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Formation of octahedral FePt nanoparticles by alternate deposition of FePt

and MgO
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Two-dimensional assemblies of octahedral-shaped FePt nanoparticles embedded in a MgO matrix
were formed by alternate deposition of FePt and MgO layers on MgO (001) single-crystal substrates
with a thermal cycling process. Highly ordered L1, structure with the [001] orientation
perpendicular to the plane and large coercivity of more than 60 kOe were obtained. Cross-sectional
transmission electron microscopy observation revealed that the equilibrium crystal shape of L1,
ordered FePt particles was octahedral structure due to the anisotropy of the surface energy. The
{111} plane shows the minimum surface energy in the L1, structure, which is similar to the case of
face-centered-cubic structure. © 2006 American Institute of Physics. [DOI: 10.1063/1.2172710]

Recently, nanoscale patterned or particulate magnets are
of great interest, since they are believed to be good candi-
dates for future magnetic devices such as next generation
ultrahigh-density magnetic storage media and biasing nano-
magnets. For any ferromagnetic materials, however, there is
a critical grain size where thermal fluctuation becomes domi-
nant at room temperature leading to superparamagnetic be-
havior. In order to reduce the critical grain size for the su-
perparamagnetic transition, L.1j-ordered FePt alloy with high
magnetocrystalline anisotropy (Ku=7.0X 107 erg/cm?) has
attracted much attention, and a lot of studies have focused on
the fabrication of L1, ordered FePt thin films by conven-
tional deposition techniquesl_12 and self-organized chemical
synthesis.13 Several papers also reported on FePt granular
films, where FePt nanoparticles were embedded in an oxide
matrix, by sputtering14 and ion implantation15 techniques.
However, highly ordered and highly oriented structure of
FePt nanoparticles have not been obtained to date. Previ-
ously, we reported that a high coercivity of 70 kOe was suc-
cessfully achieved at room temperature for FePt particulate
films sputtered on MgO (001) substrates.' These films had
epitaxially grown highly L1, ordered structure. In this paper,
we demonstrate that the octahedral structure of FePt nano-
particles embedded in MgO matrix can be achieved epitaxi-
ally on MgO single crystal substrate by the alternating depo-
sition of FePt and MgO with a thermal cycling process,
utilizing the driving force to form the equilibrium crystal
shape.'®

The samples in this study were prepared by alternate
deposition of FePt and MgO layers onto single crystal MgO
(100) substrates through the use of an UHV-compatible dc-
sputtering system (base pressure ~5X 107! Torr) and an
electron beam (EB) evaporation system (base pressure ~1
X 107 Torr), respectively. The substrates were heated up to
780 °C for FePt layers and cooled down to room tempera-
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ture (R.T.) for MgO layers during deposition. The heating
rate from R.T. to 780 °C was 20 °C/min and the cooling
rate from 780 °C to R.T. was about 10 °C/min. The film
construction was [FePt(1.0 nm)/MgO[¢ nm],/FePt(1.0 nm)]
and the nominal thickness of the MgO layer ¢ was varied in
the range between 1 and 5 nm, fixing the nominal thickness
of FePt at 1 nm. The composition of the films was deter-
mined to be FeygPts, by electron probe x-ray microanalysis
(EPMA). The structure was characterized by reflection high-
energy electron diffraction (RHEED), x-ray diffraction
(XRD) and transmission electron microscopy (TEM). The
magnetic properties were measured by a vibrating sample
magnetometer (VSM) equipped with a superconducting
magnet in the field up to 140 kOe at R.T.

XRD patterns for =1, 2, 3, and 5 nm are shown in Fig.
1. In addition to the fundamental (002) peak, the (001) su-
perlattice peak of the L1, phase are clearly observed for ¢
=1 [Fig. 1(a)]. The unlabeled sharp peaks are due to the
MgO substrate. No peaks from the other planes of the L1,
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FIG. 1. XRD patterns for [FePt(1.0 nm)/MgO(s nm)],/FePt(1.0 nm) films
with different nominal thicknesses of MgO, t=1 (a), 2 (b), 3 (c), and 5 (d).
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FIG. 2. TEM images for [FePt(1.0 nm)/MgO(z nm)],/FePt(1.0 nm) films
with =1 and 3 nm and a FePt (5 nm) film directly deposited on a MgO
substrate. The in-plane image (a) and the corresponding selected area elec-
tron diffraction (ED) pattern (b) for r=1; the cross-sectional image for ¢
=1 (c), and its high resolution image (d). (Inset denotes schematic illustra-
tion of crystal structure.) The cross sectional image for =3 (e), and the
cross sectional image for a directly deposited FePt (5 nm) film (f) are
shown.

ordered structure are seen. This indicates that the FePt film
with the L1, ordered structure were epitaxially grown on the
MgO (001) single crystal substrate, although the sample was
prepared by depositing FePt and MgO layers alternately [Fig.
1(a)]. Long range order parameter S was evaluated from the
ratio of the 1ntegrated intensities of the superlattice peak to
the fundamental pea.k to be 0.95+0.05 for =1, indicating
that a highly ordered L1, structure was formed. With in-
creasing ¢, the intensities of both fundamental and superlat-
tice peaks decrease and the (200) peak, which represents the
a-plane of the L1, structure, appear [Figs. 1(b)-1(d)]. In
other words, the (001) texture deteriorates with increasing .

Figure 2 shows transmission electron microscopy (TEM)
images for =1 and 3 nm. For comparison, the result for a
FePt film with the nominal thickness of 5 nm directly depos-
ited on a MgO substrate is also shown. It is seen in the
in-plane image [Fig. 2(a)] that a two-dimensional assembly
of FePt nanoparticles with the (110) terrace of faceted planes
are formed for r=1 and the typical lateral size of the particles
ranges from 10 nm to 20 nm. The selected area diffraction
pattern [Fig. 2(b)] indicates the FePt nanoparticles are epi-
taxially grown with the cube-cube orientation relationship

with the MgO substrate, sh0w1ng7the c-axis perpendicular to
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FIG. 3. (Color online) In situ RHEED patterns (a—f) for the uppermost layer
of the film and illustrations (g—k) of the proposed procedure for the forma-
tion of the octahedral-particle assembly. The direction of the incident elec-
tron beam for RHEED is [110] on the MgO (001) substrate.

the substrate plane. It is noted that although the samples were
prepared by the alternate deposition of FePt and MgO layers,
no multilayered structure and no flat interface between the
MgO substrate and the film are observed from the cross-
sectional image [Fig. 2(c)]. The FePt nanoparticles with oc-
tahedral structure are formed and the average heights are
almost the same (~20 nm). The formation of this distinct
shape is due to the existence of the anisotropy of the surface
energy.'’ The enlarged cross-sectional image [Fig. 2(d)]
shows the clear contrast corresponding to the alternating
atomic stacking of Fe and Pt layers along the [001] direction
of the L1, structure. The octahedrons are strongly faceted on
the {111} planes and are grown epitaxially on the MgO single
crystal substrate, as shown schematically in the inset. Fur-
thermore, the FePt nanoparticle is formed to be partly buried
in the MgO matrix, suggesting that the originally flat MgO
surface was zigzagged due to the faceting of the FePt par-
ticles. With increasing ¢, the film shows granular structure
consisting of three-dimensionally dispersed FePt nanopar-
ticles with the lateral size in the range from several to 10 nm
[Fig. 2(e)]. Figure 2(f) shows the cross-sectional image of a
FePt film, a remarkable flat interface between the MgO sub-
strate and the film and the shape of the particles is simple
“mesa’-structure.

In situ RHEED observation of the film surface during
the alternate deposition of FePt and MgO was performed and
it reveals that the reconstruction of the surface occurred. Fig-
ure 3 shows the RHEED patterns [Figs. 3(a)-3(e)] and an
illustration of the proposed procedure for the formation of
the octahedral particle assembly [Figs. 3(f)-3(k)]. The direc-
tion of the incident electron beam for RHEED is [110] on the
MgO (001) substrate. It is seen that highly ordered FePt par-
ticulate structure was formed at high temperature deposition
of T=780 °C [Figs. 3(b) and 3(g)] on the MgO substrate
[Figs. 3(a) and 3(f)]. Followed by the deposition of a MgO
layer at R.T., the pattern turned into a diffused one, showing
that the surface of the film was covered with the MgO layer
[Figs. 3(c) and 3(h)]. However, with increasing 7 again, the
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FIG. 4. The magnetization curves for [FePt(1.0 nm)/MgO(¢ nm)],/
FePt(1.0 nm) films with r=1 (a), 2 (b), 3 (c), and 5 (d). The dotted lines
denote initial magnetization curves from the virgin state. Coercivities Hc are
62, 45, 27, and 15 kOe for t=1, 2, 3, and 5, respectively.

pattern recovered, in other words, it changed again from the
diffused into a sharp intense one [Figs. 3(d) and 3(e)]. We
consider that by heating the substrate again, the equilibrium
crystal shape, i.e., the octahedral shape, is formed when FePt
diffuses and comes up to the surface of the MgO layer [Figs.
3(1)-3(k)]. Further deposition of FePt layer at high T pro-
motes the growth of highly ordered octahedral structure.
TEM and RHEED observations, in consequence, suggests
that the thermal cycling procedure accompanied by the alter-
nate deposition of FePt and MgO contributes to the forma-
tion of octahedral structure.

The magnetization measurement reveals that the film
with octahedral FePt nanoparticles has high coecivity Hc.
The magnetization curves for =1, 2, 3, and 5 nm are shown
in Fig. 4. The dotted lines denote initial magnetization curves
from the virgin state. The magnetic field was applied in the
perpendicular direction to the film plane. The easy magneti-
zation axis is perpendicular to the film plane for t=1 [Fig.
4(a)], which agrees with the XRD result [Fig. 1(a)]. Slow
increase of the initial magnetization from the virgin state
indicates that FePt nanoparticles have the single domain
state. Hc decreases with increasing ¢, which is also consistent
with XRD results [Figs. 1(b)-1(d)] showing the (001) texture
of L1, structure deteriorates with increasing .

The present study has demonstrated that two-
dimensional assemblies of octahedral FePt nanoparticles are
formed by the alternate deposition of FePt and MgO layers
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with a thermal cycling process. Highly L1, ordered structure
with c-axis orientation perpendicular to the film plane and
high Hc of more than 60 kOe have been obtained for octa-
hedral FePt nanoparticles. TEM and in situ RHEED obser-
vations suggest that the formation of the octahedral structure
occurs during the thermal cycling process. The {111} plane
shows the minimum surface energy of the L1, structure,
which is similar to the case with face centered cubic structure
as known from the Wolff construction.'® The formation of
nanostructure using such a kind of equilibrium crystal shape
in nanoparticles will be important for the future design of
magnetic devices.
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