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We report an in situ study of epitaxial island formation and alloying of FePd nanoparticles using
reflection high-energy electron diffraction (RHEED) followed by ex sifu atomic structure
characterization. We used aberration corrected (AC) scanning transmission electron microscopy
(STEM) with a high-angle annular dark field (HAADF) detector for the study of chemical ordering.
The FePd nanoparticles were formed by sequential deposition of Pd and Fe onto NaCl substrates,
which was then followed by heating to high temperatures to promote chemical ordering during a
short period of annealing. We show that the epitaxial island growth and subsequent alloying of Fe
into Pd can be clearly detected by RHEED. The high resolution and the atomic number (Z) contrast
of AC HAADF-STEM allow a clear observation of nanometer-sized local chemical order in very
small nanoparticles. The results revealed complex chemical structures at an intermediate stage of the
ordering process with ordered regions of both L1, and L1, phases. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3122601]

I. INTRODUCTION

The FePd alloy nanoparticles with the L1,-type ordered
structure is one of the candidate materials suitable for future
ultrahigh-density magnetic storage media. The L1, FePd al-
loy has a high magnetocrystalline anisotropy energy (MAE)
and high saturation magnetization.l The reported value for
the MAE constant (K,,) is as high as 1.7 X 10° J/m? (Ref. 2).
The high MAE originates from the tetragonal ordered struc-
ture with alternate stacking of Fe and Pd in [001] direction
(c-axis) and it has been reported that the MAE is propor-
tional to the square of the degree of order.’ Nanoparticles of
sufficiently small sizes can be formed with a single domain
and their magnetization process is carried out by rotation
magnetization. The latest report shows that FePd nanopar-
ticles as small as 10 nm have a very large room temperature
coercivity, which is suitable for ultrahigh-density magnetic
storage media.*

Alloy nanoparticles of FePd, or other similar compounds
such as FePt, can be synthesized by chemical solution
methods® or physical vapor deposition.g_10 As-prepared
nanoparticles are either disordered solid solutions or nano-
composites of Fe and Pt (Pd) characterized by low magneto-
crystalline anisotropy energies. High temperature annealing
is required to form the ordered L1, phase. However, previ-
ous studies have shown that it is difficult to achieve a high
degree of long-range order (LRO) in small nanoparticles by
annealing.11 Nanobeam electron diffraction analysis of the
LRO parameter of L1,-FePd nanoparticles by one of the au-
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thors showed a size-dependent decay.12 A reduction in the
coercivity of the FePd nanoparticles was observed in con-
junction with the decay of LRO.

Here we report on the chemical ordering process and the
nature of reduced LRO in FePd nanoparticles using a com-
bination of in situ reflection high-energy electron diffraction
(RHEED) observations and ex sifu high resolution imaging
by aberration-corrected high angle annular dark-field
(HAADF) scanning transmission electron microscopy
(STEM). The FePd nanoparticles studied were formed as ep-
itaxial islands on a NaCl substrate using sequential deposi-
tion of Pd followed by Fe based on a previously reported
procedure.lo’12 The formation of epitaxial islands and the al-
loying process of Fe—Pd nanoparticles were followed by
RHEED during deposition and the postdeposition annealing.
The improved resolution and chemical sensitivity of
aberration-corrected HAADF-STEM compared to conven-
tional high resolution electron microscopy (HREM)'*' are
used to detect chemical ordering in the small nanoparticles.
We show that the combination of in situ RHEED and
aberration-corrected HAADF-STEM provides quantitative
information about the ordering process, formation tempera-
ture, and the nature of ordering in alloyed nanoparticles.

Il. EXPERIMENTS

FePd nanoparticles were prepared by successive deposi-
tion of high-purity Pd (99.99%) and Fe (99.995%) onto
single-crystal NaCl(001) substrates at 560-570 K using
electron-beam (EB) deposition. The substrate crystals were
cleaved in air and supplied to a high vacuum EB chamber
(base pressure of ~10~7 Pa). The amount of Fe and Pd de-
posited is measured in term of the film thickness monitored
by using a quartz oscillator. The film thickness is expressed

© 2009 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.3122601
http://dx.doi.org/10.1063/1.3122601

093509-2 Sato, Wen, and Zuo

TABLE I. Deposited thickness, substrate temperatures, and annealing con-
ditions for the FePd nanoparticles grown on NaCl(001) single crystal sub-
strates.

Substrate Postdeposition
Sample No. Thickness Temp. Annealing
1 Fe(7.0 ML)/Pd(6.7 ML) 570 K 835 K-10 min
2 Fe(5.6 ML)/Pd(6.2 ML) 560 K 785 K-5 min
3 Fe(7.0 ML)/Pd(6.7 ML) 570 K 865 K-10 min
4 Fe(7.0 ML)/Pd(6.7 ML) 570 K 775 K-10 min

in the unit of monolayer (ML), which corresponds to the
(200) plane spacing of Fe or Pd (0.143 nm for Fe, and 0.195
nm for Pd). For ex situ TEM and STEM observations, we
deposited a thin film of Al,03 (99.99%) as support, which
also helps to protect parts of the FePd nanoparticles against
oxidation. The deposition and subsequent annealing were
carried out in the EB chamber equipped with a RHEED gun.
The growth rate was monitored using a quartz oscillator and
calibrated by ex situ Rutherford backscattering spectroscopy.
The growth rate was set at 0.1 nm/min for Pd and Fe, and at
0.5 nm/min for Al,O3. The surface of the NaCl(001) sub-
strate prior to the epitaxial growth and alloying of nanopar-
ticles was characterized by RHEED. The RHEED patterns
were recorded using a charge coupled device (CCD) camera.
A tungsten-rhenium thermocouple attached to the sample
heater was used to monitor the sample temperatures. The
temperature at the sample position was calibrated using a
chromel-alumel thermocouple. After deposition at the sub-
strate temperatures of 560-570 K, the specimens were heated
continuously up to the temperatures of 775-865 K and held
at these final temperatures for 5-10 min. The samples were
then gradually cooled down to room temperature. The heat-
ing and the cooling rate were set to approximately 3 and 6
K/min, respectively. The detailed conditions for the prepara-
tion of each sample studied here, including the as-deposited
thickness, the substrate temperature during deposition, and
the maximum annealing temperature, are listed in Table I.
Particle morphology, HREM images, and selected area elec-
tron diffraction (SAED) patterns were observed ex situ by
using a JEOL 2010F TEM (C,=1.0 mm) operating at 200
kV with a field emission gun (FEG). The HAADF-STEM
images were recorded ex situ using the JEOL 2200FS
[equipped with a FEG and a Corrected Electron Optical Sys-
tems, GmbH (CEOS), probe corrector] installed at the Mate-
rials Research Laboratory, University of Illinois. The micro-
scope was operated at 200 kV. The alignment of the
microscope and the aberration corrector was done following
the standard equipment procedure. The corrector was further
adjusted based on the Ronchigrams obtained from the amor-
phous Al,O5 region for defocus and astigmatism. Details of
the performance of this microscope have been reported in
literature.”® For ex siw TEM and STEM observations, the
NaCl(001) substrate was dissolved in distilled water and the
free-standing sample films were picked up and mounted on
the Cu grids. All TEM and STEM images were recorded by
using CCD cameras attached to the microscopes.
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FIG. 1. RHEED patterns recorded in situ during the epitaxial growth of
nanoparticles supported on NaCl(001) at 570 K (sample #1). The beam
incidence is parallel to [100]y,c with glancing angle of 2.7°. (a) NaC1(001)
before Pd deposition, (b) after deposition of Pd with 6.7 ML coverage, and
(c) after deposition of Fe with 7.0 ML coverage. Epitaxial island formation
is clearly seen by spotlike fcc-Pd and bee-Fe reflections. The orientation
relationship between Pd and NaCl and Fe and Pd are as follows:

[100]pyll[100]Nacis (001)pyll (001)Nac1s and [ﬁ 0Jpce-rell[100]pgs
(001) pec-pe 1 (001) py.

lll. RESULTS AND DISCUSSION

A. Epitaxial island formation and alloying observed
by RHEED

Figure 1 shows a series of RHEED patterns recorded
during the course of deposition for a total coverage of 6.7
and 7.0 ML of Pd and Fe, respectively (sample #1). Before
the Pd deposition, the NaCl(001) gave clear sharp diffraction
streaks in the recorded RHEED pattern indicating a smooth
substrate surface [Fig. 1(a)]. The diffraction patterns were
recorded using the beam incidence along [ 100]y,c; at 13 kV
(A=0.0107 nm). The electron incident angle was 2.7°. After
depositing a small amount of Pd at 570 K, diffraction streaks
from the NaCl surface disappeared and a clear diffraction
pattern with spotlike Pd reflections was obtained. The dif-
fraction pattern belongs to the [100] zone axis of the Pd with
a face centered cubic (fcc) structure. The epitaxial orienta-
tion  relationship  observed is  [100]pq/I[100]Naci,
(001)pgll(001)Nacr- This cube-cube orientation relationship is
in agreement with previous reportsM’16 in spite of a large
lattice mismatch of 31% compared to a mismatch of —2.5%
for the epitaxial relationship of Pd[110]IINaCI[100] (Ref.
17). The preference of a large misfit in one orientation rela-
tionship over a smaller misfit in another orientation relation-
ship has been observed before, for example, in the case of
Ag(100)11Si(100) with Ag[011]IISi[011] and a mismatch of
—25% (Ref. 18). LeGoues er al." pointed out that the real
misfit between two lattices is not always the determining
factor for epitaxy. For Ag(111)IISi(111), LeGoues et al."
constructed a 4(Ag):3(Si) coincident-site lattice to explain

the Ag[110]IISi[110] epitaxial relationship. In this case, the
observed cube-cube orientation epitaxy can be explained
based on a coincidence cell of 3 (Pd): 2 (NaCl), which gives
a mismatch of 3.4%.

The spotlike Pd reflections in Fig. 1 are due to the island
growth of Pd and the glancing angle diffraction geometry,
which gives a transmission like diffraction pattern. The Fe
was deposited onto the already formed Pd islands and the
NaCl substrate. The deposited Fe also gave spotlike reflec-
tions in the recorded diffraction patterns. The diffraction pat-
tern can be indexed based on the body centered cubic (bcc)

structure. The beam incidence is along the [110]g. In Fig.
1(c), clear (002)g, and (112)g. (as indicated by the arrow-
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FIG. 2. RHEED patterns recorded in situ from epitaxial Fe/Pd nanoparticles
supported on NaCl(001) during the postdeposition annealing (sample #2).
The Fe and Pd coverage are 5.6 and 6.2 ML, respectively. The beam inci-
dence is parallel to [ 100]y,c; with glancing angle of 1.6°. (a) 623 K, (b) 720
K, and (c) 760 K. Reflections from bcc-Fe indicated by arrowheads gradu-
ally disappeared on annealing due to alloying of Fe into Pd. Change in
(112), reflection intensity during the in situ annealing is shown in (d). For
comparison, intensity change of Fe(7.0 ML)/Pd(6.7 ML) nanoparticles
(sample #3) is also plotted. Intensity of (112)g, reflection rapidly dropped at
temperatures between 710 and 730 K, for both specimens.

heads) reflections are seen in addition to the diffraction spots
of Pd with the fcc structure. The orientation relationship be-
tween the bcc Fe and the fcc Pd is as follows:

[110]5ccpell[100]pg, (001)gecpell (001)pg. According to this
orientation relationship, lattice mismatch between Fe and Pd
is calculated to be (\2ap.—apy)/apgX 100=4.2%, where
ap.=0.286 64 nm and apy=0.389 07 nm are the lattice pa-
rameters of Fe and Pd, respectively.20 Note that this orienta-
tion relationship between Fe and Pd arises from the epitaxial
growth of Fe onto Pd nz1n0p211rticles.9"0 Also note that there is
no evidence of alloying or ordering of Fe and Pd in the
RHEED patterns for as-deposited samples. After the deposi-
tion of Al,O3, the RHEED pattern showed only a halo pat-
tern from the amorphous Al,O5 film.

To monitor the alloying of Fe and Pd during postdepo-
sition annealing, some of the specimens were annealed in
situ without the Al,O5 coating. The RHEED patterns shown
in Fig. 2 are snapshots (exposure time less than a second)
recorded during the heating process at (a) 623 K, (b) 720 K,
and (c) 760 K. The maximum annealing temperature was 785
K. The amounts of Fe and Pd deposited are equivalent to 5.6
and 6.2 ML coverage, respectively (sample #2). The diffrac-
tion patterns were recorded using the electron beam inci-
dence along [100]p4 at 12 kV (A=0.0111 nm). The incident
angle of the electrons was 1.6°. Diffraction spots belonging
to (002)g. and (112)g., as indicated by the arrowheads,
gradually become weak in intensity as the annealing tem-
perature increases. The Fe diffraction spots finally disappear
at 760 K [Fig. 2(c)] and leave behind only those diffraction
spots belonging to the fcc structure. The disappearance of the
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bee Fe reflections indicates the alloying of Fe into Pd nano-
particles [some weak diffraction rings can be seen in Fig.
2(c) indicating that the alloying is not complete]. To monitor
the alloying of Fe, the intensity of the (112)g, reflection was
measured as a function of the annealing temperature. The
measured intensity was normalized by the background inten-
sity of the RHEED pattern. Figure 2(d) shows the tempera-
ture dependence of the (112)g, intensity (used to monitor the
alloying) for samples with a coverage of Fe(5.6 ML)/Pd(6.2
ML) (sample #2) and Fe(7.0 ML)/Pd(6.7 ML) (sample #3).
The measured Fe intensity gradually decreases as the tem-
perature increases, and rapidly drops in the narrow tempera-
ture range between 710 and 730 K for both samples. When
the bce Fe reflections disappeared, the lattice spacing of
(200)pq decreased by 2%, which is another indication of the
alloying of Fe into Pd. Ex situ TEM observation showed that
postdeposition annealing at 763 K lead to a partial formation
of the L1,-type ordered phase in FePd nanoparticles, which
was confirmed by the appearance of weak superlattice reflec-
tions on SAED patterns and also by lattice images of the
tetragonal ordered structure. According to the previous study
based on in situ TEM annealing,21 the initial appearance of
weak superlattice reflections was detected at 723 K, and its
intensity increased as the temperature rose. However, in this
study, the superlattice reflections from the ordered phase
could not be detected by RHEED at temperatures up to 785
K. The structure factors of the superlattice reflections of the
equiatomic L1 structure are much smaller than those of the
fundamental reflections. It appears that RHEED patterns re-
corded here are not sensitive to very weak reflections. Dy-
namical scattering effect may change the intensity ratios of
strong and weak reflections somewhat but it is not expected
to affect the overall picture here.'” The other possibility is
that the surface of the nanoparticles is less ordered than the
interior. Because electrons at the glancing angle in the
RHEED geometry are more sensitive to layers near the sur-
face, difference in ordering between the surface and the in-
terior also affects the diffraction pattern. Nonetheless, alloy-
ing between Fe and Pd clearly can be monitored based on the
intensities of the fundamental reflections as we showed here.

B. Structure and atomic ordering observed by HREM
and SAED

The structure and morphology of FePd alloy nanopar-
ticles were characterized by TEM. A TEM image, SAED
pattern, and HREM image of FePd alloy nanoparticle are
shown in Figs. 3(a)-3(c), respectively. The SAED pattern
was recorded over an area with many nanoparticles as shown
in Fig. 3(a). The sample was prepared with Fe and Pd cov-
erages of 7.0 and 6.7 ML, respectively (sample #4). The
sample was annealed at 775 K for 10 min after deposition.
The TEM observations show that epitaxial FePd nanopar-
ticles with sizes of about 10 nm were formed and dispersed
on the substrate surface [Fig. 3(a)]. Weak (110) superlattice
reflections of the L1 ordered structure are seen on the cor-
responding SAED pattern in Fig. 3(b). The weak diffraction
spots, as indicated by the double arrowhead, are indexed as
the {110}, reflections of bee Fe, which belongs to a minor
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FIG. 3. TEM results for FePd nanoparticles after annealing at 775 K for 10
min. Coverage of Fe and Pd are 7.0 and 6.7 ML, respectively (sample #4).
The average composition is Fe-58at. % Pd. (a) BF TEM image, (b) corre-
sponding SAED pattern, and (c¢) HREM image. Weak (110)gpq superlattice
reflection is seen on the SAED pattern. Lattice fringes of (110) from the L1,
ordered structure is seen only at the center of the nanoparticle, indicating the
initial stage of atomic ordering with low degree of chemical order. In this
encircled area, crystallographic c-axis of the tetragonal ordered structure
oriented normal to the substrate surface. (d) FT pattern of the ordered re-
gion. (e) FT pattern of the disordered peripheral region.

orientation relationship not seen in the RHEED patterns.
These Fe reflections are rotated by 45° around the axis nor-
mal to the film compared to the dominant epitaxial orienta-
tion relationship between Fe and Pd [see Figs. 1(c), 2(a), and
2(b)]. In Fig. 3(b), the weak diffraction streaks seen around
the {200} fundamental reflections are possibly caused by de-
fects ({111} twins and stacking faults) in nanoparticles ac-
cording to a previous report.”> The (001) and (110) superlat-
tice reflections correspond to ordered regions with their
c-axes oriented parallel and normal to the substrate surface,
respectively. The absence of the (001) superlattice reflection
in the diffraction pattern, thus, indicates the preferential
growth with the c-axis along the surface normal direction.
An example of local ordering with the c-axis normal to the
substrate surface (hereafter, c-domain) observed by HREM is
shown in Fig. 3(c). A Fourier transform (FT) of the encircled
area of the particle in Fig. 3(c) is shown in Fig. 3(d). This
pattern is consistent with the formation of the c-domain of
the L1, ordered structure. The ordered region has a size of
~4 nm in diameter, while the nanoparticle is 10 nm in size.
The ordered region is characterized by the {110} lattice spac-
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ing of 0.27 nm of the ordered structure. This was not ob-
served outside of the small ordered region. The lattice fringes
seen outside of the ordered region are indexed as the {200} of
the fcc lattice. A FT pattern obtained from the disordered
peripheral region is shown in Fig. 3(e). The average alloy
composition of this specimen was Fe-58at. % Pd based on
the elemental analyses using energy dispersive x-ray spec-
trometer (EDX) attached to the TEM.

To check the effects of atomic diffusion on the evolution
of chemical order, we also performed annealing at a higher
temperature, at 835 K for 10 min (sample #1, average com-
position: Fe-58at. % Pd). In this case, we see pieces of evi-
dence that the chemically ordered region somewhat in-
creased at the center of nanoparticles. However, the
intensities of the (110) reflections were still weak, indicating
a low degree of order.

Besides the (110) superlattice reflections, we also ob-
served faint (001) superlattice reflections in the recorded
SAED patterns. The intensities of the (001) superlattice re-
flections, however, are much weaker compared to those of
the (110) reflections. The weak (001) is consistent with FePd
nanoparticles with the c-axis either normal or parallel to the
substrate; the majority of particles have the c-axis normal to
the substrate in agreement with previous studies.'**

C. Atomic resolution imaging of chemical order
observed by C.-corrected HAADF-STEM

To clarify the atomic structure of the annealed FePd
nanoparticles, we carried out aberration-corrected HAADF-
STEM imaging. Figure 4 shows several HAADF-STEM im-
ages for the FePd nanoparticles (sample #1, average compo-
sition: Fe-58at. % Pd) after annealing at 835 K for 10 min.
The short annealing time was designed to observe possible
intermediate structures of the alloyed nanoparticles. The
sizes of nanoparticles in Fig. 4 are 4 nm (a), 6 nm (b), 8 nm
(¢), 9 nm (d), and 11 nm (e). In each case, different types of
image contrast seen in the nanoparticle are highlighted on the
right. In Fig. 4(a), an atomic image of L1, ordered structure
is seen at the center of the nanoparticle. The crystal structure
is judged from the FT pattern with characteristic {100} and
{110} superlattice reflections and the distinctive image con-
trast (top right) compared to peripheral areas (bottom right).
The (100) lattice is present in the L1, phase but not in the
L1,. The number of (100) lattice fringes is only seven, indi-
cating the formation of a very small ordered region about 2
nm in size. Another example of partial formation of the L1,
phase is shown in Fig. 4(b). The L1, ordered structure is also
observed at the central part of the nanoparticle shown in Fig.
4(e), while the periphery in this case shows the L1 structure.
Partially ordered regions with (110) and (001) fringes of the
L1, structure are seen in the 8 nm-sized FePd nanoparticle
[Fig. 4(c)]. The FT pattern shown in the inset of Fig. 4(c)
(upper left) shows the +/—(001) reflections in addition to the
four {110} spots. This clearly indicates the existence of two
ordered variants with a difference in the c-axis orientation,
one normal and the other parallel to the substrate. The evi-
dence of nanoparticles with multiple ordering variants after a
short time annealing (5-10 min) suggests that the initial or-
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dering can proceed in all three directions for the L1, phase.
For a nanoparticle shown in Fig. 4(d), the {110} fringes of the
L1, structure are observed in several parts of the nanopar-
ticle.

To further confirm the atomic structures detected by
HAADEF-STEM, we examined the contrast of the STEM im-
ages and compared with the simple models based on pro-
jected potential. The results are shown in Fig. 5. In the L1,
structure, each (001) atomic plane is composed of only Fe or
Pd if we assume the degree of order as unity. When this
structure is projected along the [001] direction, periodic ar-
rangement of Fe and Pd atoms are observed. Figures 5(a) and
5(b) show the structure of the ordered FePd along the [001]
and [110] directions, respectively, in the form of the square
of the projected potential. The square is used to mimic the Z*
dependence expected for the HAADF-STEM contrast based
on the atomic scattering model. The similarity between the
observed STEM image contrast and the projected potential is
clearly observed here. The same agreement is also obtained
for the ordered FePd; with L1, structure as shown in Figs.
5(c) and 5(d). In Fig. 5(d), the nanoparticle is rotated about
1° off the zone axis around the a-axis. This results in a
streaked contrast from the Pd plane, which is observed in
Fig. 4(a). The results here demonstrate that intensity modu-
lation due to chemical order in a small L1,-FePd nanopar-
ticle is clearly imaged by C,-corrected HAADF-STEM ob-
servation. Figure 6 simulates the core-shell effect on the

J. Appl. Phys. 105, 093509 (2009)

FIG. 4. Z-contrast images by
C,-corrected HAADF-STEM for FePd
nanoparticles after annealing at 835 K
for 10 min (sample #1). The average
composition is Fe-58at. % Pd. Nano-
particle sizes and the beam incidences
are as follows: (a) 4 nm, [001]L1,, (b)
6 nm, [001]L1,, (c) 8 nm, [001]L1,
+[100]L1,, (d) 9 nm, [001]L1,, and
(e) 11 nm, [001]L1,+[001]L1,. Cor-
responding Fourier spectra show the
difference between the Lly,- or
L1,-type ordered structures. The high
magnification images on the right are
selected from areas of the nanopar-
ticles with different image contrast.
Chemically ordered region is clearly
imaged as Z-contrast. Ordered area is
narrow and limited for some small
nanoparticles.
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FIG. 5. (Color online) Structure models and the square of the simulated
projected potential for the L1, ordered FePd and the L1, ordered FePd;
nanoparticles. (a) along [001]L1,, (b) [110]L1,, (c) [001]L1,, (d) rotated
about 1° off the [001]L1, zone axis around the a-axis. Images on the right
highlight the contrast in the middle of the model nanoparticles.
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FIG. 6. (Color online) (a) A structure model of an 8 nm diameter core-shell
nanoparticle with a 5 nm diameter ordered FePd; core and a solid solution
of FePd for the shell (dark atoms). The square of the simulated projected
potential for the nanoparticle is shown in (b). (c) A section of (b) from the
center to the edge of the nanoparticle.

image contrast for an 8 nm diameter nanoparticle with a 5
nm diameter core made of ordered FePd; and an Fe rich shell
made of Fe—Pd solid solution. This contrast difference be-
tween the Fe and Pd columns from the ordered core is clearly
visible at the center of the nanoparticle, which becomes
smaller near the edge of the core. The contrast difference
depends on the relative thickness of the core and the shell in
this case. For HAADF-STEM, there is also an additional
limit to the overall thickness above which the contrast de-
pendence on Z breaks down. Our experimental results sug-
gest that nanoparticles studied here are small enough and the
ratio of ordered and disordered phases is high enough to see
the Z-contrast differences.

Thus, microscopy results show the presence of both the
L1y and L1, structures in the nanoparticles. The L1,-type
ordered phase of the Fe-Pd alloy (FePd;) occurs in a wide
composition range between 62 and 86at. % Pd. The presence
of L1, structure is thus an indication of Pd-rich phase. The
L1,-phase formation was recently reported for chemically
synthesized FePt nanoparticles.24 There are two possible rea-
sons for the Pd-rich phase. One is chemical composition
variation among different nanoparticles and the other is lim-
ited diffusion. Both are related to the sequential deposition
process used to form these nanoparticles.

The Pd islands were formed first and each of Pd islands
acts as the nucleation and growth center for the Fe atoms.
According to the previous study using the same sample
preparation technique,12 the alloy composition distribution of
the nanoparticles followed a Gaussian function and the stan-
dard deviation was about 4at. % (Ref. 12) based on the el-
emental analyses by EDX using an electron nanoprobe. Also
the alloy composition showed no obvious particle size de-
pendent distribution."? According to this alloy composition
distribution, we estimate the minimum and maximum com-
positions of 50at. % Pd and 62at. % Pd, respectively, for the
average composition of 58at. % Pd. The L1, phase is formed
at the composition range between 50 and 60at. % Pd. The
population of FePd nanoparticles exceeding 60at. % Pd is as
small as 5% in the histogram. These results indicate that a
rather small alloy composition distribution may still cause a
difference in atomic ordering and possibly lead to a partial
formation of L1, phase as observed in the present study.

J. Appl. Phys. 105, 093509 (2009)

The Z-contrast images show two interesting features.
First, inside each nanoparticle, the ordered region is associ-
ated with high, bright, contrast, while the disordered region,
often at the periphery of the nanoparticle, shows dark con-
trast. While the reduced thickness of the nanoparticles near
the particle edge may contribute to such contrast changes, it
should be noted that the observed contrast change can also
indicate the existence of a Pd-rich region at the central part
of nanoparticles, which will be consistent with the observa-
tion of L1, phase in the middle of some nanoparticles. In
other words, these experimental results suggest a limited dif-
fusion that leads to a Pd-rich core for the L1, phase forma-
tion. The existence of Pd-rich region at the central part of
nanoparticles is highly plausible because of the sequential
deposition of Pd and Fe, where the formation of an alloy
requires exchange of Pd and Fe with Pd diffusing out from
the center of the nanoparticle and Fe diffusing into the cen-
ter. The Pd-rich core indicates an incomplete exchange pro-
cess.

The second feature of the Z-contrast images is the size of
the ordered region. The ordered regions in the nanoparticle
shown in Fig. 4(d) extends over an area as large as 6 nm,
while the 4-nm-sized nanoparticle in Fig. 4(a) or the 6-nm-
sized nanoparticle in Fig. 4(b) are less ordered. Further, the
ordered region of the larger 8-nm-sized [Fig. 4(c)] nanopar-
ticle is also small and limited to some local areas. The an-
nealing carried out here was intentionally performed at a
lower temperature of 835 K for a short period of 10 min,
compared to the previous reports (973 K-24 h or 1073 K-4
h,11 873 K-1 h or 10 hlo’lz), in an attempt to observe the
intermediate stages of chemical ordering. It is interesting that
partially ordered region was also observed in smaller sized
FePd nanoparticles [Figs. 4(a) and 4(b)].

The results here show that HAADF-STEM can be used
to detect inhomogeneous alloying because of the large dif-
ference in atomic numbers (Z) for Pd and Fe at Zpy=46 and
Zr.=26, respectively. The contrast ratio of Fe from Pd in the
HAADF-STEM image is 3.1 if we expect a Z> dependence
of image intensity. Existence of central bright contrast region
surrounded by dark contrast area indicates alloying of Fe into
Pd nanoparticles, followed by atomic ordering at the alloyed
region. This is expected at the initial stage of atomic ordering
by annealing. Prolonged annealing is expected to promote
further exchange of Fe and Pd leading to more homogeneous
nanoparticles.

IV. CONCLUSION

We have studied epitaxial island formation, alloying, and
chemical ordering of FePd nanoparticles by in situ RHEED,
HREM, and Cj-corrected HAADF-STEM. Epitaxial Fe/Pd
nanoparticles were formed by successive deposition of Pd
and Fe onto single crystal NaCl(001) substrate kept at 560—
570 K. The epitaxial island growth and subsequent alloying
of Fe into Pd were clearly detected by RHEED, which
showed initial appearance of spotlike reflections of fcc-Pd
and bce-Fe, followed by disappearance of the Fe reflections
upon annealing. The orientation relationship between fcc-Pd
and NaCl, and bcc-Fe and fcc-Pd deduced from RHEED
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patterns are [100]pgl[100]5ac,  (001)pgll (001)n,cr  and

[110]hccpell[100]pg, (001)pee.pell (001)pg, respectively. The al-
loying proceeded rapidly in a narrow temperature range be-
tween 710 and 730 K as detected by the disappearance of the
Fe reflections in RHEED patterns. After annealing at 775 K
for a short period of time, a L1y-type ordered phase was
detected by SAED and HREM in FePd nanoparticles. How-
ever, the ordered region was limited to a small area, and the
intensity of the superlattice reflections was weak in the
SAED pattern. Further examination using C,-corrected
HAADF-STEM revealed local chemical order in FePd nano-
particle with both the L1y- and L1,-type structures. We in-
terpret the presence of the L1,-type phase based on kineti-
cally limited atomic ordering, which proceeds by exchange
of Pd and Fe between the heavy Pd-rich core and light Fe-
rich periphery. Alloy composition distribution can also lead
to the formation of L1, phase. The results here demonstrate
the complexity of chemical ordering in alloy nanoparticles
and the power of aberration corrected HAADF-STEM for
studying nanoscale chemical ordering.
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