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Abstract
The comprehensive study of C/FePt granular multilayers prepared by ion-beam sputtering at
room temperature and subsequent annealing is reported. The as-deposited multilayers consist of
carbon-encapsulated FePt nanoparticles (average size ∼3 nm) with a disordered
face-centered-cubic structure. The effects of thermal annealing on the structural and magnetic
properties are investigated by using dedicated ex situ and in situ techniques, including
high-resolution transmission electron microscopy, extended x-ray absorption fine structure,
magnetometry, and coupled grazing incidence small-angle x-ray scattering and x-ray
diffraction. Our structural data show that the particle size and interparticle distance increase
slightly with annealing at temperatures below 790 K by thermally activated migration of Fe and
Pt atoms. We find that thermal annealing at temperatures above 870 K results in the dramatic
growth of the FePt nanoparticles by coalescence and their gradual L10 ordering. In addition, we
observe a preferential graphitization of the carbon matrix, which provides protection against
oxidation for the FePt nanoparticles. Magnetization measurements indicate that progressive
magnetic hardening occurs after annealing. The dependences of the blocking temperature,
saturation magnetization, coercivity, and magnetocrystalline anisotropy energy on the annealing
temperature are discussed on the basis of the structural data.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nanoscale magnetic systems are attracting considerable atten-
tion due to their potential in the field of ultrahigh density
magnetic recording media [1]. To achieve high storage den-
sities beyond 1 Tbit in−2, assemblies of ferromagnetic mon-
odomain particles with uniform and small size below 10 nm are

5 Present address: Instituto de Óptica ‘Daza de Valdés’ (CSIC), Serrano 121,
28006 Madrid, Spain.

required. However, as the magnetic bit size is further reduced
to the superparamagnetic limit, the magnetization of the parti-
cles is easily perturbed by thermal agitation. In order to over-
come superparamagnetism, recent studies have been focused
on CoPt and FePt nanoparticle arrays owing mainly to the exis-
tence of chemically ordered phases with exceptional magnetic
properties such as large magnetocrystalline anisotropy constant
above 107 erg cm−3 [2, 3]. Additional requirements for fu-
ture magnetic recording media are that the nanoparticles have
to be magnetically isolated but also chemically and mechani-
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cally stable. Therefore, much research has been done on gran-
ular thin films consisting of CoPt and FePt nanoparticles em-
bedded in various nonmagnetic matrices [4–23]. Among the
prospective materials, C/CoPt and C/FePt granular thin films
have attracted great interest [18–23] because carbon not only
impedes the growth of the nanoparticles, but also provides pro-
tection against outside degradations and reduces interparticle
exchange interactions [24, 25].

In general, CoPt and FePt nanoparticles in carbon-
based granular films fabricated by sputtering processes at low
substrate temperature have a disordered face-centered-cubic
(fcc) structure (A1 phase), which is magnetically soft. In order
to transform the as-deposited nanoparticles into the ordered
face-centered-tetragonal (fct) structure (L10 phase), post-
annealing at temperatures above 770 K is necessary. Hence, it
is predicted that the control of the magnetic properties of these
granular thin films should be possible by adjusting the film
composition, annealing temperature, and duration. However,
concurrently with chemical ordering, thermal treatment also
causes particle growth and coalescence, which may adversely
affect the magnetic properties. Structural changes during
the annealing process are therefore one of the key issues
for future applications. There is also some fundamental
interest concerning the kinetics of particle growth and chemical
ordering associated with thermal enhancement of the atomic
mobility. A lot of studies on FePt-based granular systems
have been carried out in order to highlight the mechanisms
responsible for the thermal evolution of the structural
parameters. The results have been discussed on the basis of ex
situ transmission electron microscopy (TEM), x-ray diffraction
(XRD), and small-angle neutron and x-ray scattering (SANS,
SAXS) experiments [9, 20, 26–28]. However, these
mechanisms remain unclear and microstructural investigations
of such systems by in situ measurements are scarce.

In the present article we focus on C/FePt granular
multilayers grown by alternate ion-beam sputtering and post-
annealed in vacuum. We investigate in detail the structural
and magnetic properties of the as-deposited and post-annealed
granular films by combining various ex situ techniques,
including high-resolution TEM (HRTEM), XRD, grazing
incidence SAXS (GISAXS), extended x-ray absorption fine
structure (EXAFS), and superconducting quantum interference
device (SQUID) magnetometry. Besides, in order to complete
the physical description of the thermal annealing effects, we
have studied the morphological and crystallographic evolution
of the FePt nanoparticles by performing coupled in situ
GISAXS and grazing incidence XRD (GIXRD) experiments.

2. Experimental details

(C/FePt)N multilayers were fabricated at room temperature
(RT) by alternate ion-beam sputtering deposition of C and
FePt layers on surface oxidized Si(001) substrates. The base
pressure in the deposition chamber was 2 × 10−8 Torr and the
sputtering process was carried out at 2 × 10−4 Torr by using
an Ar+ ion-beam operated at 1.2 keV and 80 mA. The nominal
thickness of the carbon and FePt layers was tC = 4.3 nm and
tFePt = 1.1 nm, respectively, and the number of bilayers was

N = 20 or 40. For all the films, an additional 10 nm carbon
capping layer was sputtered at the end of the deposition process
in order to prevent diffusion and oxidation of the last FePt
layer under ambient conditions. The stoichiometry of the FePt
layers was determined to be 1:1 by Rutherford backscattering
spectrometry (RBS) [29].

The as-deposited multilayers with N = 20 were post-
annealed in vacuum at different temperatures ranging from 770
to 1070 K and were characterized by various ex situ techniques.
The microstructure was examined by cross-sectional HRTEM
performed with a JEOL 3010 microscope equipped with a
LaB6 emitter and operated at 300 keV. Morphology and
spatial organization of the FePt nanoparticles were studied by
GISAXS carried out at the DW31B beamline of the LURE
synchrotron facility (Orsay, France). The energy of the
incident photons was fixed to 7 keV, the angle of incidence
with respect to the surface was ω = 0.3◦ and the scattering
was monitored in the (qy, qz) reciprocal space with a charge-
coupled device (CCD) 2D detector located 0.380 m away
from the sample. Magnetic properties were measured in the
temperature range 5–370 K using a Quantum Design SQUID
magnetometer with a magnetic field between ±50 kOe applied
parallel to the plane of the films. The magnetization curves
were corrected for the diamagnetic background signal of the
substrate and of the carbon matrix by subtracting a linear
function as determined from the slope of the magnetization
data in the field range 35–50 kOe.

The multilayers with N = 40 were post-annealed
in vacuum at 870 K for 1 h. Local structure around
Fe and Pt atoms (i.e. interatomic distances, number and
type of neighboring atoms) was investigated by EXAFS.
Measurements at the Fe K and Pt L3 edges were taken in
the total electron yield mode at RT on the A1 beamline
of HASYLAB at the DESY synchrotron facility (Hamburg,
Germany). Chemical ordering of the FePt nanoparticles
was also studied by XRD carried out at the CRG-IF BM32
beamline at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The sample was kept vertical
during the course of the measurements and the incident
wavelength was fixed to 0.11 nm. The diffracted intensities
were measured with the scattering angle being varied from
2θ = 10◦ to 62◦ in both Bragg–Brentano (θ–2θ ) and grazing
incidence (ω = 1◦) configurations. To probe in real-time
the thermal evolution of the FePt nanoparticles, (C/FePt)40

multilayers were subjected to in situ annealing under vacuum
at 10−6 Torr in a temperature range from 610 to 1010 K on the
BM32 beamline of the ESRF. GISAXS (CCD was placed at
0.815 m from the sample, ω = 0.3◦) and GIXRD (2θ -angular
range was reduced to 26◦–36◦ for steric reasons, ω = 1◦)
measurements were completed successively while keeping the
sample at constant temperature during the acquisitions.

3. Structure and spatial organization

3.1. Ex situ HRTEM observations

Figure 1 shows the microstructure of as-deposited and post-
annealed (C/FePt)20 multilayers. It is clearly seen that the
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Figure 1. Microstructure of (C/FePt)20 multilayers observed by low-magnification and high-resolution TEM cross-section.
(a), (b) As-deposited specimen. The inset in (b) shows disconnected FePt nanoparticles observed in a zone of high electron-transparency.
(c), (d) Specimen post-annealed at 1070 K for 1 h. The inset in (d) displays the size distribution of the annealed FePt nanoparticles.
Arrows in (d) indicate the presence of graphite-like structures.

Figure 2. 2D GISAXS patterns of (C/FePt)20 multilayers: (a) as-deposited and (b) post-annealed at 1070 K for 1 h.

alternate deposition of thin FePt layers and thicker carbon
layers produces a layered structure (figure 1(a)), which appears
as planes of dark FePt nanograins separated by amorphous
carbon layers (figure 1(b)). The FePt nanograins have the shape
of oblate spheroids with lateral diameter around 3 nm and
aspect ratio (height/diameter) of about 2/3. However, despite
the presence of isolated particles observed in zones of high
electron-transparency (inset) and owing to projection effects
inherent to TEM observations, it is hard to determine whether
they are interconnected or not. After annealing at 1070 K for
1 h, the FePt layers are completely broken whereas the vertical
periodicity tends to be destroyed (figure 1(c)). The HRTEM
micrograph of the annealed specimen (figure 1(d)) reveals that
the size of the FePt nanograins increases both in lateral and
vertical dimensions and that the distribution is bimodal (inset),

i.e. grains with size between 5 and 8 nm are present together
with grains exceeding 10 nm. Furthermore, annealing results in
the partial graphitization of the carbon matrix as seen from the
formation of nanocrystalline graphite-like domains and onion-
like structures.

3.2. Ex situ GISAXS measurements

To further highlight the differences between the as-deposited
and post-annealed (C/FePt)20 multilayers, ex situ 2D GISAXS
patterns collected from a large sample area of about 15 mm2

are compared in figure 2. In both cases, the vertical beam-
stop located around qy = 0 masked the transmitted and
specularly reflected intensities. Nevertheless, in the pattern
of the as-deposited sample (figure 2(a)), it is immediately
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Figure 3. (a) 1D horizontal cross-sections (dots) from 2D GISAXS patterns collected during in situ annealing at different temperatures. The
solid lines are the best fits using the model described in the text. (b) Temperature dependence of the nanoparticle morphology (D1, D2, and
k2/k1) and (c) organization (�z, �y, and ηhs). The solid lines are a guide for the eye.

apparent that there is an intense nonspecular diffuse scattering
at low qy giving rise to three transverse Bragg peaks. Their
presence at well-defined qz-positions (labeled qB1 , qB2 , and
qB3) is typical of a highly periodic system with period �z =
2nπ/qBn = 5.4 nm corresponding to the nominal bilayer
thickness (tC + tFePt). Conversely, the absence of transverse
Bragg peaks in the 2D GISAXS pattern of the multilayer
annealed at 1070 K for 1 h (figure 2(b)) is characteristic of
a poor vertical organization of the particles, in agreement
with TEM observations (figure 1). Another distinctive feature
in figure 2(a) is a coherent small-angle scattering from self-
organized nanoparticles [30] giving rise to four diffuse spots
centered around qy = ±1.10 nm−1 and qz ≈ qB1/2 (first order)
and qz ≈ (qB1 + qB2)/2 (second order). In contrast, the 2D
GISAXS pattern of the multilayer annealed at 1070 K for 1 h
shows an intense signal close to the origin of the reciprocal
space, typical of large uncorrelated particles [31].

3.3. In situ GISAXS measurements

To study in real-time the kinetics of particle growth,
(C/FePt)40 multilayers were characterized by in situ GISAXS
measurements under annealing from RT to 1010 K. Figure 3(a)
shows a series of 1D horizontal cross-sections performed at
qz = qB1/2 from 2D GISAXS patterns collected during
annealing at different temperatures, Ta. It illustrates the
progressive transformation of the granular multilayer from a
system of small correlated nanoparticles at low Ta (�790 K)
to a system of large uncorrelated nanoparticles at higher Ta

(�940 K). To obtain further information on the nanoparticle
size, interparticle distance and spatial organization from
GISAXS measurements, we assumed the scattered intensity
I (q) originating from a bimodal distribution of spheroidal
particles (as supported by TEM observations, section 3.1)
isotropically distributed in a thick carbon layer. I (q) has
been decomposed into two independent parts: one from k1

small correlated nanoparticles with in-plane diameter D1,

in-plane interparticle distance �y, and hard sphere packing
fraction ηhs (that characterizes the local arrangement of
nanoparticles relative to one another [28, 32]), and one from k2

larger uncorrelated nanoparticles with in-plane diameter D2.
Figures 3(b) and (c) display the evolution of the parameters
retrieved from the best fits to the experimental GISAXS data
shown in figure 3(a) as a function of Ta. For annealing
temperatures between RT and 790 K, only small correlated
nanoparticles are present in the granular multilayer (k2 =
0). In this temperature range, their in-plane diameter D1

increases significantly from 3.0 to 3.7 nm, while the bilayer
thickness (�z ≈ 5.5 nm), the in-plane interparticle distance
(�y ≈ 5.1 nm), and the in-plane local arrangement of
the particles (ηhs ≈ 0.295) are subjected to very slight
variations (<5%). This indicates that the volume fraction
of nanoparticles formed in the as-deposited state is increased
by post-annealing. Therefore, we can suggest that significant
numbers of Fe and Pt atoms do not participate in the formation
of the as-deposited nanoparticles seen by GISAXS and TEM,
and that the coarsening of the post-annealed particles first
results from thermally activated migration of atoms which were
initially dissolved in the matrix. In contrast, for annealing
temperatures from 790 up to 1010 K, D1 and �y increase
continuously whereas ηhs decreases abruptly to reach zero at
Ta = 940 K. Furthermore, associated with the coarsening
of the nanoparticles with in-plane diameter D1, and the
destruction of the organization, is the progressive formation of
many larger uncorrelated nanoparticles with in-plane diameter
D2 varying from 9.0 nm at Ta = 870 K to about 11 nm
at Ta = 1010 K. This phenomenon is progressive, as seen
in the gradual increase of k2/k1 (inset of figure 3(b)), which
represents the ratio of the number of uncorrelated nanoparticles
over the number of correlated nanoparticles. In this sense,
we can speculate that the bimodal distribution results from the
coarsening of the post-annealed particles, which occurs mainly
by coalescence phenomena at high temperatures (>790 K).
It is also worth noting that in this temperature range, the
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Figure 4. EXAFS spectra at (a) Fe K and (b) Pt L3 edges of (C/FePt)40 multilayers as-deposited and post-annealed at 870 K for 1 h. First
shell fits are superposed on the data. Comparison of experimental EXAFS spectra at (c) Fe K and (d) Pt L3 edges with calculations assuming
A1 and L10 phases. The regions around 5.6 Å

−1
at the Fe K edge and around 7.0 Å

−1
at the Pt L3 edge (indicated by arrows) are very

sensitive to the order of the first coordinating atomic shells.

Table 1. Results obtained from the quantitative analysis performed simultaneously on the Pt and Fe EXAFS signals: type and number of
nearest neighbors, corresponding distance and mean square relative displacement σ 2.

Sample
Type of
neighbors

Coordination
number

Distance
(Å)

σ 2

(10−2 Å
2
)

(C/FePt)40 multilayer Fe–Fe 3.6 ± 0.4 2.55 ± 0.03 2.4 ± 0.4
(As-deposited) Fe–Pt 2.2 ± 0.4 2.56 ± 0.01 1.1 ± 0.2

Pt–Pt 3.6 ± 0.4 2.67 ± 0.05 1.1 ± 0.6

(C/FePt)40 multilayer Fe–Fe 5.4 ± 0.3 2.66 ± 0.03 3.2 ± 0.4
(Annealed 870 K) Fe–Pt 4.0 ± 0.3 2.63 ± 0.01 0.9 ± 0.1

Pt–Pt 5.4 ± 0.3 2.68 ± 0.01 0.7 ± 0.1

partial graphitization of the carbon matrix leads to a significant
increase of the bilayer thickness �z [33].

4. Local atomic order and chemical ordering

4.1. Ex situ EXAFS measurements

EXAFS data obtained from (C/FePt)40 multilayers as-
deposited and post-annealed at 870 K for 1 h are presented
in figure 4. EXAFS signals of the as-deposited multilayer
measured at both the Fe K and Pt L3 edges are characteristic of
an amorphous-like structure with disordered outer coordination
shells. In a first stage, quantitative analysis was performed
simultaneously on the Pt and Fe EXAFS signals by using the
IFEFFIT and AUTOBK codes [34] to fit the experimental data
(figures 4(a) and (b)). The results listed in table 1 reveal
that a model including only the first coordination shell leads
to a consistent solution at both the Fe K and Pt L3 edges.
For the as-deposited (C/FePt)40 multilayer, the structure was
expected to be fcc with Pt and Fe atoms randomly distributed
over equivalent positions, i.e. six hetero-atomic (Fe–Pt) and
six homo-atomic (Fe–Fe or Pt–Pt) neighbors. However, our

results show a reduction of the total coordination number Ntot

to 5.8 (i.e. 3.6 homo-pairs and 2.2 hetero-pairs). Such a
decrease of Ntot can be explained by the presence of Fe and
Pt atoms dissolved in the matrix and by the small particle
size. Moreover the large values of mean square relative
displacement, σ 2, confirm that the as-deposited nanoparticles
are poorly crystallized. After annealing at 870 K for 1 h,
coordination numbers rise, whereas σ 2 values associated to
Fe–Pt and Pt–Pt distances drop to reach values characteristic
of well-crystallized systems. However, the σ 2 value remains
large for Fe–Fe pairs, indicating a broad distribution of Fe–
Fe distances even after annealing. This can be related to
the fact that Pt atoms have a larger atomic radius than Fe
atoms, but another possible reason could be the formation
of carbon-encapsulated FePt nanoparticles with an amorphous
iron-rich interface [35]. It is worth noting that annealing
also causes an expansion of the Fe–Fe and Fe–Pt distances,
and an increase of the coordination number ratio between the
number of hetero-atomic and homo-atomic neighbors from
0.61 to 0.74. However, the ratio remains far from the
value of 2 expected for a perfect L10 phase (8 Fe–Pt and
4 Fe–Fe).

5
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Figure 5. (a) In situ GIXRD data for (C/FePt)40 multilayers annealed in vacuum. (b) Ex situ GIXRD data for (C/FePt)40 multilayers
as-deposited and post-annealed at 870 K for 1 h.

In order to prove that the structure of our annealed
nanoparticles approaches that of the L10 phase, ab initio
EXAFS calculations including more coordination shells were
performed by FEFF 8 with self-consistent potentials [36].
Theoretical signals resulting from A1 and L10 clusters are
compared with experimental data in figures 4 (c) and (d). Both
models do not fit the data perfectly, especially at the Fe K
edge due to the strong σ 2 value. However, specific features
of the A1 phase fine structure in the region around 7.0 Å

−1

at the Pt L3 edge are observed in the data of the as-deposited
multilayer. Meanwhile, the calculated L10 data at both the Fe K
edge (around 5.6 Å

−1
) and Pt L3 edge (around 7.0 Å

−1
) match

well the experimental data for the post-annealed multilayer.
EXAFS measurements thus suggest that thermal annealing
induces a transformation from a poorly structured FePt phase
to an ordered L10-like phase. Furthermore, it is important
to notice that EXAFS measurements, which are an average
over all Fe and Pt atoms, can also detect fractions of oxides
or carbides (usually not less than 5%). Nonetheless, x-ray
absorption near-edge structures at both the Fe K and Pt L3

edges are characteristic of metallic binary alloys, indicating
that the nanoparticles are well protected from oxidation by the
carbon matrix.

4.2. In situ GIXRD measurements

In situ GIXRD data presented in figure 5(a) show that the
as-deposited film consists of disordered fcc FePt grains with
only a very broad (111) peak due to the small size and
amorphous-like structure of the grains. However, it may be
noticed that its shape is asymmetrical, extending to the higher
angle values, which could be explained by the contribution
of the (200) peak to the total diffracted intensity. The lattice
parameter a = 3.790 Å deduced from the position of the
(111) Bragg reflection is smaller than the lattice constant
of the disordered A1 FePt phase abulk = 3.816 Å. This
lattice contraction of ∼0.7% may be attributed to small size
effects [37] or to the presence of compressive stress commonly
observed in ion-beam sputtered films [38, 39]. Furthermore,
the apparent mismatch between the EXAFS and the diffraction
local structure (aXRD > aEXAFS) confirms the important
disorder occurring in these materials [40]. As the annealing

temperature increases, the (111) peak sharpens due to grain
coarsening and its position shifts to lower angle values, which
can be related to thermal expansion effects and/or relief of
in-plane compressive stress. Beyond Ta = 790 K, the (200)
reflection becomes clearly visible and shifts to higher angle
values as the temperature increases, despite thermal dilatation.
At Ta = 1010 K the splitting of the (200)–(002) reflections
in the GIXRD pattern attests that the L10 phase has formed.
The lattice parameters deduced from the positions of the (200)
and (002) Bragg reflections corrected for thermal expansion
effects are a ≈ 3.886 Å and c ≈ 3.700 Å, which corresponds
to a tetragonality ratio c/a of 0.95 close to the bulk L10 one
(abulk = 3.853 Å, cbulk = 3.713 Å, c/a = 0.96).

4.3. Ex situ XRD measurements

In order to obtain quantitative information on the chemical
order parameter S, additional ex situ XRD experiments were
carried out on a wider angular range to cover the (001), (110),
(200), (002), (220), and (202) Bragg reflections. It is worth
noting that from the intensity ratio of the XRD peaks in both
Bragg–Brentano and grazing incidence geometries, the FePt
grains were indicated to be randomly oriented. In qualitative
agreement with the EXAFS and in situ GIXRD results, the ex
situ GIXRD pattern of the as-deposited (C/FePt)40 multilayer
(figure 5(b)) shows reflections corresponding to a poorly
crystallized fcc structure with a lattice parameter a = 3.790 Å.
However, two bumps located around 2θ ≈ 18◦ and around
2θ ≈ 52◦ are observed. The latter can be interpreted as
the merging of the (220), (311), and (222) peaks into one
because of an amorphous-like structure of the FePt grains, as
suggested by EXAFS measurements. The former might be
due to nanometric graphite-like domains present in the carbon
matrix or to the formation of poorly crystallized tetragonal
FePt grains. Meanwhile, the formation of the ordered L10

FePt phase characterized by the appearance of the (001) and
(110) superstructure peaks is clearly evidenced in the ex situ
GIXRD pattern of the (C/FePt)40 multilayer post-annealed
at 870 K for 1 h (figure 5(b)). From the positions of
the (001) and (110) reflections, respectively, values of c ≈
3.610 Å and a ≈ 3.952 Å can be determined, which attest
to a strong tetragonality of the L10 FePt phase (c/a ∼ 0.91) at

6
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Figure 6. ZFC–FC magnetization curves of (C/FePt)20 multilayers: (a) as-deposited multilayer measured in a field of 200 Oe (the dotted line
represents the susceptibility given by a Curie-type law), (b) post-annealed at 770 K for 2 h, and (c) post-annealed at 1070 K for 1 h measured
in a field of 100 Oe.

Ta = 870 K. It is here important to point out that the estimation
of the chemical order parameter from the c/a ratio [41] would
lead to S = 2, which is physically impossible (S may vary
between 0 for a fully disordered FePt alloy to 1 for the perfectly
ordered alloy). Actually, the a and c values obtained in our
study are consistent with the positions found for the (111)
and (200) reflections, but do not match that of the (220)
and (311) reflections. This suggests that, despite the strong
tetragonality of the L10 FePt phase, only partial chemical
ordering has taken place at 870 K and that some FePt grains
remain disordered. Therefore the observed (220) and (311)
reflections correspond to an average of the diffracted intensity
from L10 ordered and A1 disordered FePt grains. The chemical
order parameter S was thus estimated from the ratio of the
integrated intensities of the (001) and (110) superstructure
peaks versus the (002) and (220) fundamental peaks following
the analysis described in [42, 43], and assuming that partial
ordering occurred homogeneously within all FePt grains.
According to the EXAFS data (see table 1), we also assumed
that σ 2

Fe = 2σ 2
Pt. The theoretical integrated intensity ratios

I001/I002 and I110/I220 were fitted to the experimental ones
corrected from the Lorentz-polarization contribution. Best-
fit values yield S = 0.54, σ 2

Fe = 4.2 × 10−2 Å
2
, and

σ 2
Pt = 2.1 × 10−2 Å

2
. This S value, which is consistent with

the data reported in the literature for 5 nm-FePt nanoparticles
embedded in carbon [20], confirms that partial ordering takes
place at 870 K. The σ 2 values, although relatively high, are
also consistent with those derived from the EXAFS analysis
(see table 1) and are of the same order of magnitude as
those obtained by Gehanno et al [44] in epitaxial FePd alloy
thin films. Finally, it is worth noting that the full widths at
half-maximum determined from the (001) superstructure and
(200) fundamental reflections are ∼4◦ and ∼2◦, respectively,
which means that the in-plane coherency length of the ordered
domains is half that of the disordered ones. Taking into
account that the grain size distribution is bimodal, it may be
inferred that L10 ordering first takes place in the smallest grains
(<4 nm) as already suggested by Christodoulides et al [20].

5. Magnetic properties

The temperature dependence of the magnetic susceptibility
χ(T ) collected both after zero-field cooling (ZFC) and field
cooling (FC) is displayed in figure 6 for as-deposited and

post-annealed (C/FePt)20 multilayers. As commonly observed
in granular magnetic systems [45, 46], the ZFC curve of
the as-deposited multilayer exhibits a peak in magnetization
at TB ∼ 50 K, the blocking temperature below which the
magnetization of most of the nanoparticles is blocked. In
addition, as expected for superparamagnetic systems, the
ZFC and the FC curves show strong irreversibility below
TB. However, although the magnetization exhibits a reversible
behavior above TB, χ(T ) cannot be described by a Curie-type
law (i.e. 1/χ is not linear in T ). Furthermore, as reported in a
previous paper [33], the magnetization curves M(H ) of the
as-deposited multilayer measured above TB cannot be fitted
by a Langevin function. These results suggest that strong
interactions exist between as-deposited FePt nanoparticles due
to their proximity.

After annealing at 770 K for 2 h, the ZFC–FC
curve of the multilayer displayed in figure 6(b) reveals an
obvious irreversibility below TB ∼ 250 K. Besides, the
magnetization curve M(H ) measured at RT (figure 7(a))
shows a soft magnetic feature with zero remanence and
coercivity, suggesting that the nanoparticles are thermally
unstable, i.e. they are in the superparamagnetic state.
Under the assumption of weak interparticle interactions, the
magnetization curve M(H ) of such a superparamagnetic
system can be described by a weighted sum of Langevin
functions that takes into account a distribution of magnetic
moments due to the particle size distribution N(V ):

M(H ) = Ms

∫ ∞

0

[
coth(x) − 1

x

]
N(V ) dV , (1)

where x = MsV H/kBT , Ms is the saturation magnetization,
kB is the Boltzmann constant, and V is the particle volume.
Assuming a Gaussian distribution of spherical particles with
diameter D, the fit to the experimental data yields an average
diameter 〈D〉 = 6.0 nm and a standard deviation σ = 1.5 nm.
This magnetic size 〈D〉 is found to be slightly higher than the
structural size determined by ex situ GISAXS (D1 = 4.0 nm
and D2 = 5.7 nm with k2/k1 = 0.04), suggesting that the
magnetic particles are weakly coupled. In figure 6(c), the ZFC
curve of the multilayer annealed at 1070 K for 1 h displays
a very broad peak at ∼190 K. However, most of the particles
remain blocked at 350 K so that the film shows hard magnetic
properties even at RT.
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Figure 7. (a) Hysteresis loop of the (C/FePt)20 multilayer post-annealed at 770 K for 2 h measured at RT. The solid line is the best fit to the
experimental data using equation (1). (b) Hysteresis loops of as-deposited and post-annealed (C/FePt)20 multilayers measured at 30 K.
Temperature dependence of the coercivity is shown in the inset (the solid lines are the best fits to the experimental data using equation (2)).

Table 2. Magnetic properties of as-deposited and post-annealed (C/FePt)20 multilayers determined from hysteresis loops measured at various
temperatures. Hc: coercivity in Oe; Mr/Ms: remanence ratio; μat/μB: average magnetic moment per atom (including both Fe and Pt atoms)
in units of Bohr magneton.

Hc (Oe) Mr/Ms μat/μB

300 K 150 K 30 K 300 K 150 K 30 K 300 K 150 K 30 K

As-deposited 19 14 121 0.29 0.61 0.71 0.66 1.09 1.24
Annealed 770 K 0 132 1603 0 0.12 0.57 1.33 1.57 1.65
Annealed 1070 K 1325 1842 3435 0.30 0.42 0.56 0.66 0.88 0.97

Hysteresis loops of the as-deposited and post-annealed
(C/FePt)20 multilayers were measured at 300, 150, and 30 K
in order to determine the coercivity, Hc, the average magnetic
moment per atom (including both Fe and Pt atoms), μat, and
the remanence ratio, Mr/Ms, of the films. The corresponding
values are listed in table 2, while magnetization curves M(H )

measured at 30 K are shown in figure 7(b) as a typical example.
From these measurements, the temperature dependence of
Hc is obtained, which is expected to behave according to
equation (2) for superparamagnetic systems [47]:

Hc(T ) = H0

(
1 −

√
T

TB

)
, (2)

where H0 is the zero temperature (intrinsic) coercivity and
TB is the blocking temperature. The solid lines in the inset
of figure 7 are fits of equation (2) to the experimental data
from which the zero temperature coercivity and the blocking
temperature are determined to be H0 = 2.2 kOe and TB =
250 K for the multilayer post-annealed at 770 K and H0 =
4.3 kOe and TB = 568 K for the multilayer post-annealed at
1070 K, respectively. It is interesting to note that the TB value
obtained for the multilayer annealed at 770 K is in excellent
agreement with the value determined from the ZFC–FC curve.
Furthermore, both H0 and TB increase with Ta because of
the gradual transformation of the soft fcc FePt phase to the
hard fct FePt phase. For spherical particles the rotational
energy barrier to alignment is given by the magnetic anisotropy
energy per unit volume K multiplied by the particle volume V .
For SQUID measurements, the blocking temperature should
roughly satisfy the relationship

TB = K 〈V 〉
25kB

. (3)

Using the 〈V 〉 value determined from the Langevin fit
displayed in figure 7(a), we calculate a magnetic anisotropy
energy K = 7.6 × 106 erg cm−3 for the multilayer post-
annealed at 770 K for 2 h. This K value is found to be one order
of magnitude smaller than the magnetocrystalline anisotropy
energy of the FePt binary alloy with L10 phase (K1 = 7 ×
107 erg cm−3) [48], but one order of magnitude higher than the
effective magnetic anisotropy estimated for FePt nanoparticles
with A1 phase (Keff = 3.6×105 erg cm−3) [26]. This might be
due to incomplete L10 ordering at this annealing temperature
as observed by XRD (S = 0.54). On the other hand, the
K value of the multilayer post-annealed at 1070 K for 1 h
derived from equation (3) using the 〈V 〉 value determined by
GISAXS is decreased to K = 4.5 × 106 erg cm−3. It can also
be seen that a shoulder tends to develop in the magnetization
curve near H = 0. These results suggest the presence of a
soft magnetic phase that is not exchange coupled to the hard
phase. The most likely explanation is that annealing at 1070 K
causes chemical interaction of FePt layers with the Si substrate
as revealed unambiguously by complementary RBS and energy
filtered TEM experiments [33].

The variations of the remanence ratio Mr/Ms gathered in
table 2 also provide interesting information since the Stoner–
Wohlfarth model predicts a value of 0.5 for noninteracting
single domain particles with easy axes randomly oriented [49].
At 300 K, the remanence ratio of the as-deposited and
post-annealed multilayers is smaller than 0.5 because of
the existence of superparamagnetic particles and/or dipolar
interactions. A general trend is that Mr/Ms increases
as T decreases due to the gradual blocking of the FePt
nanoparticles. However, while Mr/Ms reaches ∼0.5 for post-
annealed multilayers at 30 K, a value of 0.71 is found for the
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as-deposited multilayer, thus confirming that strong exchange
coupling exists between magnetic particles.

The last point to discuss is the evolution of the average
magnetic moment per atom μat upon thermal annealing. As
seen in table 2, the μat value of the as-deposited multilayer
determined from the hysteresis loop measured at 30 K
(figure 7(b)) is 1.24 μB, which is less than the value of 1.54 μB

expected for disordered fcc FePt [28]. This reduction may
be due to the presence of a significant amount of Fe and Pt
atoms dissolved in the matrix, as revealed by the GISAXS
measurements. A further reason might be attributed to the
presence of carbon atoms in the FePt phase or to reduced
moments for the atoms at the surface of the nanoparticles
resulting in a magnetic dead layer as suggested by the EXAFS
measurements. After annealing at 770 K for 2 h, the average
magnetic moment per atom rises to μat = 1.65 μB at 30 K,
which is approaching the bulk value of 1.71 μB for L10 FePt.
This result confirms not only that partial L10 ordering occurs,
but also that Fe and Pt atoms previously incorporated in the
carbon matrix precipitate upon annealing. However, although
H0 and TB increase steadily with Ta because of the progressive
L10 ordering of the FePt nanoparticles, the diffusion of Fe
atoms into the substrate at 1070 K [7, 33, 50] leads to a strong
decrease of the μat value to 0.97 μB at 30 K.

6. Conclusion

We have investigated the growth kinetics, chemical ordering,
and magnetic properties of carbon-encapsulated FePt nanopar-
ticles subjected to thermal annealing by combining ex situ
and in situ measurements. HRTEM and GISAXS show that
the as-deposited granular films are composed of isolated FePt
nanoparticles of approximately 3 nm in size and surrounded
by an amorphous carbon matrix. Our structural data provide
evidence that coarsening of the post-annealed particles first
takes place mainly through collecting Fe and Pt dissolved in
the matrix. At temperatures above 870 K, particles combine to
form larger entities by coalescence while carbon atoms precip-
itate to form graphite-like nanostructures. EXAFS and XRD
demonstrate that the FePt nanoparticles, which are well pro-
tected from oxidation, undergo a gradual phase transition from
a poorly crystallized fcc structure (disordered) to a fct structure
(ordered) under annealing. SQUID magnetometry reveals that
this phase transition causes magnetic hardening characterized
by a strong enhancement of the blocking temperature and coer-
civity. Anomalous variations of saturation magnetization and
magnetocrystalline anisotropy energy at high annealing tem-
peratures (∼1070 K) are ascribed to chemical interaction of
Fe atoms with the Si substrate. Thus a close relationship ex-
ists between the structural and magnetic properties of these
carbon-encapsulated FePt nanoparticles, which may be tuned
using appropriate annealing conditions. In that sense, the use
of dedicated ex situ and in situ techniques provides valuable
information for investigating chemically ordered magnetic bi-
nary alloys in nanoparticle form that present a strong potential
for future magnetic recording media.
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