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ABSTRACT

The phase transformation, coalescence, and twin structure of thermally annealed 6 nm FePt nanocrystals under high vacuum on an amorphous
carbon surface have been investigated. Al-FePt phase to L1,—FePt phase transformation occurs at 530 °C. The multilayered nanocrystal
assemblies coalesce to form larger grains at 600 °C. These coalesced nanocrystals do not form a single grained structure; instead, twinning
becomes a characteristic structure feature. The surface of the coalescent grains consists of {111} and (001) facets.

The iron—platinum (Fe-Pt) alloys have been investigated which complicates the observations on particle structure
for several decades because of their important applicationstransformation, and further on particle magnetics. Recently,
in permanent magnetistn/ Depending on the Fe to Pt monodisperse FePt nanocrystals with good control on particle
elemental ratio, these alloys can display chemically disor- size and composition were produced by a solution-phase
dered face centered cubic (fcc) phase (Al, “Em3or chemical procedur€.These monodisperse FePt nanocrystals
chemically ordered phases, such as,(lEm3n) for FePt, become ideal candidates for microscopic study on thermal
face centered tetragonal (fct) phase(lR4/mmn) for FePt annealing induced structure transformation. Previous thermal
and (L%, Pm3n) for PtFe®9 These structure variations have  annealing experiments have shown that, for stoichiometrical
dramatic effects on the magnetic properties of the alloys. bulk FePt alloy, the Al to Ldtransformation temperature

For example, the BBt material is paramagnetiethe PtFe is 1300 °C!5 while for nanoscale FePt particles, this
is antiferromagnetic, while the ktructured FePthas alarge  temperature is lowered to within 5600 °C, depending
uniaxial magnetocrystalline anisotropy_r(u(g 7 x 1(?6 on FePt stoichiometry and particle siZég?

J/n¥)*14and shows strong ferromagnetic propertiegari- We report detailed microscopic studies on phase trans-

ous experimental results have revealed that thg tifie
structure can be formed in %, with x ranging from 0.35
to 0.60%° The iron-rich L1-FePt alloy-based nanoparticle
materials have shown excellent hard magnetic propetiés

formation, coalescence, and twin structure formation of
thermally annealed 6 nm FePt nanocrystals under high
vacuum on an amorphous carbon surface. Our transmission
) . electron microscopy (TEM) studies show that Al toglL1l
and are expected to be used for a new generation ofultrahlgh-phase transformation occurs at 530. The multilayered

density magnetic recording media:® nanocrystal assemblies coalesce to form larger grains at 600
To fully understand the magnetics of these FePt-basedec. we notice that the coalescent temperature of the
nanomaterials, it is essential to synthesize monodisperse FePhanocrystal monolayer assembly depends on the substrate
particles with controlled size and composition and study the yseq. On Si@substrate, the FePt nanocrystal monolayer can
structure transformation within each particle after various stand up to 700C without any obvious aggregation. The
thermal treatments. It will be also important to know the cqoajesced nanocrystals show dominfbll} twin defect

aggregation behaviors of these annealed nanoparticles. Th‘?nside, while their surface and coalescent grain boundary
synthesis has been attempted by various vacuum deposition,qnsist of both{ 111 and (001) facets.

techniqueg® 22 However, random nucleation in the process

generally results in broad distributions of particles sizes, The monodisperse FePt nanocrystals are synthesized by

reduction of platinum acetylacetonate (Pt¢gCICHCOCH,),)

T . - — = A~ and decomposition of iron pentacarbonyl (Fe(€)an the
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shape. The truncated octahedral is enclosed by{ 10&}
and{111} crystal facets of the fcc structure, indicating that
the as-synthesized FePt nanocrystals have a chemically
disordered fcc (A1) phase of which lattice parametex s
0.376 nm. The fcc structure feature of the as-synthesized
FePt nanocrystals is also shown in their electron diffraction
pattern. Figure 1c is such a pattern from the selected area of
diffraction of the nanocrystal assembly. The composition of
the nanocrystals is determined to be very close 9

by energy-dispersive X-ray spectroscopy (EDS).

To study the phase transformation from the chemically
disordered Al-FePt phase to the chemically ordered ferro-
magnetic L}-FePt phase, in situ thermal annealing is applied
to the as-synthesized FePt nanocrystal assembly. At tem-
peratures below 450C, no obvious assembly or structure
change is observed. At temperatures beyond“450multi-
layered nanocrystal assemblies start to decay gradually.
Further annealing at 530C transforms the chemically
disordered Al phase to chemically ordered bhase. The
TEM image (Figure 1d) shows the morphology of FePt
nanocrystals isothermally treated at 5&for 1 h. It shows
that most of the hexagonally packed monolayer nanocrystal
assemblies are almost intact, while regular arrayed multilayer
Figure 1. TEM image of the as-synthesizedsge,s nanocrystals assemblies are deteriorated by this thermal treatment. The
(a) and the corresponding select area electron diffraction patterncorresponding electron diffraction pattern is shown in Figure
(). (b) HRTEM images of the as-synthesized individualPas 1f. Comparing the diffraction patterns shown in Figure 1f

nanocrystals. TEM images of the f#ts nanocrystals after . . . . . .
anneali);\g at 530C for 1?\ (d) and at 600%: for 1 hy(e). Select with those in Figure 1c, different reflection rings, such as

area electron diffraction patterns of the sfRts nanocrystals {110, {120, {113, etc., appear, indicating occurrence of
recorded in-situ at 536C for 1 h. the phase transformation from chemically disordered Al fcc

phase to chemically ordered §.Ict phase. Continually

controlled. Their composition is adjusted by controlling the Nheating the specimen at higher temperature results in the
molar ratio of iron carbonyl to the platinum salt. In the coalescing of these nanocrystals. Figure le shows a TEM
present study, the 6 nm FePt nanocrystals are synthesizedMage taken from the specimen undergoing an isothermal
by first growing 3-nm monodisperse FePt seed crystals andtreatment at 600C for 1 h, after which most of nanocrystals,
then adding more reagents to enlarge the seed crystals tspecially in the multilayer region, coalesce with only some
the desired size under a 2:1 molar ratio of iron carbonyl to dots in the monolayer region staying intact. Figure 2a is a
the platinum salt. These nanocrystals are isolated and purifiedHRTEM image of one of the intact FePt nanocrystals.
by centrifugation after the addition of a flocculent (for Comparing with the image shown in Figure 1b, an intensity
example, ethanol) and can be redispersed in nonpolar solventgnodulation of image spots can be identified, as marked by
in a variety of concentrations. arrowheads in the Figure 2a, indicating the formation of the
TEM samples were prepared by depositing a drop of dilute chemically ordered Lg-FePt structure. To illustrate the
FePt dispersion onto a carbon-coated copper grid. The phaséletailed atomic arrangement within a single nanocrystal, an
transformation was investigated by using a heating specimenenlarged HRTEM image is shown in Figure 2b. Fast Fourier
holder under a Hitachi HF-2000FE field emission transmis- transformation (FFT) of such atomic arrangement reveals
sion electron microscope operating at 200 kV. The heating distorted 2-fold symmetry, as shown in Figure 2c. This
speeds were controlled to bel0 °C/min before 400C and diffraction pattern matches well with that generated from
~5 °C/min after 400°C. Isothermal processing was carried theoretical simulation based on dynamiC diffraction theory
out at 400°C, 450°C, 500°C, 530°C, 550°C and 600°C, for the L1;-FePt structure (Figure 2d) with the [110] beam
respectively, for 36-60 min. The chemical ordering, coales- and lattice parametes = 0.3861 nm anc= 0.3788 nm.
cence, and twin structure were studied by using a JEOL- HRTEM image of the atomic arrangement obtained from
4000EX high-resolution transmission electron microscope the simulation (Figure 2e) is identical to the image shown
(spherical aberration coefficient Gs 1.0 mm) at 400 kV. in Figure 2b, confirming the intensity modulation occurring
Shown in Figure 1(a) is a low magnification TEM image alongc-axis of the L1-FePt Phase, along which Fe and Pt
of the as-synthesized monodisperse FePt nanocrystals. Th@toms stack alternately, i.e., the intensity change of image
size of FePt nanocrystals is about 6 nm in diameter. High SPots along thec-axis is due to chemically ordering
resolution transmission electron microscopy (HRTEM) ob- (composition modulation) in the lIFePt structure.
servation of an individual nanocrystal (Figure 1b) indicates  The structure of the coalesced FePt nanocrystals has also
very good crystallinity and a dominant truncated octahedral been studied. Figures 3a and 3b are two HRTEM images of
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0.5nm 1 Figure 3. (a) and (b) HRTEM images of coalescentfRs grains
— after annealing at 6080C for 1 h.

Figure 2. (a) HRTEM image of an individual ¢Ptig nanocrystal
after annealing at 53€C for 1 h. An enlarged HRTEM image of
the chemically ordered lgiFePt structure (b) and a Fourier
transform of the corresponding HRTEM image (c). (d) Simulated
electron diffraction pattern, and (e) the corresponding simulated
HRTEM image demonstrated under the conditions: 400 kV=Cs
1.0 mm, thickness= 8 nm, defocus= —74 nm and beam
divergence= 0.15 mrad.

the typical coalescent large FePt grains. The grain shown in
Figure 3a consists of three individual FePt nanocrystals and,
in Figure 3b, is from two nanocrystals. Twinning is a
characteristic feature of the microstructure of the coalescent
grains. The dashed lines marked in Figures 3a and 3b
represent twin boundaries in the coalescent FePt grains,
which usually form a coherent or semi-coherent interface
between coalesced FePt nanocrystals. The composition
modulation in the Lg-FePt structure is indicated by black
arrowheads in Figure 3a,b . The white arrowheads indicate
the direction of magnetic easy axis, i.e., thaxis direction

of L1o-FePt. The HRTEM image shown in Figure 4a is a

large coalescent FePt grain in which original FePt nano- Figure 4. (a) HRTEM image of a large coalescents§Ri grain
crystals coherently coalesce together to form a chemically ater annealing at 606C for 1 h. (b) HRTEM image showing
ordered L}-FePt phase, where white arrowheads indicate surface structure of a coalescentRis grain.

the composition modulation. Two twin boundaries are

identified in the grain, as marked by dashed lines. The atomic stage can be identified on boftill} and (001)
interfaces between composed FePt nanocrystals, howeverfacets, as indicated by black arrowheads.

cannot be distinguished. Another structural feature of the The detailed atomic arrangement of the twin structure in
annealed FePt nanocrystals is that the surface of the L1 L1,-FePt grain is investigated by HRTEM, as shown in
FePt nanocrystal (Figure 2a) and the grain (Figure 3a) Figure 5a. The electron beam used for imaging is parallel to
consists of 111} and (001) crystal facets, which have lower the [110] crystal direction of the lyiFePt structure. Figure
surface energy for metals. Figure 4b shows an enlarged5c is an FFT of the corresponding image of Figure 5a. It
HRTEM image of the L3-FePt grain surface where the reveals the main reflections that display a typical diffraction
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Figure 5. (a) HRTEM image showing a twin boundary in the ordered &ttucture. (b) The projected twin structure model. (c) Fourier
transform of the corresponding image in (a).

feature of the (111) twin in the fct lattice structure. The nanocrystals do not form a single grained structure; instead,
reflections connected by solid and dashed lines are from twin twinning becomes a characteristic structure feature. The
and matrix, respectively. Some extra weak reflections, as surface of the coalescent grains consist§ldfl} and (001)
indicated by white arrowheads in Figure 5c, originate from facets3! which will certainly decide the shape of the new
chemical ordering over the lkFePt structure. The corre-  grains. Such detailed analyses yield basic structural informa-
sponding composition modulation can be clearly identified tion on the nanocrystal behaviors under high vacuum
from the HRTEM image (Figure 5a) marked by white gnnealing conditions, and will be useful for future fabrication

arrowheads. A possible atom model of the twin structure is of Fept nanoparticle-based high-density magnetic recording
given in Figure 5b, where the open circles represent Fe atomsy,qgia.

and the full circles are Pt atoms. Therefore, the twin plane
is parallel to (11) or (111), where the subscript “t” denotes
twin reflection to distinguish from those of the matrix, and
the c-axes of the twin and matrix are on the same plane and
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