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Lattice expansion in nonoxidized FePt nanoparticles: X-ray absorption measurements
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Wet-chemically synthesized FePt nanoparticles were structurally characterized not only in the as-prepared
state but also after the removal of organic ligands and reduction in Fe oxides by a soft in situ hydrogen plasma
treatment. By the analyses of the extended x-ray absorption fine structures at the Pt Ly absorption edge, we
found an enhanced lattice constant with respect to the bulk material for the oxide-free nanoparticles with clean
surfaces. This shows that there exists a lattice expansion in FePt nanoparticles, which is an intrinsic property
of the particles, and neither caused by Fe oxides at the surface nor by the organic ligands surrounding the
nanoparticles in the as-prepared state. In addition, a first evidence of an inhomogeneous composition within the

nanoparticles is given.
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The properties of ensembles of self-assembled nanopar-
ticles are currently the subject of intense research
activities'™ driven both by fundamental interest and their
possible use as ultrahigh density storage media.> Prime can-
didates for technological applications are nanoparticles of
Fe,Pt,_, alloys around the equiatomic stoichiometry in the
chemically ordered L1, state, with its high magnetocrystal-
line anisotropy of about 6 X 10° J/m? in the bulk material.”
In the as-prepared state, wet-chemically synthesized FePt
nanoparticles are surrounded by long-chain organic ligands,
which drive the self-assembly of nanoparticles when brought
onto a substrate and prevent aggregation. The formation of
the L1, phase is driven by volume diffusion and is kineti-
cally suppressed. The disorder-order transformation can be
induced by thermal annealing at temperatures between
500 °C and 600 °C for FePt thin films®!'? and nanoparticles
(Ref. 11). In order to understand thermally activated diffu-
sion processes in FePt nanoparticles, it is useful to analyze
the crystal structure, especially the influence surface oxides,
and the homogeneity of the alloy after the synthesis.

To investigate the local structure, coordination, and com-
position, the analysis of the extended x-ray-absorption fine
structure (EXAFS) is a powerful tool. In this Rapid Commu-
nication, we focus on the effect of lattice expansion in FePt
nanoparticles (Ref. 12) and investigate whether this expan-
sion is an intrinsic property of the particles or caused by Fe
oxides at the surface or the organic ligands surrounding the
nanoparticles after synthesis. Therefore, the EXAFS of the
nanoparticles was measured in the as-prepared state as well
as after a soft hydrogen plasma treatment that removes all the
organic ligands and reduces the Fe oxides that may be
present at the surface.'3

Monodisperse single-crystalline FePt particles were pre-
pared by the reduction of Pt(acac), and thermal decomposi-
tion of Fe(CO)s as described elsewhere.” From transmission
electron microscope (TEM) and scanning electron micro-
scope (SEM) images, the size distribution was found to be a
log-normal distribution around the mean diameter d
=4.4 nm with a standard deviation of 0=0.14. The particles
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tend to self-assemble hexagonally in dendritic structure as
can be seen in Fig. 1(a). The mean center-to-center distance
within the covered area is d..~7 nm. Energy-dispersive
x-ray spectroscopy (EDX) in the TEM shows that the com-
position averaged over a few nanoparticles is at (56 = 6) at%
Fe content.

As a reference, a bulk sample of a chemically disordered
polycrystalline FesqPty, alloy was prepared by arc melting
under argon atmosphere.

We found by the analysis of the x-ray diffraction (XRD)
shown in Fig. 1 that the lattice constant is enhanced by
1%—2% in nanoparticles with a diameter of around 4.4 nm.
In larger particles with a diameter of 6.3 nm and an Fe con-
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FIG. 1. (a) SEM images at different resolutions of FessPtyy
nanoparticles with a mean diameter around 4.4 nm on a naturally
oxidized Si wafer and (b) XRD of FePt nanoparticles with mean
diameters of 4.4 nm (upper diffractogram) or 6.3 nm (lower diffrac-
togram). The particles are in the as-prepared state and surrounded
by organic ligands as schematically shown in the inset.
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TABLE I. Lattice constants determined with different methods
for FePt bulk material and nanoparticles (NPs) at room temperature.

Lattice constant
FePt system (nm)

Bulk 0.384+0.002 (XRD)
0.383+0.003 (EXAFS)
0.384+0.003 (XRD)
0.388+0.002 (XRD)
0.389+0.006 (ED)

0.387+0.004 (EXAFS)

NPs, d=6.3 nm, as-prepared
NPs, d=4.4 nm, as-prepared

NPs, d=4.4 nm, cleaned

tent of 50 at%, the lattice constant is the same as in the
corresponding bulk material [(0.384 *0.002) nm] at room
temperature. The difference in the XRD peak positions for
nanoparticles with different diameters is significant. In Fig.
1, the logarithm of the XRD intensity is shown as a function
of wave number g=4 sin[ 6]/ \ for FePt nanoparticles with
mean diameters of 4.4 and 6.3 nm in the upper and lower
diffractogram, respectively. The positions of the (111) and
(200) diffraction peaks are marked by vertical dashed lines
and are shifted to smaller wave numbers for the smaller par-
ticles. This shift is too large to be explained by the slightly
different Fe content and indicates a lattice expansion in the
smaller FePt nanoparticles, which was confirmed by the
high-resolution (HR) TEM images and electron diffraction
(ED). The absolute values of the lattice constants are sum-
marized in Table L.

With all these techniques, the lattice constant of the nano-
particles in the as-prepared state is measured, i.e., the lattice
constant of nanoparticles containing Fe oxides and sur-
rounded by organic ligands. By the analysis of the
EXAFS oscillations of oxide- and ligand-free nanoparticles
on the one hand and nanoparticles in the as-prepared state on
the other hand, a lattice expansion due to oxides and organic
ligands can be distinguished from an intrinsic one as pre-
sented in this work.

X-ray absorption measurements were performed at the Pt
L5 absorption edge, and the corresponding EXAFS region at
the ID12 beamline of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France, in an energy range of
11.529-12.581 keV in the fluorescence yield (FY) mode. A
plasma chamber was attached to the experimental endstation
for an in situ cleaning of the nanoparticles. In previous
studies,!! we found by the analyses of the x-ray absorption
near-edge structure (XANES) at the Fe L; , absorption edges
in the soft x-ray regime that the Fe oxides, which are present
in the nanoparticles in the as-prepared state can be reduced
by hydrogen plasma for 15 min at a pressure of 5 Pa. In
addition, all the organic ligands surrounding the wet-
chemically synthesized nanoparticles are removed by the
plasma.'#

To ensure that the Fe oxides of the nanoparticles are re-
duced, measurements of the XANES at the Fe K edge were
performed, which is a sensitive monitor for oxidation as
shown in Fig. 2. The XANES of the as-prepared nanopar-
ticles is very similar to the nanocrystalline y-Fe,O5; (Ref.
15). The small differences can be explained by the fact that

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 78, 041406(R) (2008)

1.4 XANES, Fe K|
12 1
'S
2 1.0
&
~— 0.8
=
g 06
20
1)

204
< .
FescPtyy nanoparticles| |
02r as prepared v-Fe,03
0 Lot — cleaned — Fes4Pty, bulkl|
7.10 7.14 7.18 7.10 7.14 7.18

photon energy, E (keV)

FIG. 2. (a) XANES at room temperature at the Fe K edges of
Fes¢Pty4 nanoparticles in the as-prepared state and after reduction of
Fe oxides and (b) reference spectra of metallic Fe in FessPtyy bulk
material and of nanocrystalline y-Fe,O3 (Ref. 15) are shown for
comparison.

the XANES of FePt nanoparticles in the as-prepared state is
a superposition of signals from Fe oxides and Fe in a metal-
lic environment. The XANES of the plasma-treated nanopar-
ticles differs significantly from the one in the as-prepared
state. Even after more than 24 h in the experimental UHV
chamber, the XANES is similar to the reference spectrum of
FescPty, bulk material with negligible contributions of Fe
oxides.

To extract the measured EXAFS of the nanoparticles at
the Pt Ly absorption edge from the absorption spectrum for
further analyses, the background was fitted and subtracted
from the experimental data using the AUTOBK algorithm!'6
with a threshold of Ryy,=0.11 nm. For Fourier transforma-
tion of the experimental data, the k weighted data were used
in the range between k,;,=20/nm and k. ,,=125/nm in a
Kaiser-Bessel window with dk=0.1/nm.

The EXAFS function y(k) can be expressed by a cumu-
lant expansion with the first cumulant corresponding to the
averaged value and the second cumulant corresponding to
the mean-square relative displacement. A possible anharmo-
nicity of the interatomic potential is given by the third cu-
mulant c3, which may be important in the nanoparticles due
to a flat and asymmetric potential at the surface caused by a
reduced coordination number.

The calculation of the scattering paths and the calculation
of x(k) was done using the software ARTEMIS based on the
algorithms of the FEFFIT (Ref. 17) and FEFF (Refs. 18 and 19)
programs.?? For the calculations, it is necessary to put in the
structure of the material, i.e., the Fe and Pt atoms have to be
placed at the lattice points of an fcc lattice. Since our
samples are chemically disordered, y(k) was calculated as
the sum of the weighted EXAFS of a Pt absorber atom in a
pure Pt environment and in a pure Fe environment with the
same lattice constants, i.e., the number of Fe and Pt nearest-
neighbor atoms was used as a parameter to fit the simulation
to the experimental data. Further fit parameters are an overall
energy shift, path-length corrections, and the mean-square
relative displacement of the atoms.

It can be clearly seen in Fig. 3 that: (i) the frequency of
the oscillations from the bulk reference sample is smaller
than those from the nanoparticles and (ii) there is no differ-
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FIG. 3. Room temperature oscillations of the x-ray absorption in
the EXAFS regime as a function of the wave number for a bulk
FesqPtyy sample (black line), FesqPtys nanoparticles in the as-
prepared state (dark gray line) and the same nanoparticles after
removal of oxides, and organic ligands (light gray line).

ence in the frequency of the EXAFS oscillations from nano-
particles in the as-prepared state and from plasma-cleaned
nanoparticles. The difference between the oscillations from
the bulk sample and the oscillations from the nanoparticles
cannot be explained by an enhanced c3, since c;3# 0 yields a
streching of the EXAFS at higher k values, which is not
observed here. Even with a small but reasonable value of
c3=10"7 nm? it is not possible to simulate the experimental
data properly. Therefore, it can be concluded that: (i) the
lattice expansion within the FesqPt,, nanoparticles with re-
spect to the corresponding bulk material is confirmed and (ii)
the lattice expansion is not caused by Fe oxides or the or-
ganic ligands surrounding the particles, but it is an intrinsic
property of the nanoparticles.

In the Fourier transform of the EXAFS signal (Fig. 4), the
different lattice constants are indicated by the shift of the
main peak position that is connected to the distance between
nearest-neighbor atoms. Note that there is a shift between the
peak position of the Fourier transform and the geometrical
distance between nearest-neighbor atoms at about 0.03-0.04
nm because of the EXAFS phase shift.

In the as-prepared state, the Fourier-transformed EXAFS
exhibits a broadening of the main peak with a shoulder
around r=0.16 nm, typical for oxygen (denoted as “B” in
Fig. 4). A minimum in the amplitude at about 0.21 nm (de-
noted as “A” in Fig. 4) for both the nanoparticles in the
as-prepared state and after plasma cleaning indicates a sharp
minimum in backscattering amplitude at k=60/nm that is
known in literature as Ramsauer-Townsend effect.?! The re-
duction in the scattering amplitude over a small region in k
space exists for several elements with atomic numbers near
80, such as Pt (Z=78) (Ref. 22), but for most elements (e.g.,
Fe) the scattering amplitude varies slowly as a function of k.
Therefore, the clear enhancement of this feature in the
EXAFS of the FePt nanoparticles with respect to the EXAFS
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FIG. 4. Magnitude of the Fourier-transformed EXAFS at the Pt
Ls edges for a bulk FesgPty, reference sample (black line) and nano-
particles (NPs) of the same averaged composition after plasma
cleaning (dark gray line), and in the as-prepared state (light gray
line). Lines represent experimental data; circles represent simulated
data.

in the FePt bulk material gives evidence for Pt enrichment
around the Pt absorber atoms, i.e., an inhomogeneous com-
position within the nanoparticles. This local deviation of the
averaged composition may explain, e.g., the reduced mag-
netic moments at the Fe sites experimentally obtained in
FePt nanoparticles (Refs. 11 and 23). A more detailed
EXAFS analysis and discussion of the influence on the mag-
netic properties will be given elsewhere.

The lattice constants extracted from the EXAFS data by
simulation of the experimental data given in Table I are in
good agreement to the lattice constants determined by XRD
or ED, confirming the lattice expansion in small FePt nano-
particles.

In conclusion, we found a lattice constant in FePt nano-
particles with a mean diameter of about 4.4 nm that is en-
hanced by 1%—2% with respect to the lattice constant of the
corresponding bulk material. For larger particles with a mean
diameter of about 6.3 nm, the same lattice constant was ob-
tained as in the bulk material within experimental error bars.
The lattice expansion in small FePt nanoparticles is an intrin-
sic property of the nanoparticles and is not caused by surface
oxidation. In addition, the Fourier-transformed EXAFS gives
evidence for an inhomogeneous composition within the
nanoparticles.
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