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a  b  s  t  r  a  c  t

FePt  nanoclusters  dispersed  in  a Cr matrix  have  been  investigated  by  laser-assisted  atom  probe  tomogra-
phy.  The  results  were  analysed  according  to  simulated  evaporation  experiments.  Three–dimensional
(3D)  reconstructions  reveal  the  presence  of  nanoclusters  roughly  spherical  in  shape,  with  a  size  in
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good  agreement  with  previous  transmission  electron  microscopy  observations.  Some  clusters  appear
to be  broken  up  after  the  evaporation  process  due  to  the  fact that  the  Cr  matrix  has  a  lower
evaporation  field  than  Fe  and  Pt.  It  is  thus  shown  that  the  observed  FePt  nanoclusters  are  chemi-
cally  homogeneous.  They  contain  Fe  and  Pt in  equiatomic  proportions,  with  no  core–shell  structure
observed.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The field of magnetic nanoclusters has far-reaching techno-
ogical implications, from disk drive technology to high-energy
ermanent magnets. Due to their large magnetocrystalline
nisotropy, FePt nanoclusters with the L10 structure are among
he more promising candidates for high density recording media
1,2]. However, most preparation methods produce the disordered,

agnetically soft A1 phase and require additional processing which
an introduce contaminants or result in particle agglomeration [3].
xperiments and simulations indicate that phase transformation
rom A1 to L10 may  be kinetically inhibited in nanoclusters smaller
han 4 nm [4].  A method that allows formation of nanoclusters
lready in the L10 state, without the need for post-formation ther-
al  treatments, would not only save significant processing cost, it
ould increase information storage density for recording media.

Recently, it has been shown that synthesis of FePt nanoclusters
ia inert gas condensation has yielded direct formation of partially
rdered L10 structure [5,6]. Recent work has examined the effects of
lasma characteristics on the early stages of order in the formation
10 FePt nanoclusters via inert gas condensation [7].  The results

ndicate that controlled ion density directly impacts the early stages
f FePt nanocluster ordering.

∗ Corresponding author. Tel.: +33 2 32 95 50 39; fax: +33 2 32 95 50 32.
E-mail address: jean-marie.lebreton@univ-rouen.fr (J.M. Le Breton).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.11.134
It is critical to have an understanding of the relationship
between cluster size and shape and the magnetic behaviour. In par-
ticular, it is important to understand surface effects as the cluster
size decreases, as the changes in magnetism associated with the
broken symmetry of surface atoms become non-negligible. Addi-
tionally, faceting along different planes alters surface effects—and
magnetism—as the cluster shape changes.

With this aim, FePt nanoclusters produced via inert gas con-
densation were investigated by the laser assisted atom probe
tomography (LAAPT). This technique offers an ultrahigh spatial
resolution (depth resolution ∼ 0.1 nm)  and provides a powerful
method to observe both structure and chemical composition at the
atomic scale [8].  In this paper, we present the first LAAPT inves-
tigation of FePt nanoclusters. The results (3D reconstructions and
concentration profiles) are discussed in relation with the field evap-
oration process that has been simulated prior to the experiment.

2. Experimental

FePt clusters were created by inert gas condensation [7] from a composite sput-
tering target consisting of Pt pieces in an Fe target, biased at 360 V (150 W),  drawing
330  mA of plasma current (Fig. 1). Argon introduced into the source chamber created
pressures of between 18 and 72 Pa. The deposition chamber pressures of between
0.27 and 0.93 Pa were controlled via argon flow rates. Depending on the processing
conditions, nanoclusters with different shapes were obtained, as shown by the high

resolution transmission electron microscopy (HRTEM) images in Fig. 2. The HRTEM
imaging was accomplished on clusters directly deposited onto carbon support grids
using a Tecnai G2F20 operating at 200 kV.

Samples for LAAPT investigation were obtained by depositing FePt clusters in a
Cr  matrix on a pre-patterned substrate consisting of an assembly of flat-topped Si

dx.doi.org/10.1016/j.jallcom.2011.11.134
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jean-marie.lebreton@univ-rouen.fr
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ig. 1. Schematic picture of nanocluster fabrication system. The formation chamber
s  on the left, inside the cooled region; the deposition chamber, on the right, nears
he  rotatable substrate. The FePt target is the leftmost object in the chamber.

1  0 0) posts. The silicon posts (100 �m height, 100 �m2 area) were obtained by pat-
erning a Si wafer with the Bosch process [9]. According to the processing conditions,
pherical nanoclusters are expected.

Atom probe tomography is based on the field evaporation of surface atoms as
ons,  and their identification by time of-flight mass spectrometry. The high elec-
ric field required (a few tens of V/nm) is obtained by applying a high voltage to
he sample prepared in the form of a sharply pointed needle (tip radius less than
0  nm). The tip is biased at a high positive DC voltage Vo in the 2–10 kV range
nd cooled to low temperatures (20–80 K). The vacuum in the analysis chamber
s  usually in the 10−8 Pa range. Surface atoms are then field-evaporated by means
f  high-frequency (100 kHz) laser pulses superimposed on the DC voltage Vo [10]
he femtosecond laser pulsed system used is an amplified ytterbium-doped laser
AMPLITUDE SYSTEM s-pulse) with a pulse length of 350 fs. The evaporated atoms
re collected by a time-resolved position detector located in front of the sample. It
llows time-of-flight measurements of each ion and to record its impact position.
his information allows the chemical nature of evaporated ions to be deduced and
he  position from which atoms originate at the tip surface to be calculated. The lat-
ral  positions of atoms at the surface of the tip sample are obtained from a back
rojection of ion impacts coordinates on the position sensitive detector. The depth
osition is deduced from the order of detection of atoms [11]. The sample is field-
vaporated atom per atom and a 104 nm3 typical volume is collected in a few hours.
fter the 3D reconstruction of the analysed volume, the spatial distribution of atoms

s  observable at the atomic scale in the real space. From the data set of the 3D recon-
truction, chemical composition or concentration depth profiles can be calculated
verywhere in the analysed volume.

. Results and discussion

.1. Modelling of the atom probe experiment

In atom probe tomography, the specimen is evaporated atom
er atom while the impact positions of the projected ions on a

etector are determined. The tomographic reconstruction is cal-
ulated using a back projection algorithm that takes the geometric
eatures of the sample into account. This procedure, well adapted
o homogeneous materials, faces limitations when analysing

Fig. 2. HRTEM images of FePt single crystals obtained from different experi
Compounds 517 (2012) 40– 44 41

nanostructured materials. The end form of the specimen changes
continuously during evaporation, depending on the structure of
the analysed material, the experimental conditions and the nature
of elements present in the different phases. This can give rise
to changes in the projection law between the detector and the
specimen surface. Reconstruction aberrations are therefore often
observed and can bias measurements [12]. In order to overcome
this, a modelling approach was  developed [13–15].  To understand
the effects of nanostructure on the back projection algorithm, the
gradual evolution of the tip under field evaporation is modelled
numerically. This evolution is obtained by calculating the electric
field above the surface of the tip subjected to the DC voltage, and by
determining the induced sequence of evaporation. To obtain data
corresponding to the result of an experimental analysis, the ion tra-
jectories are calculated between the tip and a virtual detector. For
each surface atom the electric field is measured at the surface of the
corresponding Wigner Seitz cell. Field evaporation is the transition
of a surface atom into an n-times charged ion under the influence
of the external electric field (in the range 10–100 V/nm). This pro-
cess is thermally activated and described by an Arrhenius law [16].
The evaporation sequence is determined step-by-step to determine
which atom to evaporate next. We  assume in a first approximation
that the evaporation fields of elements in an alloy are very close to
the evaporation fields of the pure metals. Using classical laws, ion
trajectories in the field distribution are calculated and the tip-to-
image transfer function is deduced. More details about the model
can be found in previous publications [13–15].

The Cr FePt field emitter is represented as a stack of atoms
in the form of a cylinder terminated by a hemispherical cap of
radius R = 16 nm.  The modelled tip is composed of a pure Cr matrix
with spherical and homogeneous Fe0.5Pt0.5 precipitates of 3 nm
diameter, in agreement with TEM analysis. The global composi-
tion corresponds to the values measured by LAAPT: 6.4% Fe and
6.4% Pt in Cr The crystalline structure of both matrix and precip-
itates is fcc. The evaporation fields are: 29 V/nm for Cr, 35 V/nm
for Fe, and 45 V/nm for Pt. The particles are placed randomly
(8.9 × 1018 precipitates/cm3). An image of the initial distribution of
the FePt precipitates in the Cr matrix corresponding to the modelled
tip is shown in Fig. 3a. The image is perpendicular to the modelled
tip axis.

A 2D projection of a reconstructed volume obtained after the
simulated evaporation sequence is shown in Fig. 3b. The 2D pro-
jection is perpendicular to the tip axis. Only the Fe and Pt atoms

are shown, revealing the position of the clusters. The crossed lines
that appear in the figure correspond to zone axes. They are due
to the fact that both matrix and precipitates have the same fcc
crystalline structure. The Fe and Pt atoms appear in the same

mental conditions: (left) spherical cluster and (right) faceted cluster.
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ig. 3. 2D projections of a reconstructed volume perpendicular to the direction of t
imulation: the distributions of Fe and Pt are equivalent. (b) Distribution of Fe and P

egions, in precipitates with no well-defined shape. The reconstruc-
ion suggests that, in some regions, reconstructed nanoclusters
ould be roughly spherical (dotted circles in Fig. 3b), with a size
ess than about 4 nm,  which is a little larger than in the modelled

aterial. Other clusters appear to be broken up after the evap-
ration process. The matrix/precipitates interfaces are not well
efined.

Concentration profiles across FePt nanoclusters, along the tip
xis, were obtained. An example is shown in Fig. 4. The Fe and Pt
rofiles are similar, and show that these elements are present on a

ength of about 4 nm,  in agreement with the apparent size observed
n Fig. 3a. The matrix/nanocluster interfaces are not sharp, being
xtended to more than 1 nm.  This can be attributed to the fact that
he evaporation field of the Cr matrix is lower than those of Fe and
t. In the centre of the FePt clusters, the Fe50Pt50 composition is
btained, in very good agreement with the concentrations in the
odelled tip.

These results show that the evaporation of a sample consti-
uted of FePt spherical nanoclusters in a Cr matrix leads in the
econstructed volume to a mixing of Fe and Pt atoms with Cr.
his artificial mixture is due to the difference in the evaporations
eld between the matrix and the nanoclusters. The apparent size
f the observed nanoclusters, that have no well-defined shape, is
arger than their real size in the starting material. Some precipitates

ppear to be broken up. However, in the reconstructed volume, and
lthough the Fe and Pt atoms have different evaporation fields, the
e concentration profiles correspond to the Pt ones. Consequently,
he measured composition of the FePt precipitates is equiatomic.
ulated analysis. (a) FePt nanoclusters (diameter: 3 nm)  in the modelled tip before
s after simulation.

The reconstructed nanoclusters thus appear to be homogeneous,
like in the starting materials.

3.2. Experimental analysis

A 3D reconstructed volume of the investigated specimen is
shown in Fig. 5. The FePt nanoclusters are represented in yellow
and evidenced by isoconcentration surfaces (threshold: 20% Fe and
20% Pt). The image reveals the FePt nanoclusters embedded in the Cr
matrix. The clusters appear spherical in shape, with a size distribu-
tion between 1 and 5 nm,  in good agreement with HRTEM analysis.
The reconstruction does not reveal if some clusters are faceted, as
the shape of the clusters is not regular. The measured atomic com-
position of the nanoclusters is in very good agreement with the
nominal composition, the same atomic content being obtained for
Fe and Pt. The measured atomic global concentrations are close to
6.4% Fe, 6.4% Pt and 87.2% Cr.

A 2D projection of a reconstructed volume obtained after the
experimental analysis is shown in Fig. 6. The 2D projection is per-
pendicular to the tip axis. The positions of the Fe and Pt atoms
clearly reveal the nanoclusters. However, the shape of the observed
precipitates is neither regular nor homogeneous. Some precipi-
tates appear to be broken up. However, some other precipitates
seem to be roughly spherical, as indicated by the dotted lines in
the figure. The observed nanoclusters appear to be size distributed.

The matrix/precipitate interfaces are diffuse, in agreement with the
differences in the evaporation field of the Fe, Pt and Cr elements.

An enlarged view of a region around a FePt nanocluster (Fig. 7)
shows that the distributions of Fe and Pt atoms in the cluster
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Fig. 5. 3D reconstruction image of FePt nanosized clusters embedded in a Cr matrix.
The analysed volume is 20 nm × 20 nm × 25 nm. The nanoparticles of FePt are evi-
denced by isoconcentrations surfaces, in yellow (threshold: 20% Fe and 20% Pt). (For
ig. 4. Cr, Fe and Pt concentration profiles in a volume across a FePt cluster, obtained
rom the simulated analysis. The profiles are along the modelled tip axis.

re comparable. No core–shell atomic distribution is observed
ithin the cluster. This is revealed as well on the concentration
rofiles (Fig. 8). Thus, the experimental analysis (reconstructed vol-
mes and concentration profiles) reveals FePt nanoclusters with an
quiatomic composition. According to the simulated experiments,

his indicates that the FePt clusters in the investigated sample
re chemically homogeneous, with a size distribution that extends
rom 1 to 5 nm.

Fig. 6. 2D projection of a reconstructed volume perpendicular to the direct
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)

It appears that the reconstruction does not reveal if the clusters
are spherical or faceted. Moreover, some clusters appear to be bro-
ken up after the evaporation process. These effects are attributed to
the fact that Cr has a lower evaporation field than those of Fe and
Pt. Such a difference can also explain the fact that Cr is detected
inside the FePt nanoclusters. In this case, some Cr atoms from the
matrix can be evaporated together with Fe and Pt atoms from the
nanoclusters, leading to an artificial Cr/FePt mixing, as observed in

Fig. 8.

Thus, to get a more accurate analysis, one must consider the
nature of the matrix. A matrix with an evaporation field higher

ion of the TAP analysis, showing the distribution of Fe and Pt atoms.
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Fig. 7. 3D-reconstruction of a volume around a FePt cluster.

Fig. 8. Cr, Fe and Pt concentration profiles in a volume across a FePt cluster, obtained
from the experiment. The apparent mixing of FePt with Cr is due to the difference
between the evaporation field of Cr with those of Fe and Pt (see text).
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than that of the clusters could avoid perturbation effects during
the evaporation sequence. From that point of view, specimens con-
sisting of FePt nanoclusters in a W matrix (the evaporation field of
W being 52 V/nm) could allow more precise characterisation of the
cluster shape.

4. Conclusion

FePt nanoclusters dispersed in a Cr matrix have been investi-
gated by atom probe tomography, allowing a direct observation
of their chemical structure. The results reveal, in agreement with
the simulations of the evaporation sequence, that the clusters
are chemically homogeneous, and no core–shell structure was
observed. Fe and Pt atoms are present throughout the clusters in
equiatomic proportions. Some observed clusters are roughly spher-
ical in shape, with a size that is in good agreement with electron
transmission microscopy observations. However, the reconstruc-
tion does not reveal if some clusters are faceted. This is due to the
fact that Cr has a lower evaporation field than Fe and Pt. These
results indicate that atom probe tomography allows a direct obser-
vation of the chemical structure of the FePt nanoclusters.
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