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The variation of the patrticle size, particle density, and its relation to the hard magnetic properties of
FePt nanopatrticles with respect to substrate temperatures and substrate surface morphologies has
been investigated. On geometrically flat surfaces, densely dispersed FePt nanoparticles with a
particle density of 18 cm™? were obtained at a substrate temperature below 573 K, while substrate
temperatures between 623 and 823 K are necessary for obtaining well-oriented and well-isolated
L1,—FePt nanoparticles with large coercivity. Isolated particles fabricated above 573 K did not
coalesce largely upon annealing at 873 K, which can be attributed to the “anchoring effect” of Pt
“seed” particles. The coercivity of FePt nanoparticles was measured at 300 K damped with
decreasing particle sizes below 10 nm. High-density areal packing of Fe/Pt nanopatrticles could be
fabricated at 673 K on a slightly inclined N&B01) substrate with surface steps. These particles
coalesced easily upon annealing along(tt@0) step edges. €2003 American Institute of Physics.
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I. INTRODUCTION particles with higher density, since particles tend to trap
. _ . along the step edgésin this study, using the successive

~ Recent developments of high-density magnetic recordrg/pt geposition technique, we have investigated the varia-

ing media require a higher storage density with very fin€jon of the particle size, particle density of FePt nanopar-

magnetic grains of media materials as small as 10 Nm in Sizg;cjes and their hard magnetic properties with different sub-
Nanometer-sized isolated magnetic particles of-y¥pe or-  gyate  temperatures and substrate surface geometrical
dered alloys with high magnetoanisotropy are now attracting.,qitions.

much interest because of their high thermal stability against
superparamagnetic behavior. Thegktype FePt ordered al-
loy is known as a hard magnet with a high magnetocrystalll. EXPERIMENT

; ; ; -3

line anisotropy as high as>710° Jm® (Ref. 1. Though ~ pepy nanoparticles were fabricated by an electron-beam
there are a lot of reports on nanostructure and hard mag”et&/aporation technique using pure Pt, Fe, angDAlcrystals
properties of FePt nanoparticles in recent years, there are feyg evaporation sources. N&@Y) single crystals cleaved in
articles concerning the particle size distribution and its rela;, ere supplied as substrates{5 mn? in size. After the

tion to the hard magnetic propert_i%Eor example, the size (jaayage, NaCl crystals were supplied into a vacuum cham-
dependence of coercivity, especially for FePt nanoparticleger and heated at temperatures between 313 and 823 K in
with sizes smaller than 10 nm has not been made clear yet ifyyer 1o degas the substrate surfaces prior to the metal depo-
spite of interests both from scientific and industrial aspectsgition. Besides the(001) cleaved crystals, NaCl crystals

A sy_stematic under_standing of hard magnetic_ properties iReaved with an off angléabout 2—3f were also prepared
relation to the particle morphology and atomic ong-rangeq the formation of surface steps. The off-angle NaCl sub-
order (LRO) is necessary for the Lok-FePt nanoparticles. grates were heated at 673 K during the deposition. The
The development of techniques for the enhancement of paieposition process took advantage of the overgrowth of Fe
ticle density W|t_hogt a particle cqalescernce is also 'mportanbarticles onto the Pt seed particles, which were grown ini-
for future appllcainons."A technique with a successive Fgjq|ly on the NaCl substrates. The deposited thicknesses,
deposition on Pt “seed” particles followed by annealing for y\qnitored by a quartz oscillator both for Pt and Fe, were
the. Ll(_)—FePt nanoparticles formatlﬁhqs been developed, jpout 1 nm. Amorphous AD; film was further deposited to
which is thought to be one of the techniques to overcome thBrotect the Fe particles from oxidation. Postannealing of as-
particle coalescence during ann_e_allng due to the anChor'nQIeposited nanocomplex particles of Fe andHeteafter, Fe/

by the seeds.” Also, metal deposition onto substrate steps €38 lead to a formation of Li-type FePt ordered nanopar-
be considered for one of the candidates for fabricating nang;.|es Annealing was performed at 873 Krfd h with
heating and cooling rates of about 5 and 10 K/min, respec-
dElectronic mail: sato@sanken.osaka-u.ac.jp tively. Details of deposition method are described
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. tained a result showing an obvious decrease of coercivity
Substrate temperature, 7, / °C with decreasing particle size as shown in Fig. 3. Luo and
FIG. 1. Substrate temperature dependence of mean particlgBizand S_e”myeF ha\_/e also r(_aported the d_ecr_ease of (_:oercwlty with

particle density(n) for as-depositeds) and annealetb) specimens. Anneal-  Sizes for their FePt:SiOgranular thin films. Solid and open
ing condition was 873 K for 1 h. Particle size did not increase so largely bycircles in Fig. 3 indicate the coercivities measured at 300 and
annealing, indicate the existence of anchoring effect of Pt seed particles. 10 K respectively. Specimens were annealed at 873 K for 1
h. The decrease of coercivity measured at 300 K with size

2 . o can be explained by the increase of thermal fluctuation of the
elsewheré:?* Specimen characterization was performed by :
magnetic moments. On the other hand, the decrease of coer-

tran§m|55|on electron microscogyEM) and eIecFron dif- ._civities with the particle sizes at 10 K, though their values
fraction operated at 200 and 300 kV. The magnetic properties )
. . are larger than that of 300 K, can be attributed to the de-
were measured by a superconducting quantum interference ) : . .
device (SQUID) magnetometer. Energy dispersive x-ray crease of the LRO parameter with particle size. W(_e obtained
spectroscopy revealed that all s. ecimens have mean Pt cort#-e LRO parameter of about 0.3-0.4 for 8 nm-sized FePt
P by P nanoparticlegcoercivity was 340 Oe at 300 K; see Fig, 3

positions between 43 and 54 at. % Pt. while the LRO parameter for 12 nm-sized FePt particles was
about 0.6 with coercivity of 5.5 kOe at 300 (Ref. 6. As

IIl. RESULTS AND DISCUSSION another reason for the decrease of coercivity with particle

A. Variation of nanostructure and coercivity with size, the following reason can be considered: For specimens

substrate temperature fabricated below 573 K, there are very fine particles with
Particle isolation, size, and density on the flat NaCl sub—hlglh packlng densityFig. 1(.b)]' which results in a magnet|c
coupling among the particles nearly contacted with each
strate surface cleaved alori§01) depend on the substrate . 7 . o
other causing the decrease of coercivitgo, finally, it is

temperature. Figure 1 shows the substrate temperature dgc_mcluded that for obtaining well-oriented and well-isolated

pendence of mean particle size and particle density for 81, FePt nanoparticles with a large coercivity, substrate
. . _ H 0o— ’
depositedFig. 1(a)] and annealed873 K-1 1 [Fig. 1(b)] temperatures between 623 and 823 K are necessary for our

specimens. It was found that in obtaining a well-oriented rication method using the Pt seed particles
Fe/Pt nanoparticles, substrate temperatures higher than 6£asb 9 P '

K are necessary for an as-deposited specimen. The isolation
of particles was achieved with substrate temperatures higher
than 573 K. For well-oriented and well-isolated nanopar- 6000

ticles, their particle densities were in the range oftidn 2. 8 --®-- 300 K o

Mean patrticle sizes become slightly larger with increasing = o 10K
. . = 4000 .

substrate temperatures, but the sizes did not change largely = 4

upon annealing at 873 K as shown in Figb)l =

Large coercivities were obtained for specimens fabri- 5 2000 o -

cated under the substrate temperatures higher than 623 K as S SRS

shown in Fig. 2. All the specimens were heat treated at 873 O¢ 3 10 12 14

K for 1 h. Besides the atomic ordering by annealing, the Particle size, d / nm

reason for the increase of coercivity with substrate tempera- o . )
h@G. 3. Particle size dependence of coercivity for FePt nanoparticles after

ture can be attributed to the increase of particle size and t : : . .

. . . . . annealing at 873 K for 1 h. Measurements were done with applied magnetic
proceeding of particle |sollat|on, which are ?Xpressed by theeiq parallel to the film plane. Coercivity was greatly damped with decreas-
gradual decrease of density as shown in Fig).1 ing the mean particle size both for 300 and 10 K.
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first-order satellite reflectiongmarked by a double arrgw
due to the periodically distributed Fe/Pt nanoparticles, which
indicated the existence of widely spread periodic surface
steps with a period of about 20 nm. We confirmed that these
well-aligned regions are distributed in a wide area as wide as
1x10* um? on the substrate by bright-field TEM observa-
tion. Our present study suggests that periodically arranged
surface steps on a misoriented substrate are useful to obtain
small-sized(smaller than 5 nFe/Pt nanoparticles with a
homogeneous size and a high particle density. Though, post-
annealing at temperatures above 773 K induced a large coa-
lescence of 4 nm-sized particles grown on the surface steps.
Particles are easily contacted with each other along1Bé)

step edges above 773 K. So, it was difficult to obtain 4
nm-sized L}—FePt nanoparticles with a large coercivity
since it was hard to promote the atomic ordering reaction
without particle coalescence.

IV. CONCLUSION

Densely dispersed FePt nanoparticles with particle den-
sity of 10 cm~2 were obtained at substrate temperatures
below 573 K, while substrate temperatures between 623 and
823 K are necessary for obtaining well-oriented and well-
isolated L}—FePt nanoparticles with a large coercivity. The
isolated particles fabricated above 573 K did not coalesce
G 4 TEM A | icles denosited at 673 K largely upon annealing at 873 K, which can be attributed to
00 o ey Prepess o o e anchoring effect of Pt seed partiles. The coercivy of
flections marked by arrow in the SAED pattéfiig. 1(a)] are as follows(1) ~ F€Pt nanoparticles, measured at 300 K, damped with de-
200 Pt,(2) 020 Pt,(3) 200 Fe, and4) 211 Fe. Single and double arrows in creasing particle sizes below 10 nm. High-density areal
Fig. 1_(b) denot(_e the center qf Fourier transformed pattern and the first-ordepacking of Fe/Pt nanoparticles, 4 nm in diameter, and 1.5
satellite reflections, respectively. % 10" cm~2 in density, was fabricated at 673 K by using a

slightly inclined NaC{001) surface as a substrate, while it
turned out to coalesce easily upon annealing alond1bé)
B. FePt nanoparticles on off-angle NaCl substrate step edges.

50nm
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