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Abstract. We report on the influence of oxygen on the morphology and crystal structure of gas-phase
prepared FePt nanoparticles. The particles are prepared by DC-sputtering in an Ar/He gas mixture.
Without any oxygen, the obtained particles are predominantly icosahedra. The additional supply of oxygen
leads to significant changes in both the crystal structure and morphology of the FePt nanoparticles. With
increasing oxygen concentration, we observe the onset of particle agglomeration and a drop of the particle
size. In addition, the crystal structure changes from icosahedral to fcc. These results are ascribed to oxygen
mediated changes of the surface properties of the FePt nanoparticles such as the surface diffusivity and
the surface free energy.

PACS. 81.07.-b Nanoscale materials and structures: fabrication and characterization – 64.70.Nd Structural
transitions in nanoscale materials

1 Introduction

Stoichiometric FePt alloys are promising candidates for
magnetic media in future high density magnetic data stor-
age. The thermodynamic equilibrium structure of FePt
is a chemically ordered tetragonal phase (L10), which
exhibits a large magnetocrystalline anisotropy and thus
allows for the preparation of particularly small and ther-
mally stable magnets. Sun et al. [1] have shown that ther-
mal annealing of deposited FePt nanoparticles, which are
prepared by a wet chemical routine, causes a phase trans-
formation from the disordered fcc structure to the L10

structure. However, a disadvantage of this technique is
the occurrence of crystal growth and (partial) agglomer-
ation of the particles on the substrate [1,2]. Recently, we
have reported on an alternative gas-phase based method
for the preparation of FePt nanoparticles. This method
provides the advantage of a possibility to subject the par-
ticles to temperatures as high as TS = 1273 K (sintering)
in the gas-phase and, thus, prior to there deposition [3,4].
Typical for the preparation method employed, we obtain
predominantly icosahedral, hence, multiply twinned par-
ticles (MTP´s) [5]. As a consequence, these nanoparticles
are superparamagnetic at room temperature and have a
relatively low magnetic anisotropy. In order to produce
stable magnetic nanoparticles, it is mandatory to avoid
the formation of MTP´s. It is known that in the gas-phase
based preparation of transition metal nanoparticles (e.g.,
Cu or Ni), the formation of MTP´s is suppressed by the
additional supply of oxygen, and the formation of single

a e-mail: brell@ttphysik.uni-duisburg.de

crystalline and predominantly cuboctahedral particles is
preferred [6–8]. We have, therefore, studied the influence
of additionally supplied oxygen on the crystallography and
morphology of our gas-phase prepared FePt nanoparticles.

2 Experimental

FePt nanoparticles are prepared by DC sputtering from
alloy targets in a continuous Ar/He gas flow at pressures
of p = 0.5 mbar and flow rates of rAr = rHe = 1.7 l s−1.
The particles are sintered in the gas-phase at TS = 873 K
before their deposition onto amorphous carbon films. The
experimental details are described elsewhere [3,5]. To in-
vestigate the influence of oxygen on the growth and sin-
tering of the particles, controlled amounts of oxygen are
added to the Ar/He gas mixture. The O2 volume concen-
tration is varied in the range 0.5% ≤ cO2 ≤ 6.6%. The
structure and morphology of the particles are character-
ized ex situ by transmission electron microscopy (TEM).

2.1 Results and discussion

The results of our recent investigations on the gas-phase
based preparation of FePt nanoparticles show that the
amount of multiply twinned particles (predominantly
icosahedra) increases with increasing sintering tempera-
ture [3]. In order to study the influence of additionally
supplied oxygen on the structure and morphology of the
FePt nanoparticles, the present investigation is limited to
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Fig. 1. TEM micrographs of FePt nanoparticles prepared at
different oxygen gas flow rates. The corresponding oxygen con-
centrations are (a) cO2 = 0 (no oxygen), (b) cO2 = 0.5%,
(c) cO2 = 0.9%, (d) cO2 = 1.7%, (e) cO2 = 3.4%, and
(f) cO2 = 6.6%. The particles are sintered in the gas-phase
at TS = 873 K.

particles that are sintered at TS = 873 K. At this tem-
perature, the maximum amount of icosahedra is obtained
when no oxygen is present.

In Figure 1, we show as an overview six TEM micro-
graphs of FePt nanoparticles which are prepared at var-
ious volume concentrations of oxygen. Particles prepared
under “clean” conditions, i.e. without any additionally
supplied oxygen (Fig. 1a), are very monodisperse, non-
agglomerated, and exhibit almost spherical morphologies.
The mean particle diameter is dP = 6.1 nm, and the geo-
metrical standard deviation is σg = 1.1. This high degree
of monodispersity led us to the conclusion that due to the
low number concentration, the particles in the nucleation
zone grow in a layer-by-layer mode rather than by collision
and subsequent coalescence [5].

With increasing volume concentrations of oxygen (cf.
Figs. 1b–1d), the mean particle size decreases, and the par-
ticle size distributions are broadened. At an oxygen con-
centration of cO2 = 1.7% (Fig. 1d), we observe the onset

of particle agglomeration. By further increasing the oxy-
gen content to cO2 = 3.4% (Fig. 1e), we find that the size
of the “primary” particles contained within an agglomer-
ate decreases to 1 nm ≤ dprim ≤ 2 nm. Since sintering at
elevated temperatures would always lead to an increase of
the particle size and to a compaction of the agglomerates
rather than to a downsizing of particles, this dramatic
morphological change can only originate from strongly
modified growth conditions in the nucleation zone due to
the presence of oxygen. Since at the early stage of growth,
the particle sizes are smallest, the influence of the par-
ticle surface is greatest. There are two important effects
of oxygen on free surfaces of (fcc) metals: the presence of
oxygen may reduce the surface free energy of metals (e.g.,
in Cu, γ-Fe, Ni [7,9,11]), and the diffusion of oxygen on
a metal surface is slower than the surface self diffusion
of the metal. The latter leads to an increased activation
energy for surface diffusion (i.e. a reduced effective sur-
face diffusivity) in the presence of oxygen (e.g., in Cu,
Pt [10,11]). As a consequence of the reduced surface free
energy, the size of the critical nucleus for homogeneous nu-
cleation from a supersaturated vapor is decreased, which
leads to smaller primary particles in the nucleation zone.
Concurrently, the nucleation rate and, thereby, the par-
ticle number concentration is increased [12]. Without ad-
ditionally supplied oxygen, the particle number concen-
tration is just below the critical limit for inter-particle
collisions [5]. Apparently, the higher nucleation rate leads
to the onset particle-particle collisions and, as a result,
agglomeration sets in.

Flagan and Lunden have developed a model where
they describe the growth of primarily generated nuclei by
collision and coalescence [12]. Here, the growth charac-
teristics are determined by both the probability for inter-
particle collisions due to Brownian motion and the velocity
of inter-particle coalescence. Hence, the onset of agglomer-
ation is characterized by the equality of the characteristic
collision and coalescence times τcol and τcoa, respectively.
The coalescence time is mainly determined by the diffu-
sivity and, thus, depends strongly not only on the temper-
ature, but also on the activation energy and the diffusion
constant. If we consider surface diffusion the predominant
sintering mechanism, the following equations for the coa-
lescence and collision times are obtained [7,12]:

τcoa ∝ d4
P T exp

(
Ea

kBT

)
(1)

τcol ∝ d5/2T−1/2. (2)

Here, dP , T , Ea, and kB denote the particle diameter, the
temperature, the activation energy for diffusion, and the
Boltzmann constant, respectively. In Figure 2, we show
schematically τcoa (broken lines) and τcol (solid line) as
functions of the particle size. The course of τcoa is plot-
ted for two different activation energies. As mentioned
above, the presence of oxygen is expected to increase
the activation energy for surface diffusion. According to
equation (1), this results in an increase of the coales-
cence time τcoa, whereas the collision time τcol remains
almost unaffected (there is only little influence, e.g. on the
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Fig. 2. Schematic plot of the particle size dependence of the
characteristic collision time τcol and the coalescence time τcoa.

viscosity of the gas). As a consequence, the onset of ag-
glomeration (i.e. the crossing of the broken and solid lines)
occurs at smaller particle sizes. Therefore, like the reduc-
tion of the surface free energy, the reduced surface diffu-
sivity acts toward the onset of agglomeration at reduced
particle sizes.

It is to be expected that such particle agglomerates
coalesce at the latest in the sintering oven, which is, how-
ever, not observed in our experiments. Apparently, either
the residence time in the sintering oven, which is as low
as τS = 0.1 s, is too short for a significant progress in sin-
tering, or an oxygen layer on the particle surface prevents
adjacent primary particles from coalescence.

Surprisingly, a further doubling of the oxygen concen-
tration leads again to individual particles, which are no
longer agglomerated (cf. Fig. 1f), and the primary parti-
cles are even larger than those obtained at lower oxygen
concentrations (dP = 3.7 nm, σg = 1.28) We emphasize
that this experimental result is reproducible and is in ac-
cordance with findings of Olynick et al. [7], who report the
same behavior for gas-phase prepared Cu nanoparticles.
Since the gas pressure is kept constant and, thereby, the
collision time is not affected, the coalescence properties in
the presence of a critical amount of oxygen are somehow
modified. However, this effect lack´s any explanation so
far.

Besides the oxygen mediated morphological modifica-
tions, we also observe changes in the crystal structure of
the FePt nanoparticles. In Figure 3, we show a series of
representative HRTEM images of particles that are pre-
pared at increasing volume concentrations of oxygen. Par-
ticles which are prepared under “clean” conditions (no
oxygen) have icosahedral structures [3]. Figure 3a shows
as an example a particle that displays the typical HRTEM
contrast of an icosahedron along its 2-fold axis [13]. At
small oxygen concentrations of cO2 = 0.5%, there are al-
most no modifications observable. Still, the predominant
structure is icosahedral. The icosahedron presented in Fig-
ure 3b is oriented with its 3-fold symmetry axis parallel to
the viewing direction. When the oxygen content is further
increased, the amount of icosahedra is reduced in favor of
single crystal fcc particles, as is exemplified in Figure 3c.
In Figure 3d, we show an HRTEM image of agglomerated
particles prepared at cO2 = 1.7%. The crystalline subunits

Fig. 3. HRTEM micrographs of particles as prepared at differ-
ent oxygen concentrations. (a) cO2 = 0 (no oxygen), (b) cO2 =
0.5%, (c) cO2 = 0.9%, (d) cO2 = 1.7%, (e) cO2 = 3.4%, and
(f) cO2 = 6.6%. The particles are sintered at TS = 873 K.

of the polycrystalline agglomerate are clearly visible. At
cO2 = 3.4% (Fig. 3e), the degree of crystallinity is further
decreased. Concurrent with the unexpected morphological
changes due to the modification in the coalescence prop-
erties, the crystallite size is significantly increased again
at a further increased volume concentration of oxygen of
cO2 = 6.6%. At these oxygen concentrations, we observe
mainly single crystal fcc FePt nanoparticles. Figure 3f
shows as an example a cuboctahedral particle, which is ac-
tually an fcc single crystal with a particular faceting. We
like to point that in none of these samples, have we ever
found any indication for the occurrence of (crystalline)
metal oxides from our HRTEM investigations.

In order to understand the structural changes caused
by the additional supply of oxygen, both thermodynamic
and kinetic aspects are taken into consideration. As for
particle agglomerates, the evolution and stabilization of
a certain crystal structure (which is often related to a
certain morphology) is significantly influenced by the ki-
netics of the sintering process. Only in the case of sin-
gle non-agglomerated particles, which are likely to be
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Fig. 4. Electron diffraction pattern of FePt nanoparticles pre-
pared under different oxygen contamination. The black bars
indicate the position of Bragg peaks for bulk FePt, the grey
bars show peaks of iron oxides.

fully sintered, is it reasonable to assume that they exhibit
their thermodynamic equilibrium structure and morphol-
ogy. FePt nanoparticles, which are prepared under “clean”
conditions, do not experience any changes in their struc-
ture or morphology when being sintered at temperatures
above TS ≥ 873 K [3]. It is thus reasonable to assume that
these particles are indeed thermally equilibrated. Since
decades, it is known that transition metals, which are
fcc in the bulk, form multiply twinned particles (MTP’s)
such as icosahedra or decahedra in the nanoparticle size
regime [14]. At such small particle sizes, the contribution
of the surface free energy γ to the total energy becomes im-
portant and may even help in shifting the thermodynamic
equilibrium, e.g., from (bulk) fcc to icosahedral structures.
Thus, the stability of icosahedra which are solely termi-
nated by {111} facets, is mainly due to a lower surface
free energy γ111 of the {111} facets as compared to γ100

of the {100} facets.
In the presence of oxygen, this situation is changed.

It is reported in the literature that in case of some tran-
sition metals (Cu, γ-Fe), the presence of oxygen leads to
a decrease of γ [7,9]. This reduction is found to be more
pronounced for {100} facets than for {111} facets [7]. As
a consequence, the {100} facets become energetically fa-
vored with respect to {111} facets leading to a destabiliza-
tion of icosahedral structures. This argument explains the
fact that although the size of the particles is decreasing
(which should further stabilize icosahedral structures), we
do not observe the occurrence of any icosahedra at oxygen
concentrations of cO2 ≥ 1.7%. We rather observe single
crystal fcc FePt nanoparticles.

Electron diffraction observations proves that there are
no crystalline metal oxides, in particular iron oxides,
present in our samples. In Figure 4, we show a series of
electron diffraction patterns (EDP’s) as obtained from the
FePt nanoparticles shown in Figures 1 and 3. The posi-
tion of all observed peaks agree with those of the Bragg
peaks for bulk FePt (black bars). With increasing oxygen
concentration, the width of the peaks increases indicating
a decreasing crystallite size. At cO2 = 3.4%, the EDP is
very diffuse, which means that the degree of crystallinity

is very low. In accordance with the results of the HRTEM
investigations (Fig. 3f), we observe the recovery of pro-
nounced FePt peaks at cO2 = 6.6% indicating that the
crystallinity improves again. The slight shift of the FePt
Bragg peaks towards lower reciprocal lattice spacings with
increasing oxygen concentrations indicates an increase of
the lattice constant, which may also originate from the
reduced surface free energy of the {100} facets.

3 Conclusions

FePt nanoparticles are prepared by sputtering in the pres-
ence of oxygen. Particles prepared without oxygen are pre-
dominantly icosahedra and show no agglomeration. The
supply of oxygen leads to the onset of agglomeration which
is explained by the enhanced coalescence time due to a re-
duced surface diffusion in the presence of oxygen. Further-
more, the oxygen causes a destabilization of the icosahe-
dral structure, and the particles acquire a single crystalline
fcc structure. This is a consequence of the reduced surface
free energy of {100} facets as compared to that of {111}
facets.
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