Deposi-
tion (PLD) [19]. In some multilayer based studies, a spacer layer has
been used to avoid diffusion and to tune exchange interactions between
the hard and soft phases [20]. In-plane patterning adds an additional
degree of control over the nanostructure of films. Nanoimprint lithog-
raphy with a commercial Si stamp combined with etching was used
to fabricate mm-sized arrays of FePt/Co bilayer nanomagnets of fixed
diameter (60 nm), in which the thickness of the hard phase was also
fixed (20 nm) while the thickness of the soft phase was varied (0, 1
and 4 nm). Coercivity dropped and magnetisation increased as the soft
layer thickness increased, and the loop shape switched from 1-phase
behaviour (fully exchange coupled) to 2-phase behaviour (partially
exchange coupled) as the soft phase thickness increased from 1 nm to
4 nm [21,22].

In this work we exploit the high spatial resolution and dimensional
tunability of e-beam lithography to prepare model hard—soft nanocom-
posites consisting of arrays of soft magnetic FeCo nano-inclusions em-
bedded in a hard-magnetic matrix of L1, FePt. This “soft-in-hard”
architecture was chosen based on theoretical modelling by Skomski
et al. which suggested that soft-in-hard structures should have higher
coercivities than hard-in-soft structures [23]. We explore the influ-
ence of the size and volume content of as-prepared soft nano-rods on
the nanocomposites’ magnetic properties, experimentally using magne-
tometry, and theoretically, using micromagnetic simulations. In con-
trast with studies of chemically or metallurgically prepared nano-
composites, the control we achieve over the dimensions and spatial
distribution of soft inclusions minimises the differences between the
physical nanostructure that we experimentally probe and the idealised
nanostructure that we model.

2. Experimental and simulation details

The process-flow developed to make hard-soft nanocomposites is
schematised in Fig. 1. The soft magnetic component was fabricated
using e-beam lithography, thin film deposition and lift-off (Top part of
Fig. 1). The substrates used were 2-inch Si wafers thermally oxidised
to a depth of 100 nm. Deposition of a Ta buffer layer by magnetron
sputtering was followed by spin coating of a resist layer (55 nm -
poly(methyl methacrylate)(PMMA) 2%) which was then exposed to an
electron beam (NBL Nanobeam) and developed with methyl isobutyl
ketone(MIBK)/isopropyl alcohol (IPA) (1:3). Deposition of a 10 nm
thick layer of FeCo coated with a 3 nm thick protective layer of Au was
performed using an e-gun evaporator (Plassys). Lift-off was then per-
formed to produce the nano-rods, using N-methyl-2-pyrrolidone (NMP)
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as solvent. To provide enough magnetic signal for global magnetometry
measurements, nano-rod array units of surface area 5 x 5 pm? were
replicated over a surface area of 3 x 2 mm? (bottom part Fig. 1).
The replication procedure was used as the surface area that can be
patterned with a high density of nano-structures by e-beam lithography
is limited to a few pm because of the proximity effect [24]. Following
extensive optimisation of the resist thickness and e-beam dose, the
above described procedure was used to fabricate the soft magnetic
inclusions of the final nanocomposite.

The hard magnetic matrix (L1, FePt) was fabricated using mag-
netron sputtering (FePt films of thickness 25 nm, covered with a Ta
capping layer of thickness 5 nm) at room temperature followed by
post-deposition annealing. The composition of the FePt film and the
annealing temperature used to form the ordered L1, phase were opti-
mised through a prior study of compositionally graded Fe-Pt films [25].
An X-ray diffraction pattern and M-H loops of a reference FePt film
prepared under the same conditions are shown in the Supplementary
material (Fig. S1), confirming the formation of randomly oriented
grains of the L1, phase. A second “layer” of e-beam lithography and
lift-off were used to micro-pattern the as-deposited FePt film into so-
called “u-pads”, exclusively covering of the nano-rod arrays (lower part
Fig. 1). In this case, a bi-layer resist (PMMA 2% and PMMA/Methyl
methacrylate (MMA) 3%) was used to form an undercut profile to allow
lift-off of the sputtered FePt film. These micro-patterned substrates
containing arrays of soft nano-rods were transferred to the magnetron
sputtering system and the Au capping layer of the nano-rods was etched
off just before deposition of the FePt/Ta bi-layer. Following removal of
the sample from the sputtering system and lift-off of the resist to form
u-pads, annealing of the assembled nanocomposite was carried out at
500 °C during 1 h in a tube furnace under secondary vacuum (10~8
mbar). The same process was used to fabricate a nanocomposite with
non-magnetic nano-rods, in which the FeCo was replaced by Pt. The full
set of nanocomposite samples studied in this work is listed in Table 1.
Hard FePt u-pads with no nano-rod inclusions were also prepared as
reference samples.

Samples were imaged at different stages of fabrication using a Field
Emission Scanning Electron Microscope (FESEM Zeiss Ultra) operated
in In-Lens and Secondary Electron (SE) modes and Transmission Elec-
tron Microscopy (TEM) (CM300-Philips and a Titan Themis perated
@200 kV and equipped with a Super-X detector system for Energy-
Dispersive X-ray (EDX) spectroscopy). Sample preparation for TEM
imaging was carried out using both polishing and a Focused Ion Beam
(FIB) (Zeiss NVISION). Magnetic hysteresis loops which characterised
the global magnetic response of the nanocomposites were measured us-
ing a Superconducting Quantum Interference Device-Vibrating Sample
Magnetometer (SQUID-VSM) (MPMS3 Quantum Design), in maximum
applied field of 6 T. The localised magnetic response of the nanocom-
posites was probed by Magnetic Force Microscopy (MFM) using a
commercial microscope (NT-MDT-NTEGRA) and in-house developed
high coercivity FePt-based MFM probes. MFM imaging was carried out
under zero magnetic field, on samples in the virgin state and in different
states of remanent magnetisation. The latter were induced by exposure
of the sample under observation to a magnetic field pulse produced by
an in-house developed magnetic field source mounted directly on the
MFM.

Simulations were made using a finite element micromagnetic solver
optimised for parallel computation on multiple graphical processor
units (GPUs). The demagnetisation curves were calculated by applying
a preconditioned conjugate gradient method minimising the Gibbs free
energy as presented in [26]. Energy terms due to the magnetocrys-
talline anisotropy energy, exchange energy, magnetostatic energy, and
Zeeman energy were considered. The external field was decreased from
6 T to —6 T in steps of —1 mT applied in-plane, either parallel or
perpendicular to the long axis of the nano-rods. To represent the FePt
hard magnetic y-pad, a 700 x 1100 x 30 nm> cuboid was split in
1500 grains using the Neper software package [27,28], see Fig. 6a. The



I.G. de Moraes et al.

E-beam exposure

L

Development

i Buffer layer
Substrate

Acta Materialia 274 (2024) 119970

Deposition
(E-gun evaporator)

Soft magnetic
Nano-rods

[
—

Hard-soft
- Nanocomposite
FePt
target

Soft nano-rod arrays

Etching + Deposition
(Sputtering)

Soft nano-rod arrays embedded © HM

>

in hard matrix p-pads

Fig. 1. Schematic of nanocomposite preparation. Top: Nano-rod array fabrication by e-beam lithography and lift-off. Bottom: Nano-rod array replication across a large surface area

and coating of all arrays with hard magnetic p-pads.

Table 1
Information about nanocomposites, according to the schematic shown in Fig. 2f.All
dimensions in nm.

Sample Nano-rod Inter nano-rod  Nano-rod Soft phase
width (w) distance (d) length (1) volume content

(%)

NC1 24 200 200 1.8

NC2 30 920 400 6.7

NC3 24 52 200 8.0

NC4 120 130 400 11.5

NC4-Pt 120 130 400 N.A.

average grain size was around 25 nm, ranging from 16 nm up to 44 nm.
This model was then meshed with approximately 88 million tetrahedral
elements using Salome [29] and MeshGems [30]. This number includes
the finite element mesh of an air-box surrounding the hard magnetic
u-pad. Enclosing the u-pad with an air-box is a simple method to
treat the open boundary problem for magnetostatic problems [31].
For the air-box we use a graded mesh. The mesh size increases with
increasing distance from the sample. The size of the cubic air-box is
11 times the lateral maximum extension of the p-pad. The mesh size
at the interfaces between grains and surfaces was set to 1.5 nm but
allowing limited growth of the mesh size within the grains. This mesh
was the base for all simulations. All tetrahedrons within a grain were
assigned a unique tag. Those tags were then used to assign the intrinsic
properties and easy axes orientations to all grains. The soft magnetic
nano-rods and voids were introduced by reassigning new tags (and
consequently intrinsic properties) to tetrahedrons lying within or on
reference shapes representing the different nano-rod arrays. Therefore,
the interfaces between rods/voids and the main matrix are not smooth.
The extensions of the FePt hard magnetic y-pad model was restricted by
the available computational resources and to ease comparison was kept
the same for all simulation scenarios. Consequently, the volume shares

of the soft phase differed from the experiments and were slightly higher
than in the experiments (+0.4-0.6% NC1-3, +2.2% NC4).

3. Results and discussion
3.1. Micro/nano structure of as-prepared and annealed nanocomposites

Plan-view SEM images of the four different types of soft magnetic
arrays are shown in Figs. 2a—d. The width (w) and length (1) of the rods,
together with the inter-rod distance (d), are schematised in Fig. 2f, and
the volume ratio they represent for the corresponding nanocomposites,
are listed in Table 1. The smallest width of nano-rods prepared (24 nm)
corresponds to the lower limit of the in-plane dimension achievable
with e-beam lithography considering the high density of features pro-
duced. A tilted view image of part of the soft nano-rod array shown in
Fig. 2b is presented in Fig. 2e, revealing neat lift-off (i.e., no underlying
resist remaining) over this high density of nanometric structures. A
plan-view image of a similar array embedded in an FePt y-pad is shown
in Fig. 2g. The underlying soft nano-rods can be visualised through the
hard-magnetic u-pad thanks to the topographic contrast achieved in
the SEM Secondary Electron imaging mode. Plan-view SEM images of
a reference FePt hard u-pad and the other soft-in-hard nanocomposite
(NC) samples are compared in the Supplementary materials (S2).

A TEM cross-sectional bright field image of a FIB-cut piece of the
NC2 sample, taken before annealing, is shown in Fig. 3a. The FePt
matrix follows the topography imposed by the underlying FeCo nano-
rods. Grains of FePt of inverted-trapeze shape grow on top of the FeCo
nano-rods. The FePt deposit in-between these grains is typically one,
but sometimes two grains deep. Since the film thickness is comparable
to the grain size, small local variations in thickness can be observed
because the growth rate might differ slightly from grain to grain,
depending on their orientation. The bright contrast at the interface
between the Ta buffer layer and the nanocomposite layer is attributed



I.G. de Moraes et al.

118 LRIE)
Ll
R
Lt
(5 B
L
L
e

B 1

Lrrritd
b 1 ot 1 O 1 B
L

L1l
11
[N
]
(N
It
11
11

C)|nmmmmmmmmmmmmmmmmmmmmmm
ALY
T
AN ERREEREERRRCERRR RO RRRRE RO RRRAARECONRY
TARRERRERRERERERLRERERCRLOR RN RRLCRRNRERRRRRRU RO RRMRLACRLLY
|mmmmwmmmwmmmmmmmmmmmmmmmmu
TR RN AL
TR R
TR
QTR
TR RRCR AR
s
i
TR LR
AR LR AR
AT RO
TR LR

i
|mmmmmmmmmmmmmmmmuml::=::'

d)|08000000a0600000000000
fuonaconauacacacann0c0g
gucooooepogoRnoCaEO0OND
guononanooanocoOooRonEA
aooonooagonnnoananRaEa0NG
fiouacacanonoooongaoneon
fiogocouacooanaGaCaC00R0D
guoanaoopooonononO0CAEERD
foooduooooonoooaRnaaonng
BT —

¥
TR
A
it
T

HHHVIHHHEH""JH;"

I

I

Acta Materialia 274 (2024) 119970

HHA IH:H‘!“IH"‘M i |
i it |
i\l‘l‘rl'HHHHHHIHMHHHHHHHHH/

Fig. 2. Secondary electron SEM images: Plan-view images of soft nano-rod arrays prior to deposition of hard u-pad (a) NC1, (b) NC2, (c) NC3 and (d) NC4; (e) tilted view of

NC2 (nano-rod array); (g) plan-view of NC2 (soft nano-rod array embedded in an FePt u-pad). Scale bar = 1 pm. Schematic of a nano-rod array (f).

to surface oxidation of the buffer during the substrate preparation.
The bright granular contrast at the top of the image is due to the C
protective layer deposited during FIB preparation. High-Angle Annular
Dark Field (HAADF) images of NC3 and NC4, taken after annealing,
are shown in Figs. 3b and 3c, respectively. The surface topography
of the NCs is conserved after annealing. However, zones of darker
contrast at the interface with the buffer layer indicate the presence
of voids in the NCs. The location of these voids below the surface
bumps, indicates that the voids formed at the positions of the soft nano-
rods. Higher resolution HAADF images of NC3 and NC4, containing
one surface bump, are shown in Figs. 3d and 3g, respectively. Energy
dispersive X-ray spectroscopy (EDX) chemical composition maps of the
same regions, showing the distribution of Co and Pt, are shown in
Figs. 3e,h and 3 f,i, respectively. Examination of these images indicates
that in NC3, which has the narrowest nano-rods (width = 24 nm),
Co atoms diffuse from the nano-rods into the hard magnetic matrix,
remaining concentrated in a shell around the original interface with the
nano-rods. On the other hand, in NC4, which has the widest nano-rods
(width = 120 nm), diffusion of Co occurs mainly at the edges of the
rods, with most of the nano-rod material remaining in place.
Chemical maps of the other concerned elements (Fe, Si, O), are
shown in the Supplementary material (Figure S4), and Fe is also seen
to be absent from the regions identified as voids. The formation of
voids during annealing of our nano-composites is attributed to the
Kirkendall effect [32,33]. Kirkendall established that atomic diffusion
in substitutional solid solutions involves the diffusion of vacancies
and that differences in the diffusion rates of different species across
a bi-metal interface can result in movement of the interface and the
formation of voids due to the coalescence of diffusing vacancies. While
the Kirkendall effect is problematic when such voids deteriorate the
strength of bonding between different metals (e.g., at welding joints), it
is actually exploited to produce hollow nanostructures from chemically
synthesised nanoparticles [32], including magnetic nanoparticles [34].
The position of the voids in the samples studied here indicates a higher
rate of diffusion of Co and Fe atoms into FePt, compared to Pt diffusion
into FeCo. This is in agreement with studies of intermixing in Fe-Pt
multilayers [35]. In the present study, the formation of voids at the
edges of the wide nano-rods in NC4 may be due to greater diffusion at
the corners of nano-rods, leading to the edges serving as nucleation
sites for vacancy precipitation. Alternatively, oxides have also been
shown to serve as nucleation sites for vacancy precipitation [36], and

the formation of voids at the edges of nano-rods may also be due to
oxidation of the side walls of the nano-rods which are not protected
by Au during sample transfer. The almost complete disappearance of
the nano-rods in NC3 may be explained by the closer proximity of
the side walls which favours coalescence of voids from both sides,
and a higher surface to volume ratio of the nano-rods, which favours
diffusion between the rod and the matrix. It should also be noted that
studies of Kirkendall void formation in nanoparticles had shown that
void formation depends on the size of the nanoparticles [36], while
interfacial strain is also proposed to play a role [33]. The observed
concentration of Co atoms in a shell at the original nano-rod matrix
interface may be due to limited diffusion time and/or a lower diffusivity
of Co (and Fe) into ordered L1, FePt compared to the disordered A,
phase [35], i.e., as the matrix becomes progressively more ordered
during annealing, it gets harder for Co and Fe to diffuse into the matrix.

Diffusion between the hard and soft phases during sample fabri-
cation may degrade the magnetic properties of the nanocomposite.
Annealing of binary assemblies of bcc FeCo and fcc FePt chemically
prepared nanoparticles (diameter = 6 nm) at 650 °C for 1 h was
reported to lead to diffusion resulting in either partial or total disso-
lution of the FeCo nanoparticles in a L1,-FeCoPt matrix [37]. Some
diffusion was also reported following annealing at 700 °C for 20 min
of nanocomposites consisting of Co nanoclusters (average diameter =
7.9 nm) coated in Fe/Pt bilayers [38]. In this case high Co content
inclusions remained, while total interdiffusion occurred in Co/Fe/Pt
multilayers with the same overall Co content treated to the same
annealing conditions.

As a result of diffusion during the annealing step, which is necessary
to form the hard magnetic L1,FePt phase, the model architecture of the
as-deposited NCs is modified. However, concentration of the diffused
atoms in a shell at the original nano-rod matrix interface in the samples
with the narrowest nano-rods, and limitation of diffusion to the edges
of the widest nano-rods, ensures that the nanostructures of the annealed
NCs are nevertheless relatively well defined. This allows us to study the
influence of the original soft feature size on magnetisation reversal in
these hard-soft nanocomposites. What is more, diffusion can be taken
into consideration during micromagnetic modelling. In the discussion
below about the magnetic properties, we will make the over-simplified
assumption that the volume content of soft magnetic material in the
NCs is equivalent to that of the corresponding as-fabricated NCs.
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Fig. 3. TEM cross-sectional images: (a) NC2 before heat treatment (bright field mode), (b) & (d) NC3 and (c) & (g) NC4, after annealing (high-angle annular dark-field imaging

mode), (e) & (f) NC3 and (h) & (i) NC4, compositional maps of Co and Pt.

3.2. Experimentally probed global magnetic properties

In-plane hysteresis loops of the four hard-soft NCs, measured with
the field applied parallel to the long axis of the nano-rods are compared
with an in-plane measurement on a reference array of hard FePt u-
pads in Fig. 4a (no demagnetising field corrections ). The NCs present
single magnetic phase behaviour without any obvious soft magnetic
component. The M(H) loop of NC1, which has the lowest soft phase
volume ratio (1.8%), is comparable to that of the reference array of
hard FePt pu-pads. While the volume ratio of the soft phase is too low
to expect any significant influence on remanence, it is noteworthy that
the presence of nanoscale soft rods/shells in NC1, which could serve
as nucleation sites for magnetisation reversal in the hard matrix, did
not have any significant influence on coercivity. M(H) loops of the
other hard-soft NCs are significantly modified with respect to that of
the reference sample and the evolution in coercivity and remanence
with soft phase content of the NCs is shown in Fig. 4b. The inverse
behaviour of coercivity and remanence with increasing volume content
of soft phase, classically seen in hard-soft nanocomposites, is also
found here. Concerning the general shape of the M(H) curves, that
of NC4 is seen to have the concave shape (most obvious in Fig. 4d)
that Kneller and Hawig predicted for “an overaged microstructure”,
while those of the other samples have the “normal” convex shape they
predicted for NCs with an optimum microstructure [2]. The in-plane
M(H) loop of an FeCo (6 nm)/FePt (25 nm) bilayer prepared under
the same conditions as the nanocomposites, is compared with those of
the nanocomposites in the Supplementary material (Fig. S5). The much
lower value of coercivity of the bilayer, despite the reduced thickness
of it’s soft magnetic layer (6 nm in the bilayer vs 10 nm in the NCs),
shows the importance of controlling the size of the soft phase in more
than one dimension. Nevertheless, the higher volume fraction of soft
material in the bilayer (19%) also contributes to the lower value of
coercivity.

To assess the potential impact of nano-rod shape anisotropy on
magnetisation reversal, in-plane hysteresis curves measured with the
applied field parallel and perpendicular to the long axis of NC2 (the
sample with the highest demagnetising field factor) are compared in
Fig. 4c. The similarity between the two curves indicates that the effect
of shape anisotropy of the soft inclusions upon magnetisation reversal
is negligible compared to the magnetocrystalline anisotropy of the non-
textured hard magnetic matrix. To assess the potential influence of the
topographical features induced in the hard matrix by depositing it on
an array of nano-rods (indents on the bottom surface and associated
bumps on the top surface), we fabricated an additional nanocomposite
(NC4-Pt) consisting of non-magnetic Pt nano-rods in a hard magnetic
FePt matrix with the same nano-rod dimensions as in NC4. Fig. 4d

shows that the M(H) loop of this sample is comparable to that of the
reference FePt u-pads but quite different to that of NC4. This confirms
that the drop in coercivity in the soft-in-hard NCs is due to the soft
magnetic nature of the nano-inclusions, rather than localised changes
in demagnetising fields associated with the topographical features in
the hard matrix.

Future directions of interest in this field include a more detailed
study of the influence of the size and shape of soft inclusions (e.g., using
First Order Reversal Curve measurements to study coupling between
the hard and soft phases) as well as the impact of annealing conditions
on diffusion and void formation.

3.3. Experimentally probed local magnetic properties

To probe the localised character of magnetisation reversal in our
NCs, we carried out MFM imaging in the virgin state and then in differ-
ent remanent states. A similar approach was used by Neu et al. to study
magnetisation reversal in a micro-patterned SmCos/Fe/SmCojy trilayer
nanocomposite [39]. The first column in Fig. 5 contains topographic
images of an individual hard u-pad and of individual soft-in-hard u-
pads from NC1, NC2, NC3 and NC4. The other columns contain MFM
images in the virgin state and different remanent states, starting from
an applied field pulse of +3T (except for the hard p-pad) and then
followed by successive application of negative field pulses of growing
intensity (the magnetic field is applied in-plane along the long axis of
the nano-rods, i.e., along the vertical axis of the image). The positions
of the original nano-rods are clearly identified in the topographic
images of the NCs, since the FePt deposit followed the topography
imposed by the underlying nano-rods. The virgin state MFM images
of all samples are comparable, having a fine granular structure that
is typical of fine grained hard magnetic films [40]. The average size
of individual magnetic features (100—200 nm) is greater than that
of the average grain size of the FePt matrix phase (25 nm), which
is indicative of exchange coupling between grains. A somewhat finer
granular structure is also seen in the remanent state MFM images, most
often together with one or two other types of magnetic contrast. One
type, hereafter referred to as “‘edge contrast”, is situated at the upper
and lower edges of the reference hard and NC u-pads, i.e., along the
edges which are perpendicular to the direction of the applied magnetic
field. The edge contrast, which is light at the upper edges and dark
at the lower edges following application of a field pulse of +3 T,
reflects the opposite sign of the z-component of the stray magnetic field
signals produced above the y-pads, by magnetic charges at these edges,
following in-plane magnetisation. The edge contrast of all samples
becomes weaker before practically disappearing after application of a
field of —1 T. The field value of —1 T is close to the coercivity of the
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Fig. 4. (a) M(H) loops of FePt u-pads and soft-in-hard nanocomposites (field applied in-plane and parallel to the long axis of the nano-rods), (b) Corresponding remanent
magnetisation (4,M,) and coercivity (4,H,) as a function of FeCo volume content, (c) M(H) loops of NC2 with the in-plane field applied parallel or perpendicular to the long axis
of the nano-rods, (d) M(H) loops of FePt pu-pads, NC4 and NC4-Pt (field applied in-plane and parallel to the long axis of the nano-rods).

hard micro-pads and NC1, while it is higher than that of NC2, NC3 and
NC4. A reversed edge contrast of relatively high intensity is observed
following application of a field of —3 T. The observed evolution in the
edge contrast may be attributed to reversal of the edges of the hard
matrix of all samples. As the edges of the nanocomposites are free of
nano-rods, their reversal in NC2, NC3 and NC4 could be expected at
an applied field of —1 T. In the case of NC2, NC3 and NC4, we can
also see an additional fine contrast, which manifests itself as a periodic
set of horizontal lines. The spacing of the lines is correlated with the
length of the original underlying soft nano-rods (nano-shells in the case
of diffused nano-rods). The periodic horizontal line contrast of NC2 and
NC3 is not evident in the image taken after application of a field of
—500 mT and it then reappears for higher negative fields. Based on the
spacing of the lines and the field values at which the periodic horizontal
line contrast of NC2, NC3 and NC4 are seen to switch, we associate the
periodic fine contrast with the soft magnetic inclusions which are well-
coupled (NC2 and NC3) or partially coupled (NC4) to the hard magnetic
matrix. Finally, the absence of the periodic fine contrast in NC1 may
be attributed to the fact that while the size of the individual nano-rods
is the same in NC1 and NC3, their lower density in NC1 leads to them
being camouflaged by the hard matrix.

3.4. Simulated magnetic properties

Micromagnetic simulations were performed to support our experi-
mental analysis of the influence of the size, shape and volume fraction
of soft magnetic or non-magnetic inclusions in a hard magnetic matrix,
on magnetisation reversal. Three different sample architectures were
modelled: “u-pad” (L1, FePt alone), “ideal” (non-diffused FeCo or Pt
nano-rods in a matrix of L1, FePt) and “diffused” (diffused FeCo nano-
rods in a matrix of L1, FePt), as schematised in Fig. 6a. The same FePt
matrix was used for all the simulated nanocomposites, varying only
the size and distribution of the nano-rods, as listed in Table 2. These
dimensions were estimated based on the analysis of TEM compositional
maps (Fig. 3). In the finer structures (NC1, NC2 and NC3), diffusion
is considered to lead to the transformation of the soft FeCo nano-rods
into soft (FeCo);Pt nano-shells, resulting in the creation of voids at the
original positions of the nano-rods. In the coarsest structure (NC4), the

Table 2

Outer dimensions of the voids and the diffused regions, according to the schematic
shown in Fig. 6a. For NC4, voids were considered to be formed only at the sides edges
of the original FeCo nano-rods, not on the their top edge.

Sample w void 1 void t void w diff 1 diff t diff
NC1 24 200 6 44 220 16
NC2 30 400 6 60 420 16
NC3 24 200 6 44 220 16
NC4 140 420 6 120 400 10

formation of voids at the edges of the soft nano-rod is considered. In
all cases, voids are modelled as a nonmagnetic phase. The size of the
FePt grains of the hard matrix was set at approximately 25 nm and
an isotropic easy axes distribution was imposed. Neighbouring grains
were in direct contact (no grain boundary phase) and perfectly coupled.
Concerning the matrix, the literature value of magnetisation of L1,
FePt (uyM, = 1.43 T) was assumed [41] while the anisotropy constant
(K, = 2.88 MJ/m?), order parameter (S = 0.74), and exchange stiffness
(A = 9.4 pJ/m) were deduced by adjusting the simulation parameters
for a reference hard magnetic layer, so as to match the experimental
hysteresis loop of our FePt u-pads [42]. For the soft magnetic phases,
the values considered for FeCo (J,=2.0 T, A = 35 pJ/m, for Fe,;Cogq;)
and (FeCo);Pt (J, = 1.57 T, A = 20 pJ/m) were obtained from literature
and experiments [43,44]. The finite element solver takes into account
the following boundary and interface conditions. At the outer boundary
of the magnet, the normal derivative of the magnetisation components
is zero [45]. At materials interfaces, the products of the normal deriva-
tive of the magnetisation components with the local exchange constant
is continuous [46]. In our finite element micromagnetic solver both
conditions are taken into account [47].

Fig. 6a shows the respective geometries used for simulating the
u-pad, NC1-NC3 (fine) and NC4 (coarse) diffused nanocomposites, in
plan-view, cross-section and perspective, together with the angular
distribution of the matrix grains and the colour code for the constituent
phases. Table 2 lists nano-rods dimensions for the non-magnetic (or
void) and diffused components. For “ideal” model these dimensions
are reported in Table 1. All the architectures are displayed in Figure
S3 of Supplementary material. The simulated demagnetisation curves
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Fig. 6. (a) Schematics of the models used in micromagnetic simulations. The “diffused” (diff) model takes into account voids (non magnetic) formed due to diffusion during
annealing. Simulated demagnetisation curves of (b) NC1 & NC3, (c¢) NC2, (d) NC4 & NC4-Pt and (e) FePt u-pads & all soft-in-hard nanocomposites. The magnetic field is applied
in-plane and parallel to the long axis of the nano-rods for all samples, field also applied perpendicular to the long axis of the nano-rods for NC2.).

of ideal and diffused soft-in-hard NCs are compared in Fig. 6b (NC1,
NC3), 6¢(NC2) and 6d (NC4), considering the applied magnetic field
to be parallel to the long axes of the soft nano-rods. No significant
difference is observed between the demagnetisation curves of the ideal
and diffused versions of NC1 and NC4, which can be attributed to the
low volume content of soft nano-rods in the former and the limited
extent of diffusion in the latter. Diffusion leads to a small but observable
drop in coercivity of 10% and 18% in NC2 and NC3, respectively. De-
magnetisation curves of NC2, the sample containing nano-rods with the
highest shape anisotropy, were also simulated considering the applied
magnetic field to be perpendicular to the long axes of the soft nano-rods
(Fig. 6¢). In agreement with the corresponding experimental measure-
ments shown in Fig. 4c, the shape anisotropy of the soft nano-rods

(uoH, = 0.23 T/0.15 T for ideal/diffused rods, calculated with non-
magnetic matrix) does not influence the demagnetisation behaviour of
the overall composite. The simulated demagnetisation curve of NC4-
Pt, with non-magnetic nano-rods (Fig. 6d), is comparable to that of the
reference hard magnetic matrix, while it is noticeably different to that
of NC4, with magnetic nano-rods of the same size, in good agreement
with the corresponding measurements (Fig. 4d). A comparison of the
simulated demagnetisation curves of diffused soft-in-hard NCs (Fig. 6e)
reveals the same trend observed in measurements (Fig. 4a) and the
absolute values of coercivity and remanence are comparable. The size
of the soft nano-rods is seen to influence the general shape of the
simulated demagnetisation curves, with that of NC4 being somewhat
concave (most obvious in Fig. 6d), in relatively good agreement with
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Fig. 7. Snapshots of simulated magnetisation distribution maps of select samples, at a height of 8 nm above the buffer layer, taken at different field values along the demagnetising
curves (the applied magnetic field is in-plane and parallel to the long axis of the nano-rods).

the experimental measurements (Fig. 4e) and the predictions of Kneller
and Harwig [2]. The demagnetisation curves presented in Fig. 6 were
calculated by applying a preconditioned conjugate gradient method
minimising the Gibbs free energy. The observed zig-zag fluctuations are
indicative of the domain reversal processes occurring in a certain num-
ber of grains at each step of energy minimisation, which corresponds to
different applied magnetic fields. This phenomenon closely resembles
the Barkhausen effect and can be attributed to the relatively limited
number of grains (a total of 1500) incorporated within our simulation
model. This granularity in the model leads to the stepwise changes in
magnetisation observed as zig-zag patterns in the M-H curves.
Snapshots of simulated magnetisation distribution maps taken from
along the demagnetising curves of a hard magnetic y-pad, NC3 (ideal
and diffused), NC4 (ideal and diffused) and NC4-Pt are compared in
Fig. 7. The applied magnetic field is parallel to the long axis of the
nano-rods, and the contrast and colour are directly proportional to the
intensity and direction of magnetisation, respectively, at a height of
8 nm above the buffer layer. These images are not directly comparable
with the MFM images shown in Fig. 5, which reflect changes in the
stray field patterns produced above the samples, in different remanent
states. Besides, the surface area considered is smaller because of lim-
itations due to the time and computing power needed to perform the
simulations. Nevertheless, these snapshots provide further evidence on
how the size and nature of the inclusions together with diffusion affect
magnetisation reversal in the studied samples. Magnetisation reversal
is clearly seen to initiate within the soft inclusions of the soft-in-hard

NCs, while it starts in multiple, randomly positioned regions in the hard
u-pad and in the NC with non-magnetic inclusions. Reversal proceeds
in a similar manner in the latter two samples, through growth and
then coalescence of reversed domains. In the case of NC4, reversal is
practically complete within the soft inclusions before it proceeds in the
hard matrix, and there are only negligible differences between the ideal
and diffused cases. On the other hand, in the case of NC3, there is a
discernible difference between the ideal and diffused cases. Reversal of
the hard matrix starts before complete reversal of the soft inclusions
in the ideal case, indicative of good coupling between the two phases.
Soft inclusions in the diffused case of NC3 are more distinct during
reversal, which is attributed to their relatively bigger dimensions and
thus somewhat poorer coupling with the hard matrix.

4. Conclusions and prospects

A combination of e-beam lithography, evaporation, sputtering and
lift-off has been successfully exploited to fabricate highly regular re-
peat arrays of FeCo soft magnetic nano-rods embedded in chemically
disordered (i.e., magnetically soft) FePt p-pads, across mm-sized sub-
strates. Annealing to transform these into soft-in-hard nano-composites
through chemical ordering of the FePt u-pads, led to the formation of
nano-scale Kirkendall voids. In the sample with the widest rods (w =
120 nm), the voids are seen to form at the edges of the rods, while
in a sample with the narrowest rods (w = 24 nm), the original rods
are practically replaced by the voids. In the latter case, the expelled Co
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atoms are seen to accumulate in a shell surrounding the original rod,
thus maintaining a composite structure, notwithstanding the undesired
diffusion and void formation. The high degree of control achieved over
the nanostructures studied here, despite changes induced by diffusion
during annealing, render them as model soft-hard nanocomposites.
Indeed, the very regular nature of the nanocomposite structure greatly
facilitates the observation of Kirkendall nano-voids, which could be
expected to form in hard-soft nanocomposites fabricated by other
methods, but which may go undetected. More importantly, the high
degree of control over the nanostructure facilities interpretation of
results from localised magnetic characterisation and narrows the gap
between the physical nanostructure (both the idealised and real ver-
sions) and the sample architectures used in micromagnetic simulations
of magnetisation reversal. The important results from experimental
magnetic measurements are quantitatively supported by micromagnetic
simulations, namely (1) a low density of soft magnetic FeCo nano-
inclusions (shells) does not affect magnetisation reversal in the L1,
FePt hard matrix, (2) increasing the density or the density and size
(width) of the soft nano-inclusions leads to a decrease in coercivity and
concomitant increase in remanent magnetisation of the nanocomposite,
(3) increasing the size (width) of the soft nano-inclusions leads to a
cross over from convex to concave demagnetising curves, which can
be attributed to poorer inter-phase coupling, (4) the shape anisotropy
of the soft magnetic inclusions does not infer any shape anisotropy on
the nanocomposites and (5) changes in the topography of the matrix
alone do not affect magnetisation reversal, i.e., it is the soft magnetic
nature of the inclusions in the soft-in-hard nanocomposites that affects
magnetisation reversal. Thanks to the very good agreement between
experiments and simulations, the micromagnetic modelling approach
can be used for in-silico optimisation of soft-in-hard nanocomposites,
through a tuning of the dimensions, shape, spatial distribution and
volume content of the soft phase. Iterations between the optimised
simulated model structures and nanofabricated model samples can be
used to quantitatively investigate the critical parameters for developing
soft-hard magnetic nanocomposites. Future directions of interest in this
field include a more detailed study of the influence of the size and
shape of soft inclusions as well as the impact of annealing conditions
on diffusion and void formation. Other combinations of soft and hard
magnetic materials, including high magnetisation FegyCo,y and high
anisotropy rare earth transition metal phases, could also be considered.
Beyond serving as model systems to study magnetisation reversal, one
could imagine developing such nanocomposites for use in nano-devices.
In this case, once the dimensions and disposition of the soft inclusions
have been optimised, they could be fabricated by the much faster and
upscalable technique of nanoimprint lithography.
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