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We investigate from first principles the energetic order of single crystalline L10-ordered and multiply

twinned morphologies of FePd nanoparticles close to the stoichiometric composition considering up to

561 atoms. The results are related to previous analogous calculations of FePt and CoPt nanoparticles. We

find that compared to the isoelectronic FePt alloy, multiply twinned structures are slightly favored in

energy, while the latent tendencies to form a layered antiferromagnetic structure in the L10 phase are

less pronounced.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

During the past years, large efforts have been spent in the
fabrication and characterization of binary platinum-based transi-
tion metal nanoparticles. One central reason for their popularity is
the extremely large magnetocrystalline anisotropy of L10-ordered
bulk FePt and CoPt, which is exceeding the values obtained for
contemporary magnetic storage media by more than one order of
magnitude, entitling them as potential building blocks for future
ultra-high density recording applications [1–3]. However, for the
common experimental fabrication procedures, it turned out that
the desired hard-magnetic properties are very difficult to achieve
for small particle sizes close to the theoretical superparamagnetic
limit [4–9]. This has been related to the inability to induce nearly
perfect L10 order by annealing and also to the occurrence of
multiply twinned morphologies. These turned out to be strong
competitors as they are energetically favored for particle sizes
smaller than 3 nm, which has been pointed out recently by large-
scale first principles calculations [10].

FePd nanostructures may also be of interest for recording
purposes, but they did not attract comparable attention as it
exhibits a factor of 4–5 smaller anisotropy in the L10 phase—

which is, however, still large compared to other materials [11–14].
Another potential field of application for Fe–Pd alloys is in sensors
and actuators based on the magnetic shape memory effect which
is observed in the disordered fct-phase around Fe70Pd30 [15,16].
This phase, however, is metastable and only realized by thermal
ll rights reserved.
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treatment. In equilibrium, Fe70Pd30 decomposes into stoichio-
metric L10 FePd and body-centered cubic Fe. From the funda-
mental point of view, FePd alloys are interesting as they are
isoelectronic with their Pt-based counterparts and, therefore,
allow investigating the influence of the size of one atomic species
on the properties of the material.

Spin polarization, the itinerant character of the electrons
as well as the importance of structural relaxations make a
computationally expensive full ab initio treatment necessary
to describe the energetic relationship between single-crystalline
and non-crystallographic morphologies, which has become
recently possible on state-of-the-art supercomputers [10,17,18].
Following the approach previously outlined in Ref. [10],
we compare the energies of ideal cuboctahedral, icosahedral
and decahedral geometries with a so-called magic number of
atoms N, which are defined by the number n of closed geometric
shells

N ¼ 1=3ð10n3 þ 15n2 þ 11nþ 3Þ.

We will compare morphologies with a fixed composition that
corresponds to the L10 cuboctahedron with alternating Fe and Pd
layers along the [0 0 1]-axis. The two (0 0 1) surfaces are covered
by one species. The numbers of Fe and Pd atoms in the cluster (NFe

and NPd) of a given size N are thus not the same and defined by the
following relations:

NFe ¼ 1=3ð5n3 þ 6n2 þ 4nÞ

and

NPd ¼ 1=3ð5n3 þ 9n2 þ 7nþ 3Þ.
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For other perfectly ordered morphologies (radially ordered
icosahedra, axially L10-ordered decahedra) different formation
laws hold. To allow comparison, the excess atoms of one species
have been distributed randomly over the anti-sites, here.
2. Computational details

The calculations were carried out in the framework of density
functional theory (DFT) [19] using the Vienna ab initio simulation
package (VASP) [20]. The exchange–correlation functional is
described within the generalized gradient approximation (GGA),
in the formulation of Perdew and Wang [21] (using the spin
interpolation Formula of Vosko, Wilk and Nusair [22]); the core
electrons are described within the projector augmented wave
(PAW) approach [23]. A plane wave cut-off Ecut ¼ 268 eV was used
for the nano-systems, the k-space integration restricted to the
G-point. The 3d74s1 electrons were treated as valence for Fe,
the 4d95s1 electrons as valence for Pd. The size of the supercell
containing the particle was chosen so that the distance between
atoms of the periodic images was exceeding 9 Å. For our
bulk calculations, we explicitly included the semicore Fe 3p
electrons using the GGA of Perdew Burke and Ernzerhoff [24]
and Ecut ¼ 335 eV. Up to 196 k-points in the irreducible Brillouin
zone were considered for the smallest cell. The structural
relaxations were performed on the Born-Oppenheimer surface
using a conjugate gradient scheme. Convergence was assumed
when the energy between two consecutive steps dropped
below 0.1 meV leading to residual forces of typically 10 meV/Å
or smaller.
Fig. 1. Energy of various morphologies of FePd nanoparticles as a function of the num

respective morphologies at N ¼ 561. Cuboctahedra are represented by squares, decahed

to the L10 cuboctahedron of the respective size. The lines are only guide to the eye.
3. Results

Initial calculations performed in the same fashion as for the
FePt case [18] confirm that for L10 cuboctahedra the terminat-
ion of the [0 0 1] surfaces with Pd atoms is preferred over a
Fe-termination. We, therefore, restrict our investigations to
morphologies with predominantly Pd-covered surfaces. The
size-dependent evolution of the energetic order of icosahedra,
decahedra and L10-ordered cuboctahedra is shown in Fig. 1. To
allow a straightforward comparison, the energies are relative to
the L10 cuboctahedra, which is taken as reference for each size. For
the different morphologies, exactly the same compositional
distributions are used as in Ref. [10]. The results concerning the
ordered multiply twinned morphologies are very similar with a
slightly increased tendency to favor the non-crystallographic
structures. For N ¼ 561, the icosahedron consisting of alternating
Fe and Pt-rich shells, which exhibits the lowest energy of the
compared morphologies for all sizes, is 43 meV/atom lower in
energy than the L10 isomer as compared to 30 meV/atom in the
FePt case. Larger discrepancies are encountered for the disordered
icosahedron, which are still now considerably closer to the L10

reference, reflecting the reduced ordering temperature in the FePd
alloy. Another difference to the FePt case is the significance of
antiferromagnetic (AF) configurations. Recent DFT calculations for
the isoelectronic Fe–Pt system reveal the existence of an AF
solution with a slightly reduced c/a ratio, which is nearly
degenerate in energy with the ferromagnetic (FM) ground state
[25–27]. The corresponding configuration consists of alternating
ferromagnetic Fe layers with nonmagnetic Pt layers in between
which was traced back to the competition between the direct
AF interaction between the Fe atoms of different layers and a FM
ber of atoms N in the particle. The images on the left and on the top refer to the

ra by pentagons and icosahedral morphologies by spheres. All energies are relative
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Fig. 2. Energy and magnetic moments as a function of the c/a ratio for FM (closed

squares) and AF (open symbols, squares for layered, diamonds for staggered AF)

configurations of bulk L10 FePd. All calculations were carried out isochorously at

the equilibrium volume of the respective state, which was determined in a

separate calculation (V ¼ 13.94 Å3 for FM, 13.98 Å3 for layered AF and 14.08 Å3 for

staggered AF).The total and element resolved absolute magnetic moments are

given in Bohr magnetons per atom (of the respective type). The Pd moments in the

AF configurations are zero and, thus not shown.
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Fig. 3. Size dependence of the (total and element resolved absolute) magnetic

moments of FePd nanoclusters for different morphologies. Same symbols as in Fig.

1. The neet spin-polarization of the Pd atoms in the AF configuration is related to

surface atoms.
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Pt-mediated interaction, while the intra-layer coupling in the Fe-
layer is FM [28]. The existence of such a solution can be of
importance under extremely strained conditions (which may
eventually be encountered due to particle–substrate interactions)
[18] or when elements with a tendency to form AF spin structures
are co-alloyed. However, magnetocrystalline anisotropy and
incomplete L10 ordering have been shown to support the FM
state [25,26]. In L10 FePd, AF and FM solutions are found to be
stable at different c/a ratios in a similar fashion, although the
layered AF solution is considerably higher in energy (34 meV/
atom, cf. Fig. 2) than the FM state, which in contrast to the FePt
case. A similar value can be found for the 561 isomers in Fig. 1,
while the energy difference is decreasing for decreasing particle
sizes. The staggered AF solution of the MnPt type, where the spin
orientations of the nearest neighbor Fe atoms are alternating
within one layer is another 81 meV/atom higher in energy than
the layered AF state.

The absolute values of magnetic moments of the Fe atoms are
slightly increased for the AF configurations, while Pd conse-
quently does not show an induced moment. The size-dependent
evolution of the magnetic moments as a function of the particle
size is shown in Fig. 3. L10-ordered structures generally posses a
higher moment than the non-crystallographic morphologies, the
differences, however, are small. The increase of the average
magnetic moment with cluster size is related to the variation of
the composition, as, especially for Fe, surface atoms have a slightly
higher moment.
4. Conclusions

For particle sizes of 561 atoms and below, ordered multiply
twinned morphologies as icosahedra and decahedra are favored
over single-crystalline L10-ordered structures. For geometrical
reasons, only the latter ones may show hard magnetic behavior
suitable for recording purposes. The quantitative relationship
between the morphologies bears large similarities to the energy
differences obtained for the isoelectronic FePt clusters—except for
the disordered structures which are closer to the ordered ones for
FePd. Another significant difference is that latent antiferromag-
netic tendencies, which were predicted for FePt, appear sup-
pressed. This may be an advantage when designing a suitable
material for ultra-high density recording media that should
possess a large magnetocrystalline anisotropy, a stable ferromag-
netic configuration and a low affinity to form twinned structures.
Concerning the size and morphology dependent variation of the
magnetic moments, a delicate dependence on composition and
structural features, as varying interlayer distances or surface
relaxations can be expected. This, however, will be discussed in a
future publication.
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