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Hard-magnetic films with precisely tuned switching fields are of great interest for advanced magnetic microsystems. Here we report
on the specific evolution of semi-hard magnetic properties of Llo-FePt films integrating a graded concentration of soft cobalt
nanomagnets. These nhanocomposites are prepared by the combination of MS-LECBD and e-beam evaporation techniques where 8 nm
Co nanoparticles are embedded with various x atomic concentration up to 50%, into Fe/Pt multilayers. A subsequent annealing allows
us to reach the alloy chemical order for the FePt matrix by conserving Co-rich nanometer-sized inclusions. The focus is put on the
interplay between the local microstructure and the coercive magnetic field through a combinatorial approach that involves local
determinations of composition, magnetization reversal from scanning magneto-optical Kerr effect and element-specific spin and
orbital magnetic moments from X-ray magnetic circular dichroism performed at the Co and Fe L-edges of absorption. We show how
the nanostructuration changes the magnetic coercivity, and how both Co and Fe effective magnetic spin moments evolve with the

composition of the nanocomposite film.

Index Terms—Semi-hard magnet, Nanocomposite, Nanoparticles.

I. INTRODUCTION

AMONG all magnetically-hard materials, the chemically
ordered L1o-FePt compound favorably combines high
magnetocrystalline anisotropy, a large magnetization, a
relatively high thermal stability (Curie temperature of 750 K),
and a high resistance against corrosion [1]. Therefore, despite
its high cost, L1o-FePt is a material of choice to implement
hard magnetic structures in micrometer-sized devices [2].
There is a rich literature showing how to tailor some of its
hard magnetic properties, like the uniaxial anisotropy [3-5]
and the magnetization switching field [5], while conforming to
the constraints of microfabrication and facilitating its
implementation in devices. Increase the magnetization with
magnetically soft nano-inclusions is one more way to tune the
magnetic properties of L1o-FePt semi-hard films. In addition, a
controlled nanostructuration of these films could give
interesting insights for building soft-in-hard nanocomposite
permanent magnets.

In this work, we produce FePt films integrating face-
centered-cubic (fcc) Co nanoparticles (Co-NPs), using a mass
selected cluster beam deposition (MS-LECBD) technique,
combined with an electron beam evaporator [6]. After
annealing under ultra-high vacuum (UHV) conditions, the
films present a gradient of Co-NPs inclusions into a L1o-FePt
matrix. This compositionally graded film can serve to screen
the evolution of magnetic properties as a function of the
concentration using local characterization techniques. Within
the combinatorial approach [7,8], several magnetic scanning
probe techniques have been developed for high throughput
studies, including superconducting quantum interference
device (SQUID)-based microscopy [9,10] or Hall microscopy

[11,12]. Here we use a scanning magneto-optical Kerr effect
(MOKE) system with a microsecond pulsed magnetic field
source that produces fields up to 10 T [13]. In particular, we
study the evolution of the coercive magnetic field with the
volume fraction of Co-NPs. In parallel, we determine the
specific atomic magnetic moments from X-ray magnetic
circular dichroism (XMCD), as a function of the concentration
of the soft inclusions. To unveal the impact of the
nanostructuration, we compare the results with the ones
obtained on Co-Fe-Pt alloyed films of similar thicknesses
replacing Co-NPs by Co atomic layers [6].
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Fig. 1. (@) TEM image of an assembly of Co NPs. The inset shows a
schematic view of a fcc-Co truncated octahedron of around 7.9 nm in size. (b)
Statistical analysis of the Co NPs’ diameter D, from TEM analysis.

Il. EXPERIMENTAL METHODS

A. Preparation of the L1o-FePt films integrating Co-NPs

Co-NPs are produced by gas-phase condensation, in a MS-
LECBD system using laser vaporization, and are deposited in
a soft-landing regime [14]. Our experimental set-up is also
equipped with an electron beam evaporator with four crucibles
for atomic deposition of a matrix. This equipment permits to
embed the NPs in any hosting material, by alternately

0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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depositing NPs and atomic layers. In this study, the deposition
incident angles on the substrate are of 45°, both for the cluster
beam and for the atoms from the evaporator. Fig.1a shows a
transmission electron microscopy (TEM) image of the Co-NPs
supported on an amorphous carbon membrane. The Fig.1b
displays the resulting size distribution. In this work, Co-NPs
are selected in mass, leading to a Gaussian distribution of
diameter centered at 7.9 nm with a 15% dispersion. In our
previous work, we showed that such as-produced Co-NPs
crystallize in a fcc structure, and form truncated octahedra
exhibiting the co-existence of (111) and (100) facets [15], as
expected from the Wulff construction model and represented
in the inset of Fig. 1a.

B. Mapping of the Co-NPs areal density

The same MS-LECBD settings were used for all Co-NP
depositions. We prepared specific samples to calibrate the Co-
NPs deposition profile by means of atomic force microscopy
(AFM). Co-NPs were deposited onto on a silicon substrate
with a native SiO; layer. Prior to deposition, Au/Ti marks for
X and Y coordinates along two orthogonal directions of the
plane were patterned by photolithography and lift-off
techniques. AFM images over areas of 1 pum? were then
recorded at every millimeter along the X and Y directions.
Fig.2a shows the reconstructed map of the NPs’ density n
(number of NPs per um?). This same study was conducted
once again at several weeks interval, confirming that the
calibration did not change over the time of this study. Note
that the calibration was further validated by superimposing the
Co X-rays Absorption Spectroscopy (XAS) signal mapping
prior to Extended X-Ray Absorption Fine Structure (EXAFS)
and XMCD local measurements.

The Cox@(FePt)ioox films are deposited at room
temperature in a UHV chamber (base pressure of 10-1° mbar),
on a silicon substrate with a native SiO, layer. The
nanocomposite structure is obtained by sequential deposition
of Co-NPs, and atomic bilayers of Fe (1.2 nm in thickness)
and Pt (1.4 nm in thickness), repeated six times in total. The
total deposited thickness of Fe-Pt is of 15.6 nm. The film is
subsequently annealed under vacuum at 700°C for 20 min in
order to obtain the L1o,-FePt hard magnetic phase [6,16],
evidenced by the appearance of the (001) superstructure peak
in the specular X-ray diffraction pattern. Throughout the
deposition area, the surface coverage of the Co-NPs in each
layer is of about 21%, as estimated from a Faraday cage
placed in deposition chamber. Due to the incidence angle of
45°, the deposition areas of both the NPs' beam and the atomic
flux from the evaporator form ellipses, with a long axis to
short axis ratio of V2. The atomic flux from the evaporator
covers a larger area of the substrate than the NPs beam,
characterized by a long axis of 20 mm and 8 mm, respectively.

I1l. RESULTS AND ANALYSIS

A. Compositionally-graded Co@FePt NP films

The Co-NPs' deposition footprint forms an ellipse with a
long axis to short axis ratio of 1.35, slightly less than V2

(Fig.2a). The density of deposited Co-NPs is nearly
symmetric with respect to the major axis of the ellipse, but
highly asymmetric along the Y direction.
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Fig. 2. (a) Reconstructed map of the Co-NPs’ density on a surface, from
AFM observations (as illustrated by the image of the inset). The color scale
represents the number of NPs per um?; denoted as n. For this, images of area
of 1x1 um? were recorded. (b) Coercive field mapping over the NPs’
deposition area of the Cox@FePtipox film, from scanning MOKE with
measured hysteresis cycles superimposed. (c) Schematic profile of the
compositionally-graded Cox@FePtioox film, as deposited. (d) Deduced
compositional dependence of Hc (continuous line is a third order polynomial
interpolation). The open symbols show the Hc values of our reference Co-Fe-
Pt alloyed films.

As a result, along the Y axis at X = 0, and by moving away
from the maximum (at Y ~ -3), the density gradient is about
six times larger when going downward as compared to in the
upward direction. In the upward direction, n varies from 1100
NPs/um? down to 0, over 8 mm.

The surface area covered by the Co-NPs is significantly
smaller than the one covered by the FePt film. Besides, the
thickness and the magnetic properties of the FePt matrix,
studied by AFM, X-ray reflectivity and scanning MOKE are
found to be even over an area that is 6 times larger than the
region containing NPs. Therefore, a single deposition contains
a large region of homogeneous Co-free FePt film. It is worth
mentioning here that AFM observations of the film's surface
reveals a smooth surface with 1 nm roughness. The deposition
parameters are set to obtain a compositionally-graded
Cox@(FePt)100x film with x varying from 0 to 50% (atomic
proportions), over 8 mm.

B. Magnetic properties of the Cox@ (FePt)100-x films

Local hysteresis loops are measured using a scanning polar
MOKE system [13]. The system is equipped with a bipolar
pulsed current source coupled with a Cu-coil of inner (outer)
diameter ca. 3 (10) mm. The length of individual field pulses
is of the order of 16 ps, and the delay between positive and
negative field pulses is about 10 ms. The hollow center of the
coil allows the incident and reflected light beams to pass
through. The film under measurement is scanned in plane
below the coil using an X-Y stage (minimum step size of 2
pm) and the coil to sample distance is set to 100 pm.

Out-of-plane magnetization curves are measured every 500
pm in the X and Y directions across the film's surface. Fig.2b
shows the reconstructed map of the coercive field Hc. The
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color scale shows the value of Hc, whose variation well
matches with the region of the film that contains the Co-NPs.
Combining the density of deposited Co-NPs and the Hc values
leads to the average continuous curve of Fig.2d. The symbols
correspond to the variation of Hc at X =1 and Y varying from
0to 6 mm.
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Fig. 3. (a) TEY acquisition of the XAS and XMCD at Fe L, edges for x of
0, 25, and 40%. (b) Hc measured at the Fe and Co Ls-edges as a function of
the Co content x. The XMCD data recorded on Fe edge (red squares) and on
Co edge (blue circle) are compared to the values of Hc of the Co-Fe-Pt
alloyed films measured in a SQUID magnetometer (open symbols). The
dashed line is the polynomial fit of the MOKE results presented in Fig.2.

Moreover, scanning XMCD measurements have also been
carried out (on the DEIMOS beamline at SOLEIL synchrotron
[17]) in total electron yield (TEY) and fluorescence to probe
element-specific magnetic properties at the L3 edges of Fe
and Co. Absorption spectra at both Fe (Fig.3a) and Co (not
shown) edges reveal clean metallic signals that allow to
extract the magnetic moments. The sample are scanned every
500 um along the long axis of the Co cluster deposition area to
analyze the evolution of the atomic magnetic moments with
the Co content. The magnetic moment reversal recorded at the
Ls edge of Fe and Co (Fig.3b) shows a simultaneous reversal
over the whole range of Co-NPs content (0 to 50%), indicating
a strong magnetic coupling between soft and hard regions in
these graded-interface nanocomposite films. The decay of Hc
with the Co content measured by XMCD is less pronounced
than the one obtained from the MOKE analysis (shown on
Fig.2d and recalled by the dashed line on Fig.3b). This
discrepancy might be due to the difference in the probed
depth. Indeed, the sensitivity of XMCD TEY measurements is
limited to the first 5 nm [18], while it is of around 20 nm in
the case of MOKE measurements [13]. Therefore, while the
entire film’s thickness is probed in MOKE, only the top
quarter of the film is analyzed in XMCD. However, regardless
the employed techniques, the nanocomposite film shows
larger Hc values than the reference Co-Fe-Pt alloyed films.
XAS spectra were recorded at room temperature, under an
external field of 5 T parallel to the incident X-ray beam and
perpendicularly to the sample plane (90°). XMCD spectra on
Fe L23 peaks show a systematic increase of intensity when the
Co content increases, as expected for higher amount of Co-Fe
bonds (Fig.4a,c) [20].

C. Co and Fe orbital and effective spin moments

Sum rules [21,22] have been applied to quantify the orbital
and effective spin moments of Co and Fe on TEY
measurements. The spectra are normalized and the continuum
is subtracted from the XAS for each polarization. The number

of holes used in calculation is 3.7 for Fe (reported value for
L1o-FePt [23] and 2.174 for Co (FeCo alloy value [24]). The
magnetic dipole term, which cannot be neglected in highly
anisotropic phases such as L1o-FePt [25], is not subtracted.
Therefore, only the effective spin moment is being shown and
compared to other effective spin moments found in the
literature [23,26-28] (denoted ps(Fe) and ps(Co) for Fe and
Co, respectively). The results are displayed as a function of
the Co content on Fig.4, for Fe (Fig.4a,c) and Co (Fig.4b,d).
To our knowledge, only a few works, like Sakamoto et al.
[25], were reported on the element-specific magnetic moments
of the ternary FeCoPt alloy. The effective spin moment at Fe
edges increases continuously with the Co content, from 2.35
pe in the Co-free area up to 2.76 pg in the Co richest area
(50% Co). The absolute value reaches the higher range of
reported values for L1o-FePt, or FesPt [23]. However, the large
dispersion of the absolute values found in the literature show
its high sensitivity to the chemical and structural order [23,26].
The proximity of Fe to Co atoms favors the increase of the Fe
atomic moment, as predicted by the rigid band model of
Slater-Pauling, and empirically shown on B2-FeCo [29].
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Fig. 4. Orbital/spin moment ratio for Fe (a) and Co (b), and effective spin
moment for Fe (c) and Co (d), as a function of Co content. Our results (solid
symbols) are compared to some references (open symbols) for bulk and
nanoclusters (NCs) (from [27, 28, 30-33]).

Ms(Fe) increases linearly, with a slight change of slope at
around 35% Co. In the Fe-Pt alloy, the structural transition
from tetragonal L1, to fcc L1, is expected to occur between
65% and 68% Fe, with potential intermediate Al solid
solution fcc [30]. XRD analysis of the Co-Fe-Pt alloyed films
showed a phase transition from L1, to L1, between 32% and
48% Co (not shown). However, given that the orbital moment
of Fe, p(Fe), is greater in the L1, phase than in the L1, phase,
this structural change would lead to a drastic decrease of
p(Fe) when the Co content increases. Instead, here, the p/ps
ratio remains nearly constant, suggesting a similar trend for
both p.(Fe) and ps(Fe). We already reported an EXAFS study
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of the chemical structure of Co@FePt nanocomposite films
[6], which showed that Co-rich regions are well described by
fcc (Co,Fe)sPt chemical environment. This is in line with the
present finding that ps(Fe) is closer to the values reported for
FesPt at high Co content.

As opposed to ps(Fe), ps(Co) decreases linearly when the
Co content increases, from 1.87 pg at low concentration to
1.79 pg at high Co content. Interestingly, one can observe that
reported values of are larger in CoPt [23,26,28] than Co (hcp)
[19]. This decay of ps(Co) is in good agreement with the
persistence of Co-rich regions after annealing, and larger Co-
rich cores when the Co content increases. The absolute value
of ps(Co) ranges from 1.98 g in disordered CoPt [26] or 1.62
e in bulk hep Co [19]. However, the absolute value of ps(Co)
in our case must be taken with caution as the number of holes
in NPs are often found to differ from the one of the bulk state
[31,32]. Moreover, Eastham et al showed that surface-induced
anisotropy in NPs can lead to a lift [33] or a reinforcement
[34] of the orbital moment quenching, depending on the NPs’
size and chemical environment.

Contrary to p.(Fe), we found that p (Co) remains nearly
constant, at 0.21 ug, over the whole range of concentration.
Like in Fe-Pt alloy, it is established that the proximity effect
of Co and Pt on the Co magnetic moment highly depends on
the structure. An increase in p(Co) was predicted in
tetragonalized Fe-Co alloys [35]. In our nanocomposite films,
the tetragonal L1o matrix may induce a partial but limited
distortion of the cubic lattice of Co-rich inclusion. The
experimental work of Ueno et al. on ultra-thin Co layers
sandwiched in between Pt layers showed that as the fraction of
Co-Pt bonds with respect to Co-Co increases, ps(Co) and
ML(Co) decrease while the ratio p/ps is constant [36]. Our
findings are similar for the dependence of ps(Co), not for
pL(Co). However, one can notice that there is no general
agreement in literature. Density functional theory-generalized
gradient approximation (DFT-GGA) computations on small
CoPt alloyed clusters by Hu et al. [37] revealed a systematic
increase of the Co magnetic moment as the number of Co-Pt
bonds increases.

The ratio p /s at both Fe and Co edges does not vary with
the overall composition (Fig.4a,b), showing a similar
variation of ps and p for each element. Its absolute value
does not depend on the number of holes [21,22], and remains
in between the L1, phase and the L1, phase for Fe, which
could suggest a coexistence of the two structures. As for Co,
the ratio p/Us is in the high range of reported values in Co-Pt
alloy. The high value of p_ could be of structural origin in the
graded interface between the Co-NPs and the matrix.

TABLE |
FE MOMENTS AS A FUNCTION OF THE CO CONTENT

%Co Mo 11 Hs s ML/Ms Mi/is

(30°) (90°) (30°) (90°) (30°) (90°)

0 0.05 0.13 2.52 2.36 0.020 0.055

25 0.12 0.15 2.59 251 0.046 0.060

50 0.12 0.17 2.74 2.74 0.044 0.067

TABLE Il
CO MOMENTS AS A FUNCTION OF THE CO CONTENT

4
%Co ML HL Hs Hs H/Hs HMu/Hs
(30°) (90°) (30°) (90°) (30°) (90°)
25 0.21 0.19 2.06 1.85 0.10 0.10
50 0.22 0.20 1.90 1.78 0.12 0.11

Samples were probed at two different angles, at 90° (the X-
ray beam is perpendicular to the sample plane, and the electric
field lies in the plane of the sample) and at 30° (with thus a
non-zero out-of-plane component of the electric field) to
investigate the magnetocrystalline anisotropy [38,39]. The
results are summarized in Table | for Fe and Table 11 for Co.

At the Fe edges, the out-of-plane i is systematically larger.
This is even stronger in the regions that contain Co. At the Co
edges, in contrast, the in-plane p. is about 10% higher. Note
that as-deposited Co-NPs are in a fcc structure and are
randomly oriented. Our findings would translate in a film
plane that is hard for p.(Fe) but easy for p(Co). However,
several effects qualify this conclusion about the anisotropy of
the orbital moment. Indeed, spin-orbit coupling and interface
roughness between hetero-atoms may lead to an in-plane spin
reorientation, overshadowing the magnetocrystalline aniso-
tropy. In particular, it has been shown that the presence of
intermixing may lead to the orbital anisotropy not being
proportional to magnetocrystalline anisotropy [40,41].
Besides, it is well known that TEY measurements suffer from
saturation effect, which results in a recorded signal not
proportional to the cross-section, especially at grazing
incidence, and this effect is more pronounced for Fe than for
Co atoms [18].

IV. CONCLUSION

To conclude, compositionnally-graded Cox@ (FePt)100x
nanocomposite films (x varying from 0 to 50%) were prepared
by co-deposition from two independent MS-LECBD and e-
beam evaporation techniques. We used combined local
characterization techniques to investigate the dependence of
the magnetic properties on the concentration of Co-NP
inclusions. Interestingly, for any studied composition, the
measured coercivity is greater in the nanocomposite films than
in the homogeneous alloyed films, as expected in a two-phase
exchange spring magnet. Fe and Co magnetic moments were
quantified using XMCD for the first time in such
compositionnally-graded ~ Cox@(FePt)io0x  hanocomposite
films, which showed significant variations over the studied
range of composition. Fe spin and orbital moments are found
to increase with the Co content. Oppositely, Co spin and
orbital moments decrease. These experimental findings could
be of great interest for the design of semi-hard nanocomposite
films with a fine tune of magnetization reversal.
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