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Abstract. Ion-beam sputtering has been used to achieve the growth of FePt thin films and C/FePt
granular multilayers at room temperature. The effects of thermal annealing on the structural and
magnetic properties have been investigated by transmission electron microscopy, Rutherford backscattering spectrometry, grazing incidence X-ray diffraction, grazing incidence small-angle X-ray
scattering, and magnetization measurements. The as-deposited films and granular multilayers
show FePt grains (10-20 nm and 2-3 nm in size, respectively) with a disordered face-centeredcubic structure and are magnetically soft. Thermal annealing at temperatures below 650 °C causes
partial L10 ordering and growth of the FePt grains to 100-200 nm in the FePt films and to 5-8 nm in
the C/FePt multilayers. Thermal annealing of the granular multilayers at 800 °C also results in the
preferential graphitization of the carbon matrix and chemical interaction of the Fe atoms with the Si
substrate. Magnetization measurements indicate that magnetic hardening occurs after annealing
and that the saturation magnetization of the granular multilayers is strongly dependent on the
annealing temperature.

1. INTRODUCTION
Nanoscale magnetic systems are attracting considerable attention due to their potential in the field
of ultrahigh density magnetic recording media [1].
To achieve high storage densities beyond 1
Tbit/in2, assemblies of ferromagnetic monodomain
are required. However, as the magnetic bit size is
further reduced to the superparamagnetic limit, the
magnetization of the particles is easily perturbed
by thermal agitation. In order to overcome super-

paramagnetism, recent studies have been focused
on CoPt and FePt nanoparticle arrays owing mainly
to the existence of chemically ordered phases with
exceptional magnetic properties such as large
magnetocrystalline anisotropy constant above 107
erg/cm3 [2,3]. Additional requirements for future
magnetic recording media is that the nanoparticles
have to be magnetically isolated but also chemically and mechanically stable. Therefore, much
research work has been done on granular thin films
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consisting of CoPt and FePt nanoparticles embedded in various nonmagnetic matrices (SiO2 [4-6],
Si3N4 [7], Al-O [8,9], B2O3 [10,11], BN [12,13], and
C [13-19]). Among the prospective materials, C/
CoPt and C/FePt granular thin films have attracted
great interest because carbon not only hinders the
growth of the nanoparticles, but also provides protection against outside degradations and reduces
interparticle exchange interactions [20,21].
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 500
°C 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 time.
However, concurrently with chemical ordering, thermal treatment also causes particle growth and coalescence, which may adversely affect the magnetic
properties. The study of the mechanisms responsible for the structural changes during the annealing process is therefore one of the key issues for
future applications.
In the present article we focus on FePt films
and C/FePt granular multilayers grown by ion-beam
sputtering and post-annealed in vacuum. Structural
and magnetic properties of the as-deposited and
post-annealed multilayers are investigated by combining the sensibilities of different techniques including transmission electron microscopy in conventional (CTEM), high-resolution (HRTEM) and
energy-filtered (EFTEM) modes, Rutherford backscattering spectrometry (RBS), grazing incidence
X-ray diffraction (GIXRD), grazing incidence smallangle X-ray scattering (GISAXS), and superconducting quantum interference device (SQUID)
magnetometry.

2. EXPERIMENTAL DETAILS
FePt (t nm) films (with thickness t=41 and 50 nm)
and C (4.3 nm)/[FePt (1.1 nm)/C (4.3 nm)] N
multilayers (with number of FePt/C bilayers N=1,
20, and 40) were fabricated at room temperature
by ion-beam sputtering of high purity C and FePt
targets. 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 FePt (41 nm) film was deposited on freshly
cleaved NaCl substrates, which were floated in
purified water. The resulting free-standing films
were finally collected on molybdenum grids for in
situ characterization during thermal annealing by
CTEM using a JEOL 200CX microscope operated
at 200 keV. The other samples deposited on surface oxidized Si(001) substrates were post-annealed in vacuum at different temperatures ranging from 500 to 800 °C and were analyzed by various ex situ techniques. The FePt (50 nm) film and
C/[FePt/C]40 multilayers were characterized by
GIXRD carried out at the European Synchrotron
Radiation Facility (ESRF, Grenoble) on beamline
BM32. The samples were kept vertical during the
course of the measurements and the incident wavelength was fixed to 0.11 nm. The angle of incidence
was ω=1° and the diffracted intensities were measured with the scattering angle being varied from
2θ=10° to 62°. This geometry confines the scattering vector perpendicular to the growth direction,
which gives information on the in-plane lattice parameter.
The C/[FePt/C]1 and C/[FePt/C]20 multilayers
were analyzed by RBS to determine the stoichiometry of the FePt layers and the average C/FePt
bilayer density. A 2.0 MeV He+ beam with 15 keV
energy resolution detected at 160° in the Cornell
geometry was used. The angle of incidence ϕ, defined as the angle between the beam and the normal to the sample, was varied between 70° and
82°. Morphology and spatial organization of the
FePt nanoparticles were studied by GISAXS performed at the LURE synchrotron source on
beamline DW31B. The energy of the incident photons was 7 keV and the angle of incidence with
respect to the surface was ω=0.3°. The transmitted and specularly reflected beams were masked
by a vertical beam-stop and the scattering was
monitored in the (qy,qz) reciprocal space with a
charge-coupled device 2D detector located 380 mm
away from the sample. The microstructure of the
as-deposited and post-annealed C/[FePt/C] 20
multilayers was examined by cross-sectional
HRTEM performed with a JEOL 3010 microscope
equipped with a LaB6 emitter and operated at 300
keV. The multilayer annealed at 800 °C was examined by EFTEM using a JEOL 2200FS microscope equipped with an in-column omega filter and
a field emission gun operated at 200 keV. The 3window technique was employed and the chemical maps for Fe, Si, and C were respectively acquired at the energies of the Fe-L2,3 (710 eV), Si-

200

D. Babonneau, F. Pailloux, G. Abadias, F. Petroff, N.P. Barradas and E. Alves

Fig. 2. Electron diffraction profiles of the FePt (41
nm) film obtained from the SAED patterns collected
during in situ thermal annealing: (a) as-deposited,
(b) 350 °C, (c) 400 °C, 450 °C (d), 500 °C (e), 550
°C (f), 600 °C (g), and 650 °C (h). The position of
the lines expected for the disordered A1 (up triangles) and ordered L10 (down triangles) FePt
phases is also indicated.

L2,3 (99 eV) and C-K (285 eV) edges. The energy
width of the selecting slit was set to 30 eV.
Magnetic properties were measured at 150K
using a Quantum Design SQUID magnetometer
with a magnetic field between ±50 kOe applied
parallel to the plane of the films.

3. RESULTS AND DISCUSSION
3.1. Chemical ordering of FePt films
and C/[C/FePt]40 multilayers

Fig. 1. Plane-view CTEM micrographs and corresponding SAED patterns obtained during in situ
thermal annealing of the FePt (41 nm) film: (a,f)
as-deposited, (b,g) 350 °C, (c,h) 450 °C, (d,i) 550
°C, and (e,j) 650 °C.

Figs. 1a–1j show representative plane-view CTEM
micrographs and corresponding selected area electron diffraction (SAED) patterns obtained during in
situ thermal annealing of the FePt (41 nm) film.
The electron diffraction profiles extracted from the
SAED patterns are displayed in Fig. 2 together with
the position of the main lines for the disordered A1
and ordered L10 FePt phases [22]. As expected,
the as-deposited film is polycrystalline and consists
of randomly oriented fcc FePt grains with size in
the range 10-20 nm. Post-annealing not only
causes grain growth (size in the range 100-200 nm
at 650 °C), but also undergoes a progressive phase
transformation from the disordered fcc to the ordered fct structure. This is characterized by the
appearance of additional rings in the SAED pat-
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terns of the annealed films that are not present in
the as-deposited film.
In agreement with the CTEM results, the GIXRD
pattern of the as-deposited FePt (50 nm) film [Fig.
3a] shows reflections corresponding to a fcc structure with a lattice parameter a=3.825 Å close to
the lattice constant of the disordered A1 FePt phase
abulk=3.816 Å [22]. In comparison, due to the presence of very small FePt grains, broader peaks are
observed in the GIXRD pattern of the as-deposited C[C/FePt]40 multilayer [Fig. 3b] with the main
(111) peak yielding a=3.79 Å. This lattice contraction of ~1% may be attributed to small-size effects
[23] or to the presence of compressive stress currently observed in ion-beam sputtered films [24,25].
In addition, two bumps located around 2θ≈18° and
around 2θ≈52° are observed in the GIXRD pattern
of the as-deposited C[C/FePt]40 multilayer. 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. The
former might be due to the presence of nanometric
graphite-like domains in the carbon matrix or to
the presence of poorly crystallized tetragonal FePt
grains. After annealing at 600 °C for 1 h, the GIXRD
pattern of the C[C/FePt]40 multilayer [Fig. 3c] clearly
evidences the formation of the ordered L10 FePt
phase, which is characterized by the appearance
of the (001) and (110) superlattice peaks. However,
the splitting of the (200)-(002) reflections is not
observed because of their close position and the
broadening of these peaks. The lattice parameters
of the ordered FePt phase were deduced from the
positions of the (100) and (110) Bragg reflections.
The obtained values, a≈3.94 Å and c≈3.61 Å, attest a strong tetragonality (c/a≈0.92) as compared
to the bulk L10 phase (abulk=3.853 Å, cbulk=3.713 Å,
c/a=0.96 [22]). The long-range order parameter,
S, was 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 Refs. 26
and 27. This parameter may vary between S=0 for
a fully disordered FePt alloy to S=1 for the perfectly ordered alloy. In the present case, we assumed the same Debye-Waller parameter B for
both Pt and Fe atoms and a homogeneous ordering within all FePt grains (i.e., the volume fraction
of the film which is chemically ordered is equal to
1.0). This yields S=0.55, indicating that partial ordering takes place at 600 °C. This result is consistent with the value reported in the literature for 5
nm-FePt nanoparticles embedded in carbon [16].

Fig. 3. GIXRD patterns of the (a) as-deposited FePt
(50 nm) film, (b) as-deposited C/[C/FePt]40 multilayer, and (c) C/[C/FePt]40 multilayer post-annealed
at 600 °C for 1 h.

It is here important to point out that the estimation
of the long-range order parameter from the c/a ratio [13] would lead to S=2, which is physically impossible, showing the inappropriateness of this type
of analysis.

3.2. Structure of C/[C/FePt]20
multilayers
The stoichiometry of the FePt layers was determined from RBS analysis of the C/[FePt/C]1 multilayer. Within the experimental error, a 1:1 ratio was
found [28]. Furthermore, 3 at.% Ar was found in
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Table 1. Results obtained from the analysis of the RBS data collected for as-deposited and post-annealed C[(C/FePt]20 multilayers for 1 h. The table includes the FePt areal density ([FePt]), the C areal
density ([C]), and the average multilayer density (ρ) calculated using the bilayer thickness determined by
GISAXS.
Sample
As-deposited
Annealed at 600 °C
Annealed at 800 °C

[FePt]/1015 (at/cm2)
164 ± 10
154 ± 10
174 ± 10

[C]/1015 (at/cm2)
1110 ± 50
1050 ± 50
1040 ± 50

ρ/1023 (at/cm3)
1.16 ± 0.05
0.96 ± 0.05
0.94 ± 0.05

Fig. 5. RBS data collected at ϕ=82° for the C/[C/
FePt]20 multilayers post-annealed at 600 °C and at
800 °C for 1 h.

Fig. 4. RBS data (squares) collected at ϕ=75° for
C/[C/FePt]20 multilayers: (a) as-deposited, (b) postannealed at 600 °C for 1 h, and (c) post-annealed
at 800 °C for 1 h. The solid lines are the best fits to
the experimental data.

the FePt, and 0.4 at.% Mo was found in the C. Both
are contamination due to the deposition system that
includes Ar+ sputtering ions and Mo extraction grids.
These values were used in the analysis of the C/
[FePt/C]20 multilayers. Figs. 4a–4c shows the RBS
data collected at ϕ=75° from as-deposited and postannealed C/[FePt/C]20 multilayers. These data were
analyzed with the IBA DataFurnace [29] to determine the total amounts of FePt and C atoms in the
multilayers. The results reported in Table 1 clearly
show that the total amounts of FePt and C atoms
remain constant even after thermal annealing at
800 °C for 1 h. However, it is evident that annealing at 800 °C causes chemical interaction of FePt
layers with the Si substrate as was already observed in FePt-Si3N4 cosputtered films [7]. Actually, one can argue that Fe atoms are diffused into
the substrate and reacted with Si atoms, as we
observe an enhanced Fe signal at the substrate/
film interface accompanied by a lack of Pt counts.
It should be also noted that within the depth reso-
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Table 2. Results obtained from the analysis of the GISAXS data collected for as-deposited and postannealed C[(C/FePt]20 multilayers. The table includes the bilayer thickness (Λz), the average diameter
(<D>), and the in-plane interparticle distance (Λy).
Sample
As-deposited
Annealed at 500 °C for 2 h
Annealed at 600 °C for 1 h
Annealed at 700 °C for 1 h
Annealed at 800 °C for 1 h

Λz (nm)

<D> (nm)

Λy (nm)

5.49
6.10
6.26
6.47
6.43

2.52
4.02
5.05
8.04
9.03

5.22
5.63
6.85
∞
∞

Fig. 6. 2D GISAXS patterns of the C/[C/FePt]20
multilayers: (a) as-deposited and (b) post-annealed
at 600 °C for 1 h.

lution of the experiment, this only affects the layers closer to the Si substrate, while the layers closer
to the surface do not react with the Si atoms. In

addition, experiments made at more grazing angles
reveal a strong multilayer signal for the samples
as-deposited (not shown) and post-annealed at 600
°C for 1h (Fig. 5), which proves a well-defined vertical ordering. As seen in Fig. 5, a much smaller
multilayer signal is observed after annealing at 800
°C for 1 h, indicating a much less regular ordering.
2D GISAXS patterns of C/[C/FePt]20 multilayers
collected from a large sample area of about 15 mm2
are compared in Fig. 6. In the pattern of the asdeposited sample [Fig. 6a], it is immediately apparent that there is an intense nonspecular diffuse
scattering at low qy giving rise to three transverse
Bragg peaks. Their presence at well-defined qzpositions (labelled qB1, qB2, and qB3) is typical of a
highly periodic system with period Λz=5.49 nm in
agreement with the nominal bilayer thickness (5.4
nm). Conversely, transverse Bragg peaks in the
2D GISAXS pattern of the multilayer annealed at
600 °C for 1 h [Fig. 6b] are less intense, which is
characteristic of a less ordered system. The Λz
values determined for all the as-deposited and postannealed C/[C/FePt]20 multilayers are gathered in
Table 2. Furthermore, we reported in Table 1 the
average multilayer density estimated from the following relation: ρ =([FePt]+[C])/(NΛz), where [FePt]
and [C] are the FePt and C areal densities determined from RBS analysis. It is clear that the average bilayer thickness increases with the annealing
temperature whereas the average multilayer density decreases. This is most likely due to the partial graphitization of the carbon matrix under thermal annealing as already observed in other metal/
carbon systems [30,31]. Another distinctive feature
noticed in the 2D GISAXS pattern of the as-deposited multilayer is a coherent small-angle scattering
from isolated nanoparticles giving rise to six diffuse spots centered around qy=±1.10 nm-1 and
qz≈qB1/2 (first order), qz≈(qB1+qB2)/2 (second order),
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Fig. 7. HRTEM cross-section micrographs of the
C/[C/FePt]20 multilayers: (a) as-deposited and (b)
post-annealed at 600 °C for 1 h.

and qz≈(qB2+qB3)/2 (third order). This suggests that
the vertical arrangement of the FePt nanoparticles
from layer to layer is not random in the as-deposited multilayer, but shows a topology-induced selforganization [32]. In the 2D GISAXS pattern of the
multilayer annealed at 600 °C for 1 h, the diffuse
spots concentrates towards the origin of the reciprocal space, which is typical of particles coarsening. The results obtained from the quantitative
analysis of the GISAXS data using the monodisperse approximation [32] are reported in Table 2,
i.e. the average particle diameter (<D>) and the inplane interparticle distance (Λy). These results illustrate the progressive transformation of the
granular multilayer from a system of small correlated nanoparticles at low temperatures (≤600 °C)
to a system of large uncorrelated nanoparticles
(Λy=∞) at high temperatures (≥700 °C). Therefore,
we can suggest that the coarsening of the postannealed particles results first from thermally activated migration of Fe and Pt atoms at low temperatures and then from coalescence phenomena
at high temperatures. However, in comparison with
pure FePt films (Fig. 1), it is clear that carbon restrains grain growth during thermal annealing.

Fig. 8. EFTEM image series of the C/[C/FePt]20
multilayer post-annealed at 800 °C for 1 h. (a) Zeroloss bright field image, (b) silicon map, (c) carbon
map, (d) iron map.

Fig. 7 shows the microstructure typical of C[C/
FePt]20 multilayers as observed by HRTEM crosssections. The micrograph of the as-deposited
specimen [Fig. 7a] clearly exhibits a layered structure, which appears as planes of dark FePt
nanograins separated by amorphous carbon layers. The FePt nanograins have the shape of oblate spheroids with lateral diameter around 3 nm in
agreement with the GISAXS results and aspect
ratio (height/diameter) of about 2/3. After annealing at 600 °C for 1 h [Fig. 7b], the size of the FePt
nanograins has increased both in lateral and vertical dimensions and the matrix appears as graphite-like carbon, which confirms also the GISAXS
results. Moreover, it is worth noting that the HRTEM
micrographs of both the as-deposited and postannealed specimens reveal that the C and FePt
layers do not react with the Si(001) substrate. In
contrast, the chemical interaction of the Fe atoms
with the Si substrate after annealing at 800 °C is
directly evidenced in the EFTEM images displayed
in Fig. 8. The zero-loss bright field image [Fig. 8a]
not only confirms that the vertical periodicity of the
multilayer tends to be destroyed, but also shows
that precipitates oriented at 54° with respect to the
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Table 3. Magnetic properties of as-deposited and post-annealed C[(C/FePt]20 multilayers determined
from hysteresis loops measured at 150K. The table includes the coercivity (Hc), the saturation magnetization (Ms), and the remanence ratio (Mr /Ms).
Sample
As-deposited
Annealed at 500 °C for 2 h
Annealed at 800 °C for 1 h

Hc (Oe)

Ms (emu/cm3)

Mr /Ms

14
132
1842

730
1050
590

0.61
0.12
0.42

Si/C interface (<111> directions) are formed in the
Si substrate. In addition, the chemical maps [Figs.
8b–8d] show the presence of Fe both in the FePt
grains of the multilayer and in the oriented precipitates of the substrate, while the Si signal is decreased in the oriented precipitates. Moreover, the
carbon map proves that diffusion of carbon across
the interface with the Si substrate has not occurred
(a sharp edge of the C signal is observed at the
inteface). Thus, this set of maps clearly evidences
the crystallization of iron silicides precipitates coherent with the Si substrate.

3.3. Magnetic properties of
C/[C/FePt]20 multilayers
Hysteresis loops of C/[C/FePt]20 multilayers measured at 150K are presented in Fig. 9. The corresponding coercivity, Hc, saturation magnetization,
Ms, and remanence ratio, Mr /Ms, are listed in Table
3. The magnetization curves M(H) of the multilayers
as-deposited [Fig. 9a] and post-annealed at 500
°C for 2 h [Fig. 9b] show a soft magnetic feature
with low coercivity, suggesting that the FePt
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 a superparamagnetic system can be described by a Langevin function:

Fig. 9. Hysteresis loop of the C/[C/FePt] 20
multilayers: (a) as-deposited, (b) post-annealed at
500 °C for 2 h, and (c) post-annealed at 800 °C for
1 h. The solid lines are the best Langevin fits to the
experimental data. The dotted lines represent the
Ms value expected for fully ordered L1 0 FePt
nanoparticles.

!"

#% ! " 1 &(,
x'
$

M H = M s coth x −

(1)

where x = MsVH/kBT, kB is the Boltzmann constant,
and V is the particle volume. Assuming spherical
magnetic particles with diameter Dm, the fits to the
experimental data yield Dm=15.25 nm for the asdeposited multiliayer and Dm=4.49 nm for the multilayer post-annealed at 500 °C for 2 h. Whereas
the magnetic size Dm of the post-annealed particles
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is found to be in good agreement with the structural size <D> determined by GISAXS, a strong
discrepancy is revealed for the as-deposited particles (Dm≈6<D>). Moreover, one can notice in Table
3 that the as-deposited multilayer presents a remanence ratio much higher than that of the postannealed multilayer. These results suggest that
strong exchange interactions actually exist between
as-deposited FePt nanoparticles due to their proximity. In addition, the Ms value of the as-deposited
multilayer is 730 emu/cm3, which is less than the
value of 1030 emu/cm3 expected for disordered
fcc FePt [33]. This reduction may be due to the
presence of a significant amount of Fe and Pt atoms dissolved in the matrix. 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. After annealing at 500 °C for 2 h, the saturation magnetization rises to Ms=1050 emu/cm3, which is approaching the bulk value of 1140 emu/cm3 for L10
FePt. This result confirms that partial L10 ordering
arises under thermal annealing.
Another signature of annealing-induced L10 ordering is that the multilayer post-annealed at 800
°C for 1 h [Fig. 9c] shows hard magnetic properties with high coercivity of Hc=1.84 kOe and remanence ratio Mr /Ms=0.42, which is approaching the
predicted value of 0.5 for noninteracting single domain particles with easy axes randomly oriented
[34]. However, in Fig. 9c, it can be seen that a shoulder is present in the magnetization curve. It might
be related to the presence of a soft magnetic phase
that is not exchange coupled to the hard phase.
Furthermore, the Ms value of the multilayer annealed at 800 °C for 1 h is strongly decreased to
590 emu/cm3, which is most likely due to the diffusion of Fe atoms of the FePt layers into the substrate, as revealed by RBS and EFTEM experiments.

4. CONCLUSIONS
In this paper, we have explored the thermal annealing effects on the structural and magnetic properties of FePt films and C/FePt granular multilayers
prepared by ion-beam sputtering. Our results show
that the as-deposited films and multilayers contain
FePt grains with a disordered face-centered-cubic
structure and are magnetically soft. Thermal annealing not only causes the growth of the FePt
grains but also induces partial L10 ordering, which
results in a hardening of the magnetic properties.
Nevertheless, it is worth noting that the presence

of carbon around the FePt grains restrains their
growth as well as their chemical ordering. This
leads to an increase of the temperature required
to transform the soft fcc FePt phase to the hard fct
FePt phase. Furthermore, thermal annealing generates preferential graphitization of the carbon
matrix, which leads to a gradual increase of the
bilayer thickness, and chemical interaction of the
Fe atoms with the Si substrate at 800 °C. Therefore, new routes are explored to facilitate the phase
transformation at low temperatures such as ion irradiation [35] or metal additive [36].
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