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Nanostructured FeCo films comprising small (2.1 nm mean diameter) Co nanoparticles deposited into an Fe
matrix are investigated by magnetometry, transmission electron microscopy and X-ray Magnetic Circular Di-
chroism (XMCD). Similar films were previously reported to possess a saturation magnetisation of up to 3 pp/
atom, thus exceeding the Slater-Pauling limit by a significant margin. The present work confirms the previous

findings by magnetometry and demonstrates that the Co nanoparticles maintain their particulate identity within
the film while adopting the crystallographic structure of the Fe matrix. The films show no evidence for voids or
porosity (they exhibit the bulk density). An important factor in the high magnetisation in the films is an enhanced
magnetic moment on the Co atoms, which XMCD indicates to be at least 2.21 g, i.e., 30 % larger than the bulk

value for metallic cobalt.

1. Introduction

In a world increasingly electrified, there is an urgent requirement to
develop soft magnetic materials with a higher saturation magnetic flux
density, defined as Bg = j1oM;, where M is the saturation magnetisation,
than those currently available. For over a century, the highest value of Bs
available in a soft bulk material has been 2.45 T -found in FeCo alloys-
and is referred to as the Slater-Pauling limit (SPL). This extraordinarily
high magnetisation was first discovered in 1912 [1]; subsequent work
on processing has improved the mechanical properties and magnetic
softness of the material but the maximum value of B has remained the
same [2]. The SPL has represented a limit to performance in a number of
industrial applications, so finding a material with a B value that exceeds
such limit is an important challenge for applications.

One of these applications is magnetic recording, where a material
with higher By (at the tip of the writing pole) would enable the use of a
more anisotropic granular medium. This, in turn, would help to
circumvent the superparamagnetic limit and overcome the so-called
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‘magnetic recording trilemma’ [3,4]. Thus, such a material could in-
crease the current magnetic recording density. Another example where
materials with high magnetisation are needed is the development of
all-electric transport required for a low carbon economy. Reluctance
electric motors have at their heart a soft magnetic material that is
magnetised by an applied field and the torque developed by the motor is
proportional to Mg [5]

According to a recent, comprehensive review of all progress in the
synthesis of high-moment materials [6], FeCo remains the bulk soft
magnetic material with the highest room temperature value of Mg more
than a century after its discovery. The behaviour of these alloys can be
understood in terms of the changing position of the Fermi level within a
spin-split rigid band structure, as the average electron spin polarization
at the Fermi level is altered by the proportion of Co [7]. Such behaviour
of the bulk alloy can be accurately modelled by first principles calcu-
lations [8].

Although higher values of M are observed in bulk rare-earth mate-
rials, these are unsuitable for soft magnetic material applications due to
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their low Curie temperature and high coercivity. All other materials
described in the review of high moment materials [6] are ultra-thin
molecular beam epitaxy (MBE) films, whose performance relies on fine
crystallographic matching and would not have a clear upscale path. This
includes F1¢Ny, which can have a saturation flux density of up to 2.9 T in
MBE-grown ultra-thin films, but the B value reduces to 2.3 T when
attempting to go to the bulk [9]. In addition, F1¢N3 is not magnetically
soft. As a further illustration of the difficulty of moving beyond the
Slater-Pauling limit, a recent study using a machine learning approach
to comprehensively search FeCo alloy compositions with added impu-
rities discovered, after running for months, that adding small amounts of
Ir and Pt could produce only a small (3.5 %) enhancement of the
maximum Bg value [10].

The most promising material reported so far with a magnetisation
beyond the SPL at room temperature is nanostructured FeCo produced by
depositing size-selected gas-phase Co nanoparticles in conjunction with
an atomic Fe vapour [11]. This synthesis method produces nanoparticles
embedded in an atomic matrix as illustrated in Fig. 1b. Due to the
nanostructure, which randomizes the magnetic anisotropy axes of the
embedded nanoparticles, these films are also magnetically soft and
present robust magnetic behaviour [12,13], which means that the syn-
thesis is easily scalable. In general terms, this high Bs can be understood
as the result of size effects in small clusters coated with a second mag-
netic transition metal.

As has been known for decades, free nanoparticles exhibit signifi-
cantly increased magnetic moments per atom compared to the bulk
value for all the transition metals [14-17], reaching 5.5 pg/atom in
sufficiently small Fe clusters, which is close to the atomic limit [16].
X-ray Magnetic Circular Dichroism (XMCD) measurements of
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size-selected Fe nanoparticles deposited on graphite showed a signifi-
cant increase in the magnetic moment per atom over the bulk value for
sizes below about 700 atoms, with nearly half of the enhancement
coming from the orbital magnetic moment [18]. Interestingly, coating
the exposed Fe nanoparticles with Co does not diminish the enhanced
orbital moment and increases the spin magnetic moment even further
[18]. This suggested that co-deposition of small size-selected nano-
particles of either Co or Fe with an atomic vapour of the other material
to form a nanostructured film could lead to a high-moment material in
which the enhanced moments were preserved [11].

It was found, however, that for films with nanoparticle volume
fractions (or nanoparticle concentration) above the percolation
threshold, the average magnetic moment per atom in the film drops to a
weighted average of the Fe and Co moments, while at lower volume
fractions the magnetisation in the film is above the Slater Pauling curve
for the conventional alloy. The highest moments were observed at the
Fe-rich end (Co nanoparticles in a metallic Fe matrix).

There remains, however, a lack of detailed knowledge of the origin of
the high moments in these systems. In the present work we revisit this
system, focussing on the Fe-rich end of the composition curve by
depositing size-selected Co nanoparticles and Fe atomic vapour at
different concentrations of nanoparticles. Our study confirms the high
magnetisation of these systems. By combining electron microscopy,
magnetometry and X-ray Magnetic Circular Dichroism (XMCD) mea-
surements, we have obtained a detailed picture of their structure and
magnetic properties.
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Fig. 1. (a) Typical mass spectrum of Co clusters. (b) Synthesis of nanostructured FeCo films by co-depositing Co nanoparticles in conjunction with an atomic

Fe vapour.
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2. Materials and methods
2.1. Synthesis of nanostructured FeCo films

All the magnetic films were synthesised using an ultra-high vacuum
(UHV) thermal nanoparticle source at the School of Physics, Engineering
and Technology, University of York. The source is described elsewhere
[19]. The crucible was loaded with Co and the nanoparticles were
deposited onto substrates in a UHV deposition chamber (base pressure of
ca. 3x1071° mbar) in conjunction with an Fe vapour produced by a
Molecular Beam Epitaxy (MBE) source as illustrated in Fig. 1b.

The nanoparticle source is equipped with an in-line high mass
quadrupole mass spectrometer to determine the size distribution of the
deposited particles. Fig. 1a shows a mass spectrum of the Co nano-
particles fitted to a log-normal distribution with a peak value of 2.1 nm
and o = 0.4 nm. For magnetometry characterization, FeCo films with a
thickness of around 50 nm were deposited onto polyetheretherketone
(PEEK) substrates with 50 nm Ag buffer and capping layers either side of
the magnetic layer. The capping layer was thick enough to prevent
oxidation as no trace of oxides could be inferred or detected in magne-
tometry measurements or energy dispersive X-ray (EDX) analysis (see
Section 2.3). For the XMCD experiments, the 50 nm FeCo films were
deposited onto Cu substrates with a 1 nm Cu capping layer, sufficiently
thin to allow X-ray Absorption Spectroscopy (XAS) using total electron
yield (TEY), as described in Section 2.5, but not thick enough to prevent
slight surface oxidation of the films. The nominal film thicknesses of all
elements were determined in situ using a quartz crystal monitor (QCM)
installed in the deposition chamber. The true thicknesses were deter-
mined by calibrating the QCM as described below. The thickness and
compositions of some of the films produced for magnetometry on PEEK
substrates were determined by electron microscopy on lamella produced
by a focused ion beam (FIB) instrument, as described in Section 2.3.

2.2. Determining the amount of Fe and Co in the films

To convert the measured magnetic signal at saturation to total
magnetic moment per atom in the film, the precise amount of Fe and Co
in the samples needs to be known. However, the nominal film thick-
nesses measured in situ by the QCM were not sufficiently accurate to
extract reliable values. Two different experiments were therefore carried
out to calculate a calibration factor for the QCM, one for the Fe atomic
vapor and another for the Co clusters. To calculate the calibration factor
that helps extract reliable values of the number of Fe atoms, a pure Fe
sample (sample 1 in Table 1) was measured by SQUID magnetometry.
From the saturation magnetic moment, the mass and thus the number of
atoms can be calculated assuming both the bulk magnetisation and the
bulk density. The ratio between the number of atoms obtained by
magnetometry and the number of atoms from the QCM yields the cali-
bration factor that, in this study, is 0.80 + 0.04. The error in this cali-
bration factor arises from the fact that the Fe deposition was only
measured before and after the film was produced and the average was
taken. The difference between those values is typically 5 %. The value of
the calibration factor was confirmed by local measurements of the
thickness of an Fe film cross section by SEM in an Fe/Si sample (sample 8
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in Table 1). The thickness measured by using SEM, averaged from 8
different positions on the film was 82 + 8 nm, while the nominal
thickness was 93.8 nm, giving rise to a calibration factor of 0.87 &+ 0.10
for the QCM. Note that as the Fe film is continuous, a difference in mass
will translate to a difference of thickness. As the calibration factors agree
within the error bars, the one obtained from magnetometry is taken as
this measurement provides a more reliable average over the whole
sample.

To obtain the corresponding Co calibration factor, XAS measure-
ments in sample 7 (see Section 2.5) were used. They showed that the
ratio of Co and Fe calibration factors was 0.57, which, using the above
factor for Fe, yields a factor of 0.46 for Co alone. Note that such a low
QCM calibration factor is normal for highly porous nanoparticle as-
semblies. The error in this factor was also taken as the difference be-
tween the initial and final deposition rate, this being a 20 % difference.
Using these two calibration factors, the samples produced in this work
and their calibrated Co atomic content are summarized in Table 1.

2.3. Electron microscopy of the nanostructured films

To obtain electron microscopy images of the films, cross sections
were prepared by focused ion beam (FIB) lift out. The films were placed
on FIB stubs using carbon tabs and a very thin layer of Cu (~4 nm) was
sputtered on top to help with charging during the thinning procedure,
for which, an FEI Nova 200 FIBSEM was used. Firstly, a Pt mask was
deposited (via gas injection) on top of the sample to around 2 pym in
thickness to protect the lamella. A liquid metal source provided the Ga
ions used to trench the sample around the Pt mask. A needle using a
Kleindiek 3-axis micro-manipulator was brought into contact with the
lamella where it was attached using a small quantity of Pt. The lamella
was then fully cut out from the sample and lifted out using the needle
where it was attached onto a Cu grid with more Pt and the needle cut
free using Ga ions. The lamella was then progressively thinned with the
Ga ions to provide electron transparency for imaging in the electron
microscopes.

Once the lamella was lifted out and placed on the Cu supporting grid,
it could be imaged on a scanning electron microscope (SEM). A JEOL
JSM7800F SEM was used for the measurements which is equipped with
dual Oxford Instrument EDX detectors. The lamella was placed at a
normal angle to the beam and detectors such that the whole cross-
section could be viewed in the imaging plane allowing for thickness
measurements of the grown FeCo films. EDX measurements of the in-
dividual layers was also possible in this arrangement. The imaging was
typically performed with electron beam energies of 5-30 keV.

Transmission electron microscopy (TEM) imaging was performed on
a JEOL 2100+ utilising a single tilt sample holder. EDX maps were taken
with an Oxford Instruments EDS detector placed in-plane with the
sample with imaging during acquisition performed in STEM mode. The
electron beam is formed by a LaBe filament with beam energies of
200 keV. This instrument allowed the effective imaging of the FIB cross-
section with bright field images, diffraction, and EDX maps to be taken
at higher magnification and resolution than the SEM.

In the case of the calibration sample deposited onto Si, the film was
carefully cut with a diamond blade and the cross section was imaged by

Table 1
Samples prepared by cluster deposition on different substrates with a Ag buffer layer of 50 nm (in each case).
Sample Thickness (nm) Composition (at% Co) Substrate Capping layer Measurement

1 40.4 + 2.0 0 PEEK Ag (50 nm) SQUID
2 38.0 £1.9 1.3+0.3 PEEK Ag (50 nm) SQUID
3 40.8 £+ 2.0 3.5+£0.7 PEEK Ag (50 nm) SQUID/TEM
4 34.6 £ 1.7 56 +1.1 PEEK Ag (50 nm) SQUID
5 34.7 £ 1.7 80+1.6 PEEK Ag (50 nm) SQUID/VSM
6 345+ 1.7 114 £23 PEEK Ag (50 nm) SQUID/VSM
7 354+1.8 109 £2.2 Cu Cu (1 nm) XMCD
8 75.0 + 3.8 0 Si Ag (50 nm) SEM
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a ZEISS GeminiSEM 500 FESEM at electron energies of 2 keV.
2.4. VSM and SQUID measurement of the magnetic behaviour of the films

Most magnetic measurements were performed in a Quantum Design
EverCool MPMS XL SQUID magnetometer at the Universidad de Castilla-
La Mancha, Spain. The films were rolled into the sample holder to
measure the in-plane response of the samples. In the case of samples 4
and 6, the films were rolled in a PEEK capsule which was mounted in the
sample holder. Hysteresis loops were recorded at 300 K and 5 K using
magnetic fields up to 50 kOe. The 5 K loop was recorded after cooling
the sample in a saturating field of 50 kOe to look for the presence of
exchange bias as a fingerprint of Co oxidation. Diamagnetic contribu-
tions of the substrate and the sample holder, in addition to that of the
PEEK capsule (if used), were subtracted. In some cases, to measure the
coercivity of the films, a second loop was recorded, where the saturating
field used was much lower (2 kOe) due to the soft response of the
sample. In all the cases the loops fulfilled the major loop criterion [20].

Some magnetic measurements were also obtained from the films
rolled into PEEK capsules using an ADE Model 10 vibrating sample
magnetometer (VSM) at the University of York, UK with the field applied
out of plane (see upper inset in Fig. 4)

2.5. XMCD measurements of the orbital and spin magnetic moments

The XMCD measurements were taken on beamline 106 at the Dia-
mond Light Source, UK. The beamline provides circularly polarised X-
rays in the photon energy range 106 — 1300 eV from an undulator
source. The XMCD end station is equipped with a 6 T superconducting
magnet that enables measurements on samples at temperatures down to
1.5 K. In the measurements reported here, the temperature of the sample
was at the ambient value of the sample space within the super-
conducting magnet, which settled at around 200 K. The films were fully
saturated at 6 T at this temperature. The absorption spectra were
recorded using TEY mode with a photoelectron detector. No self-
absorption corrections were made as the escape depth of photoelec-
trons is about 2 nm. To simplify the analysis using sum rules, all mea-
surements were made with a photon incidence angle, relative to the
sample normal, of 55°, which, within certain assumptions, eliminates
the dipole term from the spin sum rule [21,22].
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3. Results
3.1. Structure of the films determined by electron microscopy

Electron microscopy images were obtained from a lamella produced
by the FIB lift-off technique described in Section 2.3. Fig. 2a shows an
SEM image of the cross section of the film with 3.5 at% Co (sample 3 in
Table 1), revealing the trilayer Ag/FeCo/Ag sandwich with the Pt
coating deposited for the FIB lift-out and the PEEK substrate. In this
image the Fe EDX signal has been highlighted in pink to show the region
containing Fe. Fig. 2b shows a zoom-in on the Ag/FeCo/Ag trilayer.
Higher resolution EDX maps for the four elements of interest, that is, Ag,
Fe, Co, and O in a region of the trilayer are shown in Fig. 2¢. It is clear
that the Fe and Co are contained in the central part of the trilayer with
no evidence for interdiffusion and that the oxygen signal is negligible.
The small trace of oxygen detected in the central part of the lamella
(faint green band in the lower right panel of Fig. 2¢) may originate
during FIB lift-out.

A TEM image of a lamella from sample 3 with the Ag layer thinned
down is shown in Fig. 3a. The lower resolution image shows the com-
plete film and the expansion clearly shows a grain structure with the
yellow outline indicating the size of a single Co nanoparticle, which is
similar to the grain size evident in the image. An important observation
is that there is no evidence for voids in the film and that the atomic
matrix completely fills the gaps between the nanoparticles. Fig. 3b
shows a diffraction pattern, which contains only bcc reflections with the
Fe lattice constant, i.e., 2.84 A. This is in agreement with previously
published EXAFS data on films of embedded Co nanoparticles in Fe
matrices that shows that the Co nanoparticles adopt the bec Fe lattice up
to a volume fraction of 40 % (42 at% Co) [23].

3.2. VSM and SQUID magnetometry

The samples produced on PEEK substrates were rolled into cylinders
as sketched in the upper inset in Fig. 4. The hysteresis loops from sam-
ples 1 -6 in Table 1 were measured by a SQUID magnetometer with the
field applied along the cylinder, that is, in-plane to the films, in the range
—50 to +50 kOe and at temperatures of 5K and 300 K. In addition,
hysteresis loops were obtained using a VSM from samples 4 and 6 with
the applied field across the cylinder, i.e., at all incidence angles relative
to the film plane in the range —15 to +15 kOe at 300 K. All the loops
from samples containing Co look similar and representative curves from
sample 6 are shown in Fig. 4.

Fig. 2. (a) Film cross section (sample 3) after FIB lift out revealing the trilayer Ag/FeCo/Ag on PEEK and the Pt layer used during the production of the lamella. The
Fe EDX signal has been superimposed. (b) Zoom-in on the trilayer region where the FeCo film and the Ag capping and buffer layers are seen. (¢) Higher resolution
EDX element maps of the four elements of interest, that is, Ag, Fe, Co, and O in a region of the trilayer.
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bec (110); 2.84 A

bee (200); 2.84 A

Fig. 3. (a) TEM image of the film cross section. The yellow outline in the lower image shows the size of a single Co nanoparticle. (b) Electron diffraction from the

lamella showing a bcc structure with the Fe lattice constant.
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Fig. 4. Magnetic moment vs. applied magnetic field from sample 6 measured
with the two different magnetometers at 300 K. The SQUID field was applied in
plane and the VSM field across the cylinder as shown in the upper inset. The
lower inset shows the low field region.

The SQUID data shows saturation at relatively low fields while the
magnetic moment out of plane of the sample is not saturated even at the
maximum available field from the VSM of 15 kOe. These differences
indicate that the films have in-plane magnetic anisotropy rather than
perpendicular magnetic anisotropy as expected for FeCo thin films [24,
25]. As the SQUID field is applied parallel to the film, lower fields are
needed to align the magnetic moments and thus to saturate the magnetic
response. The lower inset in Fig. 4 shows the low-field region of the
loops. In both configurations a similar coercivity in the region of 100 —
150 Oe is observed. No horizontal shift, i.e. exchange bias effect, was
found in any of the samples, indicating that no significant oxidation of
the Co nanoparticles took place.

The coercivity for in-plane magnetisation as a function of Co content
at 5 K and 300 K is shown in Fig. 5. It is observed that the coercivity of
the pure Fe film is close to zero and that the addition of Co increases the
coercivity to around 150 Oe. Within the error, the coercivity of the
nanostructured films is almost independent of Co content and temper-
ature. Although the coercivity is quite low, it is not in the range of what
would normally be considered a soft material for applications (see Fig. 1
in [26], where the typical maximum coercivity is 1 kA/m, i.e., 13 Oe).

The most important information derived from the magnetometry
data is the magnetic moment per atom, which is obtained from the
saturation magnetic moment together with the amount of Fe and Co in
the samples, using the calibration procedure described in Section 2.2.
The saturation magnetic moment was taken as the value at the
maximum applied magnetic field in the SQUID magnetometer (50 kOe)
with the sample at 5 K. The results are shown by the filled circles in
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Fig. 5. Coercivity vs. Co content for all the samples at 5 K and 300 K.
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Fig. 6. Magnetic moment per atom for films of Co nanoparticles in Fe matrices.
Filled circles: new data reported here, open circles: previous data [11]. Open
squares show previous data for Fe nanoparticles embedded in Co [11]. Also
shown is the Slater-Pauling curve for conventional alloys (orange full line),
while the dashed line indicates the weighted average of the Fe and Co moments.

Fig. 6 and compared to previous data, depicted by open squares and
circles from films synthesised using the same cluster deposition tech-
nique [11]. The orange full line is the Slater-Pauling curve for the
magnetisation in conventional alloys as a function of the Co content,
obtained from the experimental points in [27]. The open blue squares in
Fig. 6 are the values obtained from films of Fe nanoparticles deposited in
conjunction with Co matrices while the open pink circles show values
from films of Co nanoparticles deposited in conjunction with Fe
matrices. At the Co rich end, the magnetic moment per atom is higher
than the Slater-Pauling curve but at Fe nanoparticle content beyond the
percolation threshold of 25 % (corresponding to 75 at% Co), the
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moment drops to the weighted average of the Fe and Co moments,
shown by the dashed line. At the Fe-rich end, explored by depositing Co
nanoparticles in Fe matrices, for nanoparticle content below the
percolation threshold, the magnetic moment per atom is higher than the
Slater-Pauling curve and reaches values higher than the SPL. Our new
data (filled circles), with lower error bars agrees, within error, with the
previous data and confirms that this material has a magnetisation
beyond the SPL. The uncertainty in concentration derives mainly from
the uncertainty in the QCM calibration factor for Co (see Section 2.2)
while the vertical error bars derive from the uncertainty in the deter-
mination of both Co and Fe number of atoms.

3.3. X-ray magnetic circular dichroism

XAS and XMCD over the Fe and Co L edges are depicted in Fig. 7.
They were measured from sample 7 (10.9 at% Co content), at a tem-
perature of 200 K and an applied field of 6 T. XAS at the Fe edge (inset of
Fig. 7¢) shows a two-peak structure with the main peak at around
710 eV as is observed in other studies of partially oxidised granular Fe
films [28]. Fe oxides all show a similar multiplet structure with a main
peak at around 709-710 eV and a shoulder around 707 eV [28]. Yet, the
strong dichroism (around 30 %) at 707 eV compared with the weaker
dichroism of the main peak indicates that this signal belongs to the metal
Fe species, also expected at 707 eV in granular systems [28]. Given the
surface sensitivity of XAS measured by TEY, probing just the first
1-2 nm of the film, any surface oxide will be emphasized in the spectra.
In our work the surface oxidation is produced ex-situ as the 1 nm Cu
layer is not able to prevent oxidation.

Despite the strong dichroism of the pure Fe signal, extracting quan-
titative values of the atomic magnetic moments of the Fe atoms is not
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feasible as the Fe oxides still accounts for the majority of the XAS. Thus,
the dichroic shoulder ascribed to metal Fe sits on a significant contri-
bution from the weakly dichroic signal of the oxides, precluding a reli-
able quantification.

On the other hand, XAS and XMCD in the Co L edge were dominated
by the clean metallic-like signal, with only a very slight trace of oxide.
This is not unexpected since the standard potential of Co is —0.28 eV
compared to —0.44 eV for Fe, thus in a mixed system the oxygen will
tend to reside within the Fe portion. The small shoulders evident in the
Co L3 edge XAS spectra (Fig. 7) are due to oxide species of very low
proportion (bearing in mind that in a fully oxidised sample, the shoulder
just above the L3 edge would be as intense as the main peak [29])

The steps in the processing of the raw data to obtain the integrals
required for the sum rule analysis are shown in Fig. 7. First, the raw data
were fitted with a linear background to ensure that the edge integral
starts from zero (Fig. 7a). Then, an integral background was fitted under
the Ly, L3 absorption peaks (Fig. 7b) to obtain the clean dichroic ab-
sorption edge signal shown in Fig. 7c. This was then integrated to obtain
the integrals (P, Q and R) required for the sum rule analysis, as shown in
Fig. 7d. Both Q and R integrals are reasonably well converged by the end
of the spectra and would be expected to provide a reliable value for the
orbital and spin magnetic moments on the Co. It is notable that the Lg/Ly
branching ratio, defined as I 3/(I.3 + I12), where I;3 and I 5 are the in-
tegrated intensities over the Ls and Ly peaks respectively, differs from
the bulk value, as expected in nanoparticles. The bulk value is 0.70 while
in Co nanoparticles it is found to vary between 0.70 and 0.77 as a
function of particle size [30]. We obtain a value of 0.74 in our samples,
indicating that the Co is indeed in the form of nanoparticles. The
branching ratio also changes with the level of oxidation [31], but such
effects are much less significant than the size effect.
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Fig. 7. (a) X-ray absorption at the Co L edge at both circular polarisations and the average along with the fitted linear background to the pre-edge region (sky blue
line). (b) Fitted integral background under the L3 and L, peaks. (¢) background subtracted spectra and the X-ray dichroism. The inset shows the XAS and XMCD at the

Fe edge (d) Integrals of the XMCD spectrum and the total edge absorption.
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The sum rules apply only at magnetic saturation and to confirm that
the sample was magnetically saturated at 200 K and 6 T, the dichroism
was measured at the L3 edge of both the Fe and Co edges at 200 K as a
function of the applied field. The resulting magnetisation curves are
shown in Fig. 8. Since the Fe is oxidised, it is not worth commenting on
the differences between the Fe and Co magnetisation. The Co edge
dichroic signal is significantly weaker than that of Fe, which accounts for
the noisier Co magnetisation curve compared to Fe. However, it is clear
that both magnetic (elemental) components are saturated at 6 T
(60 kOe). Also superimposed for comparison is the magnetisation curve
obtained using the SQUID magnetometer from sample 6, which has a
similar composition to sample 7. This curve saturates at lower field
values since the magnetisation was applied in the film plane during
SQUID measurements, as opposed to 55° out of plane during the XMCD
measurement. Note that as TEY was used to obtain the absorption
spectra, only the first few nanometres were probed as opposed to the
‘bulk’ magnetisation, measured with the SQUID magnetometer.

The orbital and spin moments of the Co atoms in sample 7 can be
obtained by applying the sum rules derived for L edge circular dichroism
[32,33]. In addition to the orbital and spin moments, the sum rules
contain a dipole term that is a measure of the anisotropy of the spin
distribution and is present in XMCD measurements since the photon
polarisation samples a directional cut through the atomic electron
density. It manifests itself as a dependence of the spin moment on angle
and although it is small in bulk samples, it cannot always be neglected in
thin films and nanostructures. However, it was shown that in a thin film
with rotational symmetry parallel to the substrate surface, the dipole
contribution becomes vanishingly small when the X-ray beam is incident
at 55° to the sample normal [21,22], which was, thus, the selected ge-
ometry in all our XMCD measurements.

Ignoring the dipole term, the effective sum rules for the L edge in a
transition metal predict the orbital, m;, and spin, mg, moments in terms
of the integrals shown in Fig. 7d:

m, =2 &
L= 3 g
ms = (£=4Q),
s = R h

The term ny is the number of holes at the Fermi level, which in a
transition metal is not an integer. In the bulk, the number is 2.5, while
for very small clusters, it is in the range 2.3 — 2.5 [34]. The value was
found to converge to the bulk one for clusters with more than 15 atoms,
thus we use the bulk value in the analysis here. This gives, for Co, m; =
0.24 pg, mg = 1.97 up and for a more than half-filled 2p shell, the two are

[—— SQUID measurement|
XMCD Fe L; edge
o XMCD Co L, edge

Dichroism (arb. units)

Fig. 8. Applied field dependence of the dichroic signals at the Co and Fe L3
edges measured at 200 K. The green line is the hysteresis loop of the same
sample measured in a SQUID magnetometer in an in-plane configuration
(compared to 55° out of plane in the case of the XMCD measurements).
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added to give a total atomic magnetic moment, mr, of 2.21 ug, which
constitutes a 30 % enhancement with respect to the 1.7 pg value for bulk
Co. This measured value is as high as that found in vacuum for free Co
clusters of about the same size as the nanoparticles in our sample [35],
which, crucially, are embedded in a material. This can be considered as a
lower limit since the slight oxidation will reduce the measured moment.

4. Discussion

The multi-technique study of this nanostructured FeCo material has
enabled a better understanding of its magnetic performance. The
structural studies have shown that the Co nanoparticles maintain their
particulate identity within the film (Fig. 3a) but adopt the bcc atomic
structure with the lattice constant of Fe (Fig. 3b). In addition, there is no
evidence for voids in the films, i.e. the Fe matrix atoms pack tightly
round the Co nanoparticles producing a film with the bulk density. At a
Co content greater than a few percent, the Fe matrix will also form a
nanostructure interfaced to the Co so the basic premise that the material
consists of an interacting nanoparticle assembly is reasonable. Note that,
for the maximum volume fraction attained in this work (ca. 11 % Co),
the probability of having cluster-cluster contacts is small and the Co
interfacial atoms can be estimated by assuming that the outer shell of Co
atoms have a thickness equal to the lattice parameter (i.e. 2.84 A). For
the Fe interfacial atoms, a shell of atoms surrounding the Co cluster with
a thickness equal to the lattice parameter can be assumed. From these
estimations, 60 % of Co atoms are interfacial while 15 % of Fe atoms in
the matrix are interfacial. Close to the percolation threshold (ca 20 %
Co), the interfacial Fe atoms would increase to 30 % of the Fe atoms in
this simple model.

Even though the magnetic moment of the Co atoms, as observed by
XMCD is higher than the bulk value, the majority of enhancement in the
magnetisation compared to bulk FeCo alloy must be coming from an
increased magnetic moment on the Fe atoms. This hypothesis is sup-
ported by the study of Xie and Blackman [36], who found that Fe atoms
in core-shell Fe@Co clusters with the composition Fe,Co1p21.n had a
magnetic moment of 2.5-2.6, ug depending on the core size, n. In
addition, measurements of the spin and orbital moments of Fe atoms in
Fe nanoparticles in the size range 200 — 400 atoms deposited on graphite
and coated with Co revealed a total magnetic moment per atom of
around 2.5 pg [18]. This is still not as high as the highest value indicated
by magnetometry here (2.77 + 0.18 pg/atom), but in the previous work
only one side of the nanoparticles was coated in Co, the other being in
contact with graphite.

The origin of this enhancement of the magnetisation may come from
the Fe-Co interface where a strong hybridization from the d bands of
both the Fe and Co take place. This interpretation is used in the work of
Bergman et al. [37] -where bcc Fe clusters surrounded by a bee Co layer
are studied by first principles- to account for the enhancement of the
spin moment of the Fe atoms and supported by the similarities between
bulk bee Co density of states (DOS) and the Fe local DOS at the surface.
Remarkably, the calculated moment for the interface bee Co spin and
orbital moments are 1.80 pg and 0.14 pp respectively, [37] close to the
values obtained in our work. Bear in mind that although Bergman et al.
studied Fe clusters in a Co matrix, the interface effect is likely to be the
same, irrespective of other mechanisms taking place. Nevertheless, a
detailed study of a similar system to the one described in this work is, to
the best of our knowledge, lacking in the literature and it is needed to
elucidate the precise origin of the high magnetic moments.

Regarding the atomic Co spin and orbital magnetic moments
measured by XMCD, 1.97 pg and 0.24 pg, respectively, are higher than
the 1.55 pp and 0.153 pg measured from bulk hep Co [38]. Indeed, bulk
bece Co is expected to exhibit a spin magnetic moment 12 % higher than
the hep counterpart due to their different DOS and Fermi level position,
which also relates to the stability of their magnetic moment in different
non-collinear spin structures [39]. Yet, total energy DFT calculations
have shown values of the spin magnetic moment for bulk bee Co that are
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still lower (around 1.75 pg) than the value reported here [40,41].
Interestingly, DFT calculations on the surface of a bec Co (001) thin films
by Lee et al. [41] revealed a spin magnetic moment of 2.12 pg in the
surface of a monolayer, which reduced to the 1.94 pg in thicker films and
to the bulk value in deeper layers. They ascribed these values to the
minority d-electron band splitting at the surface and an increase in the
exchange splitting value. The similarity of the spin magnetic moment of
the surface layer in bee Co thin films with the one reported here suggests
and supports the previous idea about the crucial role of the Fe-Co
interface. Note that the total moment of 2.21 ug, which represents a
30 % increase compared to the bulk value, is likely to be an underesti-
mate, as we know there is a small degree of oxidation of the Co
nanoparticles.

It is also likely that there is a co-operative effect in the magnetisation
as the cobalt content increases, i.e., as the nanoscale Co/Fe interface
grows, whereby the enhancement of the Co magnetic moment increases
the magnetisation in the Fe that feeds back onto the Co. This is indicated
by the magnetometry data in Fig. 6 that shows that at a very low Co
content (1.3 at%, sample 2) the magnetic moment per atom is indis-
tinguishable, within the error, from pure Fe, but the magnetisation
grows rapidly when the Co concentration increases to 11.4 at%.

We expect that there is still some way to go towards optimising the
performance of the material. For example, it would be interesting to
study the effect of changing the diameter of the deposited nanoparticles.
In addition, it has been shown that having a degree of interfacial mixing
at the Fe/Co interface may increase the atomic magnetic moments [36].
Such interdiffusion could be tailored via annealing films similar to those
studied here. Moreover, the samples presented here could be made
magnetically soft enough for certain applications by exploring different
approaches, e.g. by using a suitable underlayer [42], by annealing [43,
44] or by introducing trace elements into the films, as is done in bulk
FeCo alloys [45], which would all be readily achievable using the vac-
uum deposition method described here. Finally, it is important to
emphasise that the high magnetic performance is due to the nano-
structure within a relatively thick film and does not depend on the
thickness of the film. Thus, scale up is purely a technological rather than
fundamental problem.

5. Conclusion

In this study, Fe-rich FeCo nanostructured thin films have been
synthesized by combining gas-phase cluster deposition and atomic
vapour deposition. Although this system was already known to the sci-
entific community, we have confirmed both its magnetisation above the
bulk FeCo Slater-Pauling curve (up to an 18 % increase with respect to
the bulk value) and the reproducibility in both the synthesis method and
its magnetic behaviour. By careful and conservative error analysis in
both the mass determination and magnetometry evaluation, our study
provides improved confidence in the "exceptionally high magnetisation”
of the FeCo nanostructured films.

Using different techniques, we were able to show that the nano-
particles maintain their integrity within the film, providing nano-
structured interfaces (between Fe and Co) absent of voids or pores. Using
XAS and XMCD, we were able to elucidate the magnetism of the Co
nanoparticles -showing a bcc structure with the Fe lattice constant-
which exhibit an atomic magnetic moment at least 30 % higher than the
bulk value. Nanostructured FeCo is therefore a very promising material
with respect to future applications. It is hoped that the present study will
stimulate further investigation towards the optimisation of its
application-relevant magnetic properties.
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