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The long-range order (LRO) parameter (S) of single isolated L1,-FePd nanoparticle was determined
by quantitative analysis of nanobeam electron diffraction (NBD) intensities and intensity
calculations considering the multiple scattering of electrons. The obtained order parameters of the

nanoparticles larger than 8 nm are distributed around the mean LRO parameter (S=0.79) which was
determined by selected area electron diffraction intensity analysis, while the parameters slightly
decreased gradually as the particle size decreased below about 8 nm (S=0.60—0.73). The low
degree of order in very small particles is responsible for the coercivity decrease of the LI,
nanoparticles in smaller-sized regions. Quantitative NBD intensity analysis is quite useful for the
determination of the LRO parameter of individual L1,-FePd single crystalline nanoparticle.
Experimental conditions required for NBD analysis are presented in detail and the possible
experimental errors of the determined LRO parameters are discussed. © 2005 American Institute of

Physics. [DOI: 10.1063/1.1985973]

I. INTRODUCTION

Hard magnetic properties of FePd nanoparticles with the
L1,-type structure are originated from large magnetocrystal-
line anisotropy constant (I(u).l’2 The L1,-type tetragonal or-
dered structure is known as the alternative stacking of Fe
(001) and Pd (001) along the [001] direction. The L1,-
FePd nanoparticles with considerably small particle size act
as single-domain particles, and their magnetization process is
carried out by rotation magnetization. The [001] axis (¢ axis)
of the L1, structure corresponds to the magnetic easy axis.
Large K, values of the L1,-FePt as well as FePd nanopar-
ticles resulted in an appearance of very large coercivity at
room temperature even in 10-nm-sized small particles, which
is suitable for ultra-high-density magnetic storage media.’
Actually, K, of these L1 alloys is ten times larger than that
of the currently used CoCr-based recording media, which
indicates a high thermal stability of magnetization in smaller-
sized particles, leading to an increase of areal density. More-
over, large saturation magnetization of these L1, alloys as
large as about 1100 emu/cm?®, which is three times larger
than that of CoCr-based film, will ensure the high sensitivity
in very thin and/or very small particle regions. Because of
the above advantages, L1,-FePt and FePd nanoparticles have
been attracting much interest and have been studied
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extensively.4 Recently, the authors have fabricated very small
isolated L1,-FePt particles with sizes less than 10 nm in di-
ameter, where coercivity rapidly decreased with particle size
reduction, especially below 8 nm (Ref. 5). The decrease of
coercivity was also observed at 10 K where thermal fluctua-
tion of magnetization is insignificant, indicating the decrease
of the degree of long-range order or K, in the very small
particles. Although there has been reported a relation be-
tween K, and the long-range order (LRO) parameter (S) in
FePt thin films,%’ relations between K, and particle size and
between long-range order (LRO) parameter and particle size
in the isolated L1 particles are still open questions. So it is
important to know the LRO parameter of an individual L1,
particle and its dependence on particle diameter in very small
particle-size region. In order to determine the LRO param-
eter of a single L1 particle, we cannot use x-ray diffraction
technique any longer. Recently, the authors have developed a
method to determine the LRO parameter of an assembly of
L1, particles with orientation by selected-area electron dif-
fraction (SAED) with the aid of intensity calculations, con-
sidering the multiple scattering of electrons.®” In these stud-
ies, 10-nm-sized FePt and FePd particles were epitaxially
grown on NaCl (001) substrates and each particle was well
isolated and separated by amorphous (a-) Al,O5 thin film.
Therefore no phase relation exists, nor any double diffraction
occurs among the particles, so we considered that the mul-
tiple scattering of electrons occurs within each particle in the
intensity calculation. The above configuration of the L1, par-

© 2005 American Institute of Physics
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ticles makes quantitative diffraction intensity analyses easy
when single crystalline particles are considered.

In the present study, we applied the above method using
nanobeam electron diffraction to determine the LRO param-
eter of an individual L1,-FePd nanoparticle, which leads to a
clear particle size dependence of the LRO parameter. One-
to-one correspondence between a LRO parameter and a par-
ticle size can be achieved in the present study, since we can
obtain both a nanobeam electron diffraction (NBD) pattern
and a particle image from the same particle using a transmis-
sion electron microscope (TEM). Also such parameters as
the lattice parameter, the alloy composition, and the particle
thickness, which are important factors in the LRO parameter
determination, are all evaluated by TEM.

Il. EXPERIMENT

Nanoparticles of FePd alloy were fabricated by succes-
sive deposition of Pd and Fe onto NaCl substrate cleaved in
air.'’ The evaporation was performed by an electron-beam
deposition apparatus operated at 4 kV with a base pressure
of approximately 3X 107 Pa. Pure Pd (99.95%), Fe
(99.97%), and Al,05 (99.99%) crystals were used as evapo-
ration sources. The substrate temperature was kept at 673 K
during the deposition of Pd and Fe. A quartz thickness moni-
tor located near the substrate stage in the vacuum chamber
was used to estimate the average thickness of the deposited
layer. In the successive deposition process, Pd nanoparticles
act as nucleation sites for Fe nanoparticles and formed Fe/Pd
nanocomplex particles in the as-deposited condition, and
nanoparticles are mutually separated by further successive
deposition of a-Al,O5 film. The specimen film was removed
from the NaCl substrate by immersing the substrate into dis-
tilled water, and was mounted onto copper grids for later
TEM observation. Then annealing of the as-deposited speci-
men film on a copper grid was performed in a high-vacuum
furnace (<2 X 10~ Pa) at 873 K for 36 ks. The heating and
the cooling rates were about 5 and 10 K/min, respectively.
Structural characterization including NBD and SAED ex-
periments were performed by TEM operated at 300 kV
(JEOL JEM-3000F). SAED patterns were also observed us-
ing a high-voltage TEM operated at 1 MV (Hitachi H-3000).
Images and diffraction patterns were recorded by using an
imaging plates (IPs, Fuji Film FDL-UR-V) as digital data for
later quantitative intensity analyses. In the reading process of
electron intensities recorded in IPs, we took the fading effect
of IP into consideration."' Averaged alloy composition of the
fabricated nanoparticles was determined to be Fe—58 at. %
Pd by energy dispersive x-ray spectroscopy (EDS). Speci-
men thickness was evaluated by electron holography using a
biprism installed in the TEM (Hitachi HF-2000 and JEOL
JEM-3000F). The electron probe size used in the NBD ex-
periments was about 4 nm, which was determined by full-
width at half maximum (FWHM) of the electron intensity
profile, and a convergence angle of incident beam defined as
a semicone angle was set to be about 4 X 10~ rad in order to
ensure the parallel beam illumination. In the present electron
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TABLE I. Numerical parameters used for multislice calculations.

Fe—58 at. % Pd
a=0.383 nm, ¢=0.366 nm
[114],[116], [118]

0.0035 nm? (Fe), 0.0045 nm? (Pd)

Alloy composition
Lattice parameter
Zone axis

Debye-Waller factor

Spatial frequency limit 30 nm™!
Accelerating voltage 300 kV 1 MV
Slice thickness 0.14 nm 0.28 nm

Absorption
(Imaginary potential)

10% of Real potential

diffraction study, the ratio of the 110 superlattice and the 220
fundamental reflections was used to evaluate the S value of
the L1,-FePd nanoparticles. The intensity ratio 1o/l
strongly depends on the film orientation in NBD. In taking
NBD patterns, 740 systematic reflections were excited using
the 300-kV TEM.

Transmitted and diffracted beam intensities were calcu-
lated based on the multislice method'? using a computer soft-
ware, MACTEMPAS PPC. The L1, structure belongs to the
space group of P4/mmm, which gives the following struc-
ture factors of reflection: Fj;=4(xpefpe+Xpafpa) for hkl un-
mixed (all even or all odd) and Fj=2|fr.—fpal for hkl
mixed. A slight beam tilting from the [001] incidence to-

wards the [110] direction results in an excitation of #h0 Sys-
tematic reflections, which reduces diffracted beams and can
largely decrease and simplify the multiple scattering events
among the transmitted and the diffracted waves.™” According
to the multislice calculations, the intensity ratio, 119/,
shows an oscillation with specimen thickness under the [001]
incidence even for very thin regions below 15-nm thick,

while in the case of [114], [116], and [118] incidences, the
intensity ratio increases monotonically with thickness.*” In
the following intensity analysis of NBD patterns, we deal

with the beam incidences of [114], [116], and [118], and
weak reflections other than the 470 systematic reflections are
also taken into consideration. Reflection intensities with scat-
tering vectors (=sin 6/\) up to 30 nm~! were taken in the
calculation, which is enough spatial frequency to calculate
the diffracted intensities correctly.

The degree of order was changed by varying the atom
fractions of sublattices of the L1 structure in the calculation
using the following definition'® of the order parameter:

S=ra_xA=M, (1)
yﬁ Ya

where 7,(rg), x4(xg), and y,(yg) denote the fraction of &
sites (/3 sites) occupied by the right atoms, the atom fraction
of A atoms (B atoms) represented by averaged alloy compo-
sition (in this study, x,=0.42, A denotes Fe), and the frac-
tions of « sites (S3-sites), respectively. Numerical parameters
used in the calculation are listed in Table I, where lattice
parameters of FePd nanoparticles were determined by SAED
using Pt polycrystalline thin film as an internal standard.’
The accurate value of the temperature factor (Debye-Waller
factor, B) for 10-nm-sized FePd nanoparticles is not known,
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FIG. 1. A BF-TEM image and the corresponding SAED pattern for L1,-FePd nanoparticles after annealing at 873 K for 36 ks. Small nanoparticles as small
as 10 nm are finely distributed with mutual fixed orientation. A HREM image of a 7-nm-sized FePd nanoparticle is also shown in inset. Indices of reflections
marked by arrows in the attached SAED pattern are as follows: (1) 001gepg, (2) 200gepgs (3) 002gcpg, (4) 110gepg, (5) 220p.pg, and (6) 202g.pq. Reflections of
001, 002, and 202 come from the FePd nanoparticles with ¢ axes oriented parallel to the film plane.

so we took B=0.0035 and 0.0045 nm? for Fe and Pd, respec-
tively, after the values for bulk metals."

lll. RESULTS AND DISCUSSION
A. Nanoparticle morphology and compositions

A bright-field (BF) TEM image and the corresponding
SAED pattern for L1,-FePd nanoparticles fabricated by our
technique are shown in Fig. 1. Nanoparticles as small as
10 nm are uniformly dispersed, and also ¢ axes of the FePd
nanoparticles are oriented both normal and parallel to the
film plane as shown in the SAED pattern. A high-resolution
TEM (HREM) image with the [001] orientation is shown in
the lower inset. Clear {110} lattice fringes of the L1, struc-
ture is seen even in a 7-nm-sized small nanoparticles. The
particle diameter distribution followed a log-normal-type
distribution function with a mean diameter and a standard
deviation of 11 nm and In 0=0.21, respectively. Since these
L1y-FePd nanoparticles were epitaxially grown on the sub-
strate with orientation, all the particles are oriented with their
¢ axes normal or parallel to the a-Al,O5 film plane, which
was revealed by SAED and HREM observations.'’ It was
also confirmed that the population of FePd nanoparticles
with their ¢ axes oriented normal to the film plane were
larger in number than those with ¢ axes parallel to the film
plane. Nanoparticles with crystallographic variant domains
composed of more than two crystalline domains with or-
thogonal ¢ axes were few in number.'” These islandlike
nanoparticles are distributed two dimensionally on the

a-Al,O5 film. Since there is no overlapping of particles along
the electron-beam direction when we observed the specimen
in the plan-view condition, no double diffraction occurs be-
tween the isolated islands. The multiple scattering only oc-
curs within each nanoparticle during the propagation of elec-
trons. All these specimen conditions are convenient for
quantitative analyses of electron diffraction intensities in this
study.

The LRO parameter depends on the alloy composition as
shown in Eq. (1), so it is necessary to know the composition
distribution from particle to particle before the LRO param-
eter determination from single isolated FePd nanoparticle. A
series of compositional analyses from nanoparticles to nano-
particles was performed using nanobeam EDS with a probe
size of approximately 5 nm in diameter. In the analyses, the
specimen film was tilted 10° towards the EDS detector in
order to enhance the detection efficiency. Figure 2 shows a
histogram of alloy composition of the present specimen. Al-
though a distribution of alloy compositions is observed, the
distribution is narrow with a standard deviation of 4 at. %
Pd. We also examined a particle diameter dependence of the
alloy composition by NBD together with BF image observa-
tion of the FePd nanoparticles. As a result, it was found that
the alloy composition of the present FePd nanoparticles was
almost independent of the particle diameter as shown in Fig.
3 in the particle size range between 6.5 and 17 nm. The
presently analyzed particle diameter range almost corre-
sponds to the range of the diameter distribution."”

Downloaded 21 Jul 2005 to 133.1.93.172. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



024308-4 Sato et al.
30
Fe-58at% Pd
c = 4at% _
. 20}
Q
E
& 10+

% 48 52 56 60 64 68
Alloy Composition (at%Pd)

FIG. 2. A histogram of the alloy composition of FePd nanoparticles ana-
lyzed by nanobeam EDS. The mean composition was 58 at. % Pd with
standard deviation of 4 at. %. The population of particles with mean com-
position was 41.5%.

B. Thickness dependence of the I,14/ 5, intensity
ratio

Because of the multiple scattering of electrons as well as
the absorption effect, transmitted and diffracted beam inten-
sities vary with specimen thickness complicatedly.12 The
thickness dependences of diffraction intensities were calcu-
lated by multislice method.'? As explained in Sec. II, we
took the tilted-beam conditions to excite #h0 systematic re-
flections to reduce the complex change of intensities with
thickness. The number of waves of 91, 69, and 43 were taken

in the calculation under the beam incidence of [114], [116],

and [118], respectively. The imaginary part of the projected
potential was set to be 10% of the real part in order to con-
sider the absorption effect of electrons within the specimen.
Figure 4 shows the calculated thickness dependence of the
intensity ratio I;;¢/I5y, as a function of the LRO parameter,
where 110 and 220 denote the superlattice and the fundamen-
tal reflections, respectively. The intensity ratios rapidly in-
crease with thickness and this tendency is prominent in the

100
e
3 80t
=
.S 60k L d
g . *e e @
g 407
g
O 20+
o]
&
O I L
5 10 15 20
Particle Diameter, D / nm

FIG. 3. Particle diameter dependence of the alloy composition for FePd
nanoparticles analyzed by nanobeam EDS and the corresponding BF im-
ages. Alloy composition is independent of the particle diameter. The solid
line indicates the mean alloy composition of Fe-58 at. % Pd.
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FIG. 4. Thickness dependence of the calculated intensity ratio I,,¢/ 15, for
300-kV electrons under several degree of order. The order parameter was
changed by varying the atom fractions of sublattices in the calculation. The

beam incidence is [116].

higher degrees of order. The relation between the intensity
ratio and the thickness shown in Fig. 4 is the basis for the
LRO parameter determination by NBD from single crystal-
line nanoparticles.

C. Evaluation of mean inner potential for the
determination of particle thickness

For the determination of the LRO parameter of an iso-
lated nanoparticle by NBD, it is necessary to know the cor-
rect thickness value of the particle. For this purpose, we took
advantage of electron holography from which the thickness
of each nanoparticle can be evaluated. For the correct evalu-
ation of the thickness, the mean inner potential of the
L1y-FePd must be properly known. In the following, we at
first determine the specimen thickness () before derivation
of the LRO parameters for each FePd nanoparticle using
NBD. In the electron holography, specimen thickness change
and the mean inner potential are related based on the follow-
ing equation:ls’16

_ 2E\ 1+ (eEy/2myc?)
h VO 1+ (eEo/m()Cz) ’

At (2)
where Ar denotes the thickness change, E, the accelerating
voltage, m, the rest mass of electron, A the electron wave
length, and V|, the mean inner potential.

Before the thickness determination of each FePd nano-
particles, we estimated the mean inner potential of
10-nm-sized FePd nanoparticles using the mean thickness
which was determined by another method. For this purpose,
we introduced a method to determine the average specimen
thickness from the diffracted beam intensities using different
accelerating voltages and then we derived the mean inner
potential from Eq. (2) using the determined mean thickness.
Relations between S and ¢ shown in Fig. 5 were derived
using the experimentally determined intensity ratios 1o/ 155
of 0.293 and 0.141 obtained by SAED under 300 kV and
1 MV, respectively. That is, the curves shown in Fig. 5 indi-
cate the possible combination of S and ¢ under the experi-
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FIG. 5. Thickness dependence of the order parameter for 300-kV and
1-MV electrons derived based on the experimentally obtained intensity ra-

tios with beam incidence of [116].

mentally obtained /;¢/I5, intensity ratios. From the cross
point of these two curves the average thickness was obtained
uniquely as 7=7.6 nm. Therefore, all parameters except for
V, are already known since we determined the thickness
from the cross point in Fig. 5. Using Eq. (2), the mean inner
potential was determined to be 23.9 V for the 10-nm-sized
isolated FePd nanoparticles with a mean thickness of 7.6 nm,
which is 9.1% smaller than that theoretically derived
(26.3 V, Ref. 9) based on the following equations:

2
Vo g 00 ®
F(000) = 4(xpefFe(0) + xpafpq(0)) 4)

where h represents Plank’s constant, e is the electron charge,
v, is the volume of the unit cell, f(0) is the atomic scattering
factor for electrons at sin /A=0 after the values by Rez
et al.,'" and F (000) is the structure factor for the forward
scattering of electrons. Then we measured the thicknesses of
FePd nanoparticles from particle to particle by electron ho-
lography using the presently determined mean inner potential
of 23.9 V. An example of electron hologram and its inter-
ferogram amplified 20 times are shown in Figs. 6(a) and
6(b), respectively. Straight interference fringes are observed
in the electron hologram [Fig. 6(a)]. These fringes are due to
the interference of two kinds of waves transmitted through
vacuum and specimen. In the interferogram, contour fringes
are observed within the particles. These contour fringes are
due to the phase shift produced by the crystal potential
change with the change of crystal thickness.'>'*'® The pro-
cess for the formation of an interferogram is explained
elsewhere.'>'® It should be noted that if the diffracted beam
intensity is considerably strong compared with the transmit-
ted wave, the phase change by diffraction is also overlapped
with the above phase shift produced by crystal potential
change.](’ So in the present electron hologram observation,
the incident electron beam was set to be parallel to the [001]
axis of FePd nanoparticles, where the intensity of the trans-
mitted wave is much stronger than that of the diffracted
waves. From the profiles of these fringes, it is found that all

J. Appl. Phys. 98, 024308 (2005)

Interferogram
(20 x)

' r /
J.,”

FIG. 6. (a) An electron hologram for FePd nanoparticles. (b) An interfero-
gram corresponds to the electron hologram (amplification: X20). The
fringes due to the phase changes are clearly seen within the nanoparticles in
the interferogram.

the FePd particles have flat top surfaces parallel to the sub-
strate plane, and are almost pyramid-shaped with curved cor-
ners. As a result, we obtained a correlation between the par-
ticle diameter and the particle thickness as shown in Fig. 7,
where particle diameter was determined by BF images cor-
responding to the interferogram. It was found that the par-
ticle thickness gradually increases with diameter without
changing the pyramidal shape morphology, indicating the
preferential particle growth towards the lateral direction on a
flat NaCl substrate surface.

The cross point shown in Fig. 5 also indicates the mean

order parameter S of 0.84. These S and 7 values which are
determined independently by the accelerating voltages must

be the real S and 7 values for the nanoparticles. Presently

obtained these average S and 7 values are in quite good
agreement with those evaluated in our previous study9 using
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FIG. 7. Particle diameter dependence of the particle thickness for FePd
nanoparticles measured by electron holography. The solid curve denotes the
fitting of experimentally obtained data points. The mean deviation of data
points from the fitting curve was 0.73 nm.
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TEM and electron holography assuming the theoretical mean
inner potential of 26.3 V, where the following parameters

were derived: $=0.79 and 0.82 for 300-kV and 1-MV cases,
respectively, with 7=7.8 nm.

D. Determination of the LRO parameter of individual
FePd nanoparticle

Figures 8(a)-8(d) show NBD patterns taken from FePd
nanoparticles with diameters of 6.8, 8.2, 10.2, and 11.4 nm,
respectively. The beam incidences were [118] [Fig. 8(a)],
[114] [Figs. 8(b) and 8(d)], and [116] [Fig. 8(c)]. The elec-
tron probe of about 4 nm in diameter was focused on the
central region of each FePd nanoparticle in these NBD ex-
periments. The intensity ratio /;;y/l>,y was measured from
the intensity profile of these NBD patterns. In the NBD pat-
terns obtained, we selected patterns almost satisfying the
condition I;,;=1I;; for the correct order parameter determina-

621

440 4 511

4 330 4 401

4 220 4 371
10 4.221

daoo 4.

FIG. 8. NBD patterns for individual FePd nanoparticles observed at 300 kV. Particle diameter (D) and the beam incidence are as follows: (a) D=6.8 nm,

[118], (b) D=8.2 nm, [114], (c) D=10.2 nm, [116], and (d) D=11.4 nm, [114].
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FIG. 9. Order parameter dependence of the 1,,y/ I, intensity ratio for sev-
eral specimen thickness calculated by multislice method for 300-kV elec-
trons. The LRO parameter can be derived from this viewgraph using the
experimentally obtained intensity ratio when the specimen thickness is
known.

tion. On the contrary, specimen tilt towards the [110] direc-
tion does not affect the intensity ratio since the calculated

intensity ratios under [114], [116], and [118] beam inci-
dences with different tilt angles exhibited an almost the same
thickness dependence in the thickness range below 15 nm
according to the intensity calculation.” On the basis of par-
ticle diameter determined by a BF image, the thickness of
each particle for the NBD intensity analysis was determined
using the relation shown in Fig. 7. The calculated relation
between the intensity ratio and the LRO parameter is shown
in Fig. 9 for several thicknesses, which was derived from the
1110/ I thickness relation shown in Fig. 4. By comparing
the experimentally obtained intensity ratio to the calculated
one, the LRO parameter was determined uniquely. Figure 10
shows the particle size dependence of the LRO parameter of
FePd determined by NBD intensity analyses. It was found
that the LRO parameter slightly decreased with particle di-

1.0
“ 08 U e B
5] o)
20.6- 00293
50.4—
g
‘0-'0.2-
00—~ 5"% "9 10 11 12 13
Particle Diameter, D/ nm

FIG. 10. Particle diameter dependence of the order parameter determined by
NBD at 300 kV. The solid line indicates the mean LRO parameter deter-
mined by SAED at 300 kV. The LRO parameter slightly decreased with
particle size reduction below 8 nm in diameter. For data points represented
by solid circles, alloy composition of each FePd nanoparticle was analyzed
by nanobeam EDS, while those of the open circles were determined assum-
ing the mean alloy composition of Fe—58 at. % Pd.

J. Appl. Phys. 98, 024308 (2005)

ameter reduction below about 8 nm. Order parameters ex-
pressed by open circles were obtained by assuming the mean
alloy composition of Fe-58 at. % Pd since the distribution of
the alloy composition is small. However, in order to make
sure the alloy composition dependence of the LRO param-
eter, we also measured the alloy compositions from some
particles by nanobeam EDS, in addition to the measurements
of the NBD intensities and the particle sizes. These results
are plotted by solid circles in Fig. 10. The lowest LRO pa-
rameter obtained in this study was S=0.60 for an FePd nano-
particle with a particle diameter of 7.1 nm. The alloy com-
position of this particle as measured by nanobeam EDS was
Fe-58 at. % Pd, the same as the mean composition. Particles
with alloy composition deviated from the mean composition
also showed smaller LRO parameters than the averaged one
when the particle diameter is smaller than about 8§ nm. For
example, S=0.67 was observed for Fe-55 at. % Pd nanopar-
ticle with a diameter of 7.4 nm. The decrease of the LRO
parameter with particle size reduction is again clearly shown
regardless of the consideration of alloy composition of each
FePd nanoparticle, indicating the fact that the observed de-
crease of the LRO parameter is essential for very small sized
nanoparticles. The smallest particle analyzed in this study
was 6.4 nm in diameter, which is close to the lower limit of
the particle size distribution.'® For more precise determina-
tion of the order parameter, it is necessary to clarify the
particle size dependence of the Debye-Waller factors for Fe
and Pd in isolated FePd nanoparticles. Actually, for example,
the large increase of the Debye-Waller factors close to
0.01 nm? were reported for 2—3-nm-sized Cr,19 Pd,20 and Cu
(Refs. 21 and 22) nanoparticles. However, it should be noted
that consideration of the increase of the Debye-Waller factor
due to a very small particle size resulted in a slight decrease
of the LRO parameter at most 0.06 when B=0.01 nm? was
assumed.®® At this moment, the only remaining factor which
may affect the LRO parameter is the distribution of the par-
ticle thickness. In the diameter-thickness curve shown in Fig.
7, the average thickness deviation of data points from the
fitted curve was 0.73 nm, which resulted in a change of the
LRO parameter of 0.07 for electron diffraction at 300 kV.
On the contrary, the observed LRO parameter decreased to
0.60, which was much smaller than the mean LRO parameter
of 0.79 determined by SAED at 300 kV. So it is concluded
that the particle thickness distribution that exists in the
present specimen gives an insignificant change of the LRO
parameter. To check the electron irradiation effect on the L1,
structure in the present NBD experiments, we observed the
NBD pattern twice from the same particle. As a result, inten-
sity profiles of these two NBD patterns perfectly overlapped
each other and there was no significant difference among
them. So it is concluded that there was no electron irradiation
effect on the L1, structure in these NBD experiments.
Presently observed gradual decrease of the LRO param-
eter is a considerable reason for the decrease of coercivity of
the L1, nanoparticles in very small sizes.” It is considered
that the magnetocrystalline anisotropy constant is decreased
due to the low degree of order in the small particle. From the
structural viewpoint, the decrease of the LRO parameter with
particle size reduction indicates an existence of the minimum
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particle size for the L1, ordering. Actually, a formation of
disorder Fe-Pd nanoparticles has been reported for
2-4-nm-sized isolated Fe—Pd nanoparticles based on HREM
observations,” where very high temperature annealing as
high as 920 K was performed before the HREM observa-
tions. Numerical calculations also indicate the existence of
the size limit for the atomic ordering in isolated alloy
nanoparticles.zé‘f26 The decrease of the Debye temperature is
considered to cause the instability of ordered phase in small
alloy nanoparticles,27 but a relation between the gradual de-
crease of the order parameter and the Debye temperature is
still an open question.

IV. CONCLUSION

The LRO parameter of single isolated L1,-FePd nano-
particle has been determined by NBD and the multislice in-
tensity calculation with the aid of thickness estimation by
electron holography. In the analysis of electron hologram, the
mean inner potential of 10-nm-sized FePd nanoparticles was
evaluated to be 23.9 V, which was 9.1% smaller than that
theoretically derived using atomic scattering factors for fast
electrons. It was found that the LRO parameter of the FePd
nanoparticle slightly decreases with particle size reduction
below 8 nm in diameter. In this experiment, the alloy com-
positions of some of the particles were analyzed by nano-
beam EDS just after the NBD observation in order to make
sure the particle size dependence of the LRO parameter. Par-
ticle thickness distribution resulted in an insignificant change
of the LRO parameter. It should be noted that the observed
gradual decrease of the LRO parameter is considered to be a
reason for the decrease of coercivity in very small sized L1,
nanoparticles. A combination of quantitative NBD intensity
analyses and the thickness determination by electron holog-
raphy is quite useful for the determination of the LRO pa-
rameter of very small L1,-FePd single crystalline nanopar-
ticles. In order to get a precise quality of the determined
order parameter, it is still necessary to clarify the particle size
dependence of the Debye-Waller factors for Fe and Pd in
isolated FePd nanoparticles when we get into the order pa-
rameter analysis in much smaller particle size regions less
than 5 nm in diameter, where the temperature factors will
significantly deviate from the corresponding bulk ones.
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