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Abstract

Shapes, surface atomic arrangement and structural evolution induced by annealing of monodisperse FePt nano-
crystals, synthesized by a solution phase chemical procedure, have been studied by high-resolution transmission elec-
tron microscopy. The as-synthesized FePt nanocrystals display dominantly a truncated octahedron shape enclosed by
flat {100}, stepped {111} and zig-zag {1 10} facets. The Marks decahedron FePt nanocrystals and the icosahedron
based multiply twined FePt nanocrystals are identified in the as-synthesized particles. An improved structural model
has been proposed for the multiply twined nanocrystals. After annealing, the {110} facets disappear and a regular
cuboctahedron becomes the dominant shape. Surfaces of the FePt nanocrystals show no reconstruction but with some
atomic steps and kinks. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The unique properties of nanoparticles are
determined by their size, shape, crystal structure
and surface structure [1]. Producing nanoparticles
with controlled size and shape is important for
nanotechnology. Nanoparticle shape not only de-
termines the atomic arrangement on their surfaces
but also plays an important role in controlling
their assembly [2]. The structure and shape of
nanoparticles such as metals [3-11], diamond

* Corresponding author. Tel.: +1-404-894-8008; fax: +1-404-
894-9140.
E-mail address: zhong.wang@mse.gatech.edu (Z.L. Wang).

[12,13] and element semiconductors [14,15] have
been extensively studied experimentally and theo-
retically [16-24]. The most frequently observed
shapes at the nanometer scale are cuboctahe-
dron, truncated octahedron, icosahedron, regu-
lar decahedron, the Marks truncated decahedron,
star and round pentagonal configurations [20].
The observation of tetrahedron shaped nanopar-
ticles has also been reported for Pt nanocrystals
[25].

The chemically ordered FePt alloy (L1,, P4/
mmm) is a promising material for a new genera-
tion of ultrahigh density magnetic recording media
[26,27], since it has a large uniaxial magnetocrys-
talline anisotropy (K, = 7 x 10° J/m?) [28,29] and
shows excellent hard magnetic properties [30-33].
The fabrication of nano-size FePt particles with
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controlled size and composition is a key for its
applications. Recently, a solution phase chemical
procedure has been developed to synthesize mono-
dispersive FePt nanocrystals with controlled size
and composition [33]. X-ray diffraction and elec-
tron diffraction have shown that the as-synthesized
FePt nanocrystals are of a chemically disordered
face center cubic (fcc) lattice structure (A1, Fm3m)
[33,34]. A post-deposition annealing is needed to
obtain the chemically ordered L1,-FePt phase. We
have reported a detailed transmission electron
microscopy (TEM) study about the annealing in-
duced phase transformation and accompanying
microstructure evolution, such as coalescence of
FePt nanocrystals and formation of twin structure,
for the 6 nm FePt nanocrystals [34]. In this paper,
we report our detailed study on atomic-scale
structures of the as-synthesized and annealed FePt
nanocrystals.

2. Experimental methods

Monodispersive FePt nanocrystals are synthe-
sized by reduction of platinum acetylacetonate
(Pt(CH3;COCHCOCHs3;),;) and decomposition of
iron pentacarbonyl (Fe(CO)s) in the presence of
oleic acid and oleyl amine stabilizers [33]. The size
and composition of the FePt nanocrystals can be
readily controlled. Their composition is adjusted
by controlling the molar ratio of the iron carbonyl
to the platinum salt. In present study, the 6 nm
FePt nanocrystals are synthesized by first growing
3 nm monodisperse FePt seed crystals, and then
adding more reagents to enlarge the seed crystals
to desired size under a 2:1 molar ratio of iron
carbonyl to the platinum salt. These nanocrystals
are isolated and purified by centrifugation after the
addition of a flocculent (for example, ethanol) and
can be re-dispersed in non-polar solvents in a va-
riety of concentrations. TEM samples were pre-
pared by depositing a droplet of the diluted FePt
solution onto a carbon coated copper grid. An-
nealing was carried out in a Hitachi HF-2000 field
emission transmission electron microscope by
using a specimen heating holder. TEM observa-
tions were carried out at 200 kV using the Hitachi
HF-2000 and at 400 kV using the JEOL-4000EX

high-resolution transmission electron microscopy
(HRTEM).

3. Experimental results
3.1. Morphology and crystal structure

The as-synthesized FePt nanocrystals have been
examined by TEM. Fig. 1(a) is a low magnification
TEM image showing a typical morphology of the
product, where the monodisperse FePt nanocrys-
tals with sizes of ~6 nm in diameter self-assemble
to form a two-dimensional distribution onto the
supporting carbon film. A select-area electron dif-
fraction pattern (Fig. 1(c)) indicates that the as-
synthesized FePt nanocrystals are of a fcc lattice
structure with a lattice constant ¢ =2 0.38 nm, con-
firming the formation of the chemically disordered
Al-FePt phase. The composition of the nanocrys-
tals is determined to be Fes,Ptys by energy disper-
sive X-ray spectroscopy, which is consistent with
the expected composition.

To obtain the chemically ordered ferromag-
netic L1,-FePt phase, in situ annealing was car-
ried out in TEM. Shown in Fig. 1(b) is an TEM
image of the FePt nanocrystals isothermally trea-
ted at 530 °C for 1 h. The corresponding elec-
tron diffraction pattern is shown in Fig. 1(d), in
which the extra reflection rings, such as {110},
{120}, {112}, etc., appear, indicating the occur-
rence of phase transformation from the chemi-
cally disordered fcc Al phase to the chemically
ordered face centered tetragonal L1, phase. The
inset in Fig. 1(b) shows a TEM image taken
from the specimen undergone an isothermal treat-
ment at 600 °C for 1 h, after which most of the
nanocrystals had coalesced with only some nano-
crystals in the monolayer region remain intact.

3.2. Truncated octahedral FePt nanocrystals

Detailed examination of the individual FePt
nanocrystals shown in Fig. 1(a) and (b) indi-
cates that both the as-synthesized and annealed
FePt nanocrystals consist of certain facets, im-
plying that the FePt nanocrystals are of polyhedral
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Fig. 1. TEM image of the as-synthesized FePt nanocrystals (a) and the corresponding select area electron diffraction pattern (c). (b)
and (d) TEM images of the Fes,Ptyg nanocrystals after annealing at 530 °C for 1 h and the corresponding select area electron diffraction
pattern, respectively. The inset in (b) is a TEM image of the nanocrystals post annealing at 600 °C for 1 h.

shapes in three-dimension. The polyhedral shapes
are studied by HRTEM. Fig. 2(a) and (b) are
HRTEM images of two typical as-synthesized
FePt nanocrystals projecting along [1 10]. Fig. 2(e)
shows an HRTEM image of the L1,-FePt nano-
crystal subjected to an annealing at 600 °C for 1 h,
in which electron beam is parallel to [110] and
the structural modulation, as marked by white
arrowheads, is associated with chemical ordering
in the crystal [34]. The annealed FePt nanocrys-
tal has a projected shape of hexagon along its
[110] direction, and is composed of flat {100} and
{111} planes. The polyhedral shape of the an-
nealed FePt nanocrystals, therefore, is determined
to be a cuboctahedron (a special case of truncated
octahedron), as schematically depicted in Fig. 2(f),
where the shadow plane corresponds to the pro-
jection plane of the HRTEM image given in Fig.

2(e). In contrast to the case of annealed FePt
nanocrystals, the polyhedral shape of the as-syn-
thesized FePt nanocrystals is enclosed by {100},
{111} and {110} crystallographic planes and
their surfaces are not flat at atomic scale. Some
surface defects such as atomic steps and kinks are
identified, as indicated by white arrowheads in Fig.
2(a) and (b). The details of atomic arrangements
on the surfaces of FePt nanocrystals will be de-
scribed in Section 3.4. Schematic diagrams of the
polyhedra corresponding to the FePt nanocrystals
shown in Fig. 2(a) and (b) are given in Fig. 2(c)
and (d), respectively, and the projecting planes
corresponding to the HRTEM images are repre-
sented by shadowed planes. Evidently, the shape
of as-synthesized FePt nanocrystals is truncated
octahedron with the surfaces not as flat as those
for annealed FePt nanocrystals.
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Fig. 2. (a) and (b) HRTEM images of individual FePt nanocrystals prior annealing. (c) and (d) Schematic models of the truncated
octahedra. (¢) HRTEM image of a FePt nanocrystal after annealing at 530 °C for 1 h. (f) A corresponding cuboctahedron shape.

3.3. Multiply twined FePt nanocrystals

Although the predominant shape for both the
as-synthesized and the annealed FePt nanocrystals
is truncated octahedron, some other shapes are
also observed. Fig. 3(a) shows an HRTEM image
of the as-synthesized FePt nanocrystal, in which
the five-fold twinning related domains are identi-
fied. In order to study the structure in detail, image
processing is demonstrated by the Fourier-filtering
technique [35]. Simply, a fast Fourier transform
(FFT) is applied to a digitized HRTEM image for
producing a power spectrum of the image. Then

Bragg filter is generated with circular “holes” at
the positions of the Bragg spots of the periodic
part of the image. The multiplication of the power
spectrum with the filter is followed by a reverse
FFT to produce a filtered image. A proper choice
of the size of the holes is important to prevent
artifacts in the image. Fig. 3(d) is a FFT of the
image shown in Fig. 3(a), and Fig. 3(b) is a cor-
responding filtered image. The dotted lines marked
by OA, OB, OC, OD, and OE in Fig. 3(b) repre-
sent the positions of the twin boundaries. The twin
boundaries are coherent and free from defects such
as stacking fault, dislocation or micro-twin. The
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Fig. 3. (a) HRTEM image of the as-synthesized FePt nanocrystal with the Marks decahedron shape. (b) Fourier filtered image. (c)
Schematic polyhedron model. (d) FFT pattern of the image shown in (a).

angle between two adjacent boundaries varies
within 71.5-72.5°. This feature can also be verified
from the FFT pattern (Fig. 3(d)), where reflections
A, B, C, D, and E are produced from the twin
boundaries OA, OB, OC, OD, and OE, respec-
tively. The shape of the nanocrystal obviously is
the so-called Marks decahedron [7], i.e., a trun-
cated regular decahedron. Fig. 3(c) gives schematic
diagrams of a regular decahedron OO,-ABCD,
and the Marks decahedron is shown in shadow.
Shown in Fig. 4(a) is another FePt nanocrystal
with a spherical shape. The corresponding Fourier
filtered image (Fig. 4(b)) and FFT pattern (Fig.
4(d)), however, illustrate that the nanocrystal con-
sists of six domains with six-fold twins. The twin
boundaries are indicated by dashed lines OF, OP,
OL, OR, OI and OQ, as shown in Fig. 4(b), in
which neither the twin boundary OF is parallel to
the twin boundary OR, nor OQ to OL. The angles
between OF and OR, and OQ and OL are about
6°, which is responsible for the split spots K and J,

Fig. 4. (a) HRTEM image of the as-synthesized FePt nano-
crystal with icosahedron related shape. (b) Fourier filtered
image. (c) Schematic polyhedron model. (d) FFT pattern of the
image shown in (a).
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and H and G in the FFT pattern (Fig. 4(d)). In
contrast, the twin boundary OI is parallel to that
of OP. The corresponding reflections P and P’ in
Fig. 4(d), therefore, are not split although they are
a bit diffuse. Fig. 4(c) gives a schematic model of
the twins in the FePt nanocrystal and it will be
discussed in detail in Section 4.1.

3.4. Surface structure of FePt nanocrystals

Prior to annealing, the predominant shape of
the as-synthesized FePt nanocrystals is truncated
octahedron enclosed by {111}, {100} and {110}
crystallographic planes. The {100} and {I111}
surfaces are relatively flat at atomic scale, as
shown in Figs. 2(a), (b) and 5(a), (b). Some atomic
steps are identified on the {111} surfaces, as
marked by arrowheads in Fig. 5(a) and (b). The
{110} surface, however, is rough and its projec-
tion along [110] displays zig-zag shape. Fig. 5(c)
and (d) are two enlarged HRTEM images of the
typical {110} surfaces, and Fig. 5(¢) and (f) give

schematic diagrams of atomic arrangement on the
corresponding surfaces. It is evident that the zig-
zag surfaces consist of small {111} facets, result-
ing in the formation of kinks and twists on the
{110} surfaces. This is the so-called missing-row
reconstruction for lowering the surface energy.

After annealing, the {110} surface disappears
and the FePt nanocrystal is enclosed only by the
{100} and {111} crystallographic planes, form-
ing a regular cuboctahedron shape (Fig. 6(a) and
2(e)). All of the {100} and {111} surfaces are flat
on atomic scale. Some lattice distortion is identi-
fied on the {100} surface, as indicated by the
dashed line on the HRTEM image (Fig. 6(a)),
where the white line frame denotes a unit cell
of the FePt crystal. Atomic arrangement on the
{111} surface is relatively perfect (Fig. 6(a) and
(d)) except at the corner where two different {111}
planes intersect, and no surface reconstruction is
identified. At the intersecting corner, atomic steps
with a mono-atom height are identified, as shown
in Fig. 6(d) and (e).

Fig. 5. (a) HRTEM images of the as-synthesized FePt nanocrystals. (c) and (d) Enlarged images of the {110} faceted surfaces. (e) and

(f) Schematic models of atomic arrangement on the {100} surfaces.
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Fig. 6. (a) HRTEM image of an FePt nanocrystal post annealed at 530 °C for 1 h. (b) Schematic model of a cuboctahedron enclosed
by {111} and {100} planes. (c) and (d) HRTEM images showing the corners where the two {111} crystal planes intersect. (e)

Schematic model of atomic arrangement.

4. Discussion
4.1. Structure of multiply twined nanocrystals

Multiply twined particles are usually observed
in fcc structured small metal particle systems,
which are mainly associated with either decahe-
dron or icosahedron. The decahedron can be
regarded as being composed of five tetrahedra A-
EOO,, B-AOO,, C-BOO;, D-COO, and E-AOO,
by sharing faces, as shown in Fig. 3(c). For the
case of fcc stacking, a tetrahedron is enclosed by
four {111} crystal planes with an including angle
of 70°32" between two neighbor planes. If five fcc
stacked tetrahedra directly form a decahedron, an
7°20" gap remains. The gap can be accommodated
by straining the atomic lattice. If the strain is
uniformly distributed in the decahedron, a discli-
nation will form at the center of the decahedral
particle [36]. That is just the case of the FePt
nanocrystal shown in Fig. 3. The strain can also be
relaxed by forming stacking fault or micro-twin
in the particle [20]. Several variants of the deca-
hedron exist, such as star, round pentagonal, and
Marks decahedron. Among those the Marks
decahedron is the most common shape since it

contains extra {111} facets, resulting in remark-
able stability [20].

Ino [3] and Allpress and Sanders [5] first pro-
posed several models for the multiply twined par-
ticles with shapes associated with icosahedron.
Shown in Fig. 7(a) is one of the models. The
multiply twined particle is formed by nucleation of
a tetrahedral atomic cluster O-ABC with its ABC
plane facing on a substrate. Then three more tet-
rahedra F-AOB, I-BOC and L-AOC grow on
three {111} planes of the nucleus AOB, BOC and
AOC by sharing a face, respectively, forming pri-
mary twins. Following that, six tetrahedra E-FAO,
G-FBO, H-BIO, J-CIO, D-ALO and K-CLO grow
on the surfaces of the primary twins to form sec-
ondary twins. The corresponding diffraction pat-
tern is schematically shown in Fig. 7(c), where only
the {111} reflections from the secondary twins are
displayed. Comparing the diffraction pattern (Fig.
7(c)) with the FFT pattern (Fig. 4(d)), both are not
matching because the reflections P and P’ in Fig.
4(d) are not splitting, while that occurs in Fig. 7(c).
This indicates that the model (Fig. 7(a)) can not
be used to explain the structure of the multiply
twined nanocrystal displayed in Fig. 4. A modi-
fied model, therefore, is suggested, as shown in
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Fig. 7. The Ino’s model of icosahedron related multiply twined
nanoparticle (a) and corresponding diffraction pattern (c). A
new model suggested in present study (b) and corresponding
diffraction pattern (d).

Fig. 7(b). The only difference between the modi-
fied model and the previous model (Fig. 7(a)) is
that two {111} planes DAO and FAO are joined
in parallel. As a result, the split reflections E and D
(Fig. 7(c)) overlap together to form a reflection P,
which reproduces the pattern of Fig. 4(d).

4.2. Shape evolution of FePt nanocrystals by
annealing

The shape of the crystalline particles depends
on not only thermal dynamics but also on kinetics.
The faceting is the most favorable mechanism for
minimizing particle surface energy. The prepara-
tion conditions and techniques, however, signifi-
cantly influence the shape of the particles [37,38].
At nanometer scale, the most frequently observed
shapes are truncated octahedron, cuboctahdron,
icosahedron, decahedron and truncated decahedra
including star, the round pentagon and the Marks
decahedron. Although theoretical calculations in-
dicate that the stability is different for different
shapes [20], the shape usually is not unique for

nanocrystals under the same conditions because of
small differences in total energy among the differ-
ent shapes.

Co-existing with the Marks decahedron and the
icosahedron related multiply twined FePt nano-
crystals, the truncated octahedron is identified to
be the dominant shape for the as-synthesized FePt
nanocrystals in present study. The Marks deca-
hedron structure was first reported for Au particles
and suggested to be a minimum energy configu-
ration [18]. After annealing, the shapes of the un-
coalesced FePt nanocrystals are dominated by the
conventional cuboctahedron that is the most sta-
ble shape according to molecular dynamics simu-
lation [20]. Multiply twined FePt nanocrystals
associated with either decahedron or icosahedron
are rarely observed after annealing, indicating that
such sorts of multiple twins tend to disappear
during annealing. As evidence, Fig. 8 shows an
HRTEM image of a coalesced FePt nanocrystal
that consists of two originally separated nano-
crystals (grains), in which the grain boundary can
still be distinguished, as marked by the white ar-
rowheads. The white open arrowheads labeled on
the grain on the right-hand side show composi-
tional modulation related to the chemical ordering
due to annealing [34]. The grain on the left-hand
side is originally a decahedron shaped FePt nano-
crystal. Its central axis has been displaced to a
position close to an edge of the nanocrystal after
annealing because of stress release. Occurrence of
the chemical ordering might be another reason

AR L
o -

Fig. 8. Coalesced FePt nanocrystal consisting of two original
FePt nanocrystals, and one of them is a decahedron.
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that results in the decay of the multiply twined
FePt nanocrystals. Instead of forming the multiple
twins related decahedron and icosahedron, an-
other type of multiple twins is observed in the
coalesced FePt nanocrystals after annealing, as
shown in Fig. 9(b), where the twin boundaries are
indicated by white dashed lines. Formation of this
type of twin structure is believed to be associated
with the chemical ordering created by annealing
[34]. Similar twin structure is also observed in the
as-synthesized FePt nanocrystals with chemically
disordered Al crystal structure. As a difference
from the twin structure in coalesced FePt nano-
crystals, however, only single twin boundary has
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Fig. 9. (a) HRTEM image of an as-synthesized FePt nano-
crystal with a twin structure. (b) HRTEM image of a coalesced
FePt nanocrystal post annealed at 600 °C for 1 h, which in-
cludes two twin boundaries.

been observed in the as-synthesized FePt nano-
crystals (Fig. 9(a)).

4.3. Atomic arrangement on FePt nanocrystals
surfaces

The as-synthesized FePt nanocrystals have the
shape of a truncated octahedron enclosed by
{100}, {110} and {111} crystal planes. Atomic
arrangements on the {100} and {111} surfaces
are basically the same as those of corresponding
crystal planes in the volume although the atomic
arrangements are not flat across the surfaces due
to presence of atomic steps. The {110} surface is
rough on atomic scale and displays zig-zag con-
sisting of {111} facets. During annealing, while
the A1-FePt phase transforms into the chemically
ordered L1,-FePt phase, {110} surfaces tend to
disappear, and {100} and {111} surfaces evolve.
After annealing, the uncoalesced FePt nanocrys-
tals remain in the shape of cuboctahedron en-
closed only by flat {100} and {111} surfaces.
Atomic arrangements on the {100} and {111}
surfaces are quite regular. The surfaces of the co-
alesced FePt nanocrystals also consist of {100}
and {111} planes although the surfaces may not
be flat. Fig. 10(a) shows an HRTEM image cor-
responding to a part of the surface of a coalesced
FePt nanocrystal. It is evident that the surface
consists of (001) and {111} facets. An alternative
change in intensity of the image spots along the
vertical direction is clearly identified from the
HRTEM image (Fig. 10(a)), which is associated
with compositional modulation in the chemically
ordered L1,-FePt phase. The open arrowheads
marked in Fig. 10(a) indicate the rows of the image
spots with stronger intensity. Fig. 10(b) is a sche-
matic atomic model extracted from the experi-
mental HRTEM image (Fig. 10(a)). According to
the model, it seems that the top layer of the (00 1)
surface prefers to be occupied by one species
of atoms (Fe or Pt). The inset in Fig. 10(a) is a
simulated HRTEM image corresponding to the
area of the crystal within the frame marked in
Fig. 10(b). The image simulation has been done
based on the dynamic electron diffraction theory
under the conditions of: acceleration voltage = 400
kV, spherical coefficient C; = 1.0 mm, specimen
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Fig. 10. (a) HRTEM image of a portion of the surface of a coalesced FePt nanocrystal post annealed at 600 °C for 1 h. The inset is a
simulated HRTEM image. (b) A schematic model for the atomic arrangement on the nanocrystal surface.

thickness = 8 nm, defocus = —74 nm and beam
divergence = 0.15 mrad. In the simulated image,
the spots with the strongest intensity correspond to
the positions of the Pt atomic columns and the
second strongest ones are the positions of the Fe
atomic columns. The simulation image matches
the experimental image very well even for the top
layer, indicating the atomic arrangement in the top
layer of the (001) surface is almost the same as
that in the volume. Based on the image simula-
tionabove, it seems plausible that the (001) sur-
face terminates with Fe atoms. Some further
work, however, still is needed to unambiguously
confirm it.

5. Conclusions

In conclusion, our HRTEM study of the FePt
nanocrystals shows that the truncated octahedron,
enclosed by flat {100}, stepped {111} and zig-zag

{110} facets, is the dominant shape for the as-
synthesized nanocrystals. The Marks decahedron
FePt nanocrystals and icosahedron related multi-
ply twined FePt nanocrystals are also identified in
the as-synthesized nanocrystals. Based on experi-
mental data, an improved structural model for
the multiply twined nanocrystals based on icosa-
hedron has been proposed. After annealing, the
{110} facet disappears; the regular cuboctahedron
becomes a dominant shape for the chemically or-
dered FePt nanocrystals, and the (001) surface
prefers to be occupied by one type of atoms.
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