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ABSTRACT:

We observed an order—disorder transition confined to the interface of Pd@Co core—shell
nanoparticles with a Pd core and Co shell. A local ordered region with the L1¢- and L1,-type ordered
structure 2—3 nm in size was formed in a ~12-nm-sized particle. The local atomic order was only
achieved in the narrow temperature range of 573—723 K, where the diffusion length is limited to a
short range comparable to the nearest-neighbor distance of the Co—Pd solid solution. Once the atom
migration was activated (7> 773 K), alloying of Co and Pd proceeded rapidly, and the ordered phase
disappeared along with the core—shell structure. Namely, the stability of the ordered phase was
diffusion controlled. Chemically sensitive atomic-resolution electron microscopy enabled detection
of the local atomic order formed in a nanoparticle. Such local atomic order has the potential to enable
tuning of the magnetic anisotropy of bimetallic nanomagnets, which may open a new route to realize

ultrahigh density magnetic storage media.

KEYWORDS: short-range order, core—shell structure, nanoparticle, order—disorder transition,
HAADF-STEM
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INTRODUCTION

Bimetallic nanoparticles composed of a ferromagnetic 3d transition metal (Fe, Co, Ni) and a noble
metal (Au, Pt, Pd, Ru) have been extensively investigated in terms of their novel magnetic and
catalytic properties as well as their structures)). Among these binary systems, alloy nanoparticles with
the tetragonal L1o-type (AuCu I-type) ordered structure, such as Fe—Pt, Co—Pt, and Fe—Pd, have
received particular attention as ultra-high-density magnetic storage materials. Abundant knowledge
has been accumulated on their atomic structures, phase transitions, and magnetic properties in the last
two decades!).

However, limited studies have been performed on Co—Pd nanoparticles compared with those on
Fe—Pt or Co—Pt systems, with most focusing on catalytic applications using the core—shell structure*
7). This absence of research is presumably because the Co—Pd alloy forms a solid solution in thermal
equilibrium unlike the aforementioned FePt and similar compounds and does not exhibit outstanding
magnetic properties, which are of interest from a technical viewpoint®. According to the binary alloy
phase diagram?, Co—Pd alloy forms a solid solution phase over the entire composition range, so there
is no ordered phase or intermetallic compound between Co and Pd that can be a source of excellent
magnetic properties. This situation is similar to the case of Ni-Pd system, which also forms solid
solution in all the composition range'?. In fact, Ni-Pd nanoparticles are famous as catalysts'!-13), but
their potential as magnetic materials is unknown. However, near a half a century ago, short-range
order (SRO) was identified in Co—Pd bulk alloys according to analysis using diffuse scattering of X-
rays'¥. In addition, a previous electron diffraction study revealed the existence of long-range order
(LRO), namely, both L1o- and L1>-type (AuCus-type) ordered structures, in vacuum-deposited Co—
Pd thin films'®). Such atomic ordering may increase the magnetic anisotropy of Co—Pd alloy thin films

or nanoparticles, as the magnetocrystalline anisotropy energy (Ku) is proportional to the square of the



degree of order (S), namely Ky oc §%19). Local atomic ordering has the potential to open a new route
for the synthesis of nanomagnets with potential application in ultrahigh-density magnetic storage
media. However, after these pioneering works, no further studies were published on this topic, and
hence, the possible existence of atomic ordering in Co—Pd alloy remains an open question.

Figures la and 1b show the crystal structures of the L1,- and Llo-type ordered structures,
respectively. High-resolution electron microscopy (HREM) combined with computational models is
considered an indispensable technique to characterize the local ordered structures in alloys!” 3. In
addition to the established methods, high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) enables the direct identification of atomic species in a multicomponent
alloy'? as well as in bimetallic nanoparticles?*22), As shown in the simulated images for the L1,-type
CoPds (Figure 1c) and L1o-type CoPd (Figures 1d and le) ordered phases, the constituent elements
and their arrangements can be directly identified by the atomic number (Z) contrast: heavier Pd (Z =
46) appears with brighter contrast than Co (Z = 27).

Nanoparticles with a core—shell structure can be regarded as a diffusion couple at the nanoscale,
and hence, the particle interfacial area between the core and shell will include various local atomic
structures. The purpose of this study was to elucidate the local atomic structures of Pd@Co core—
shell nanoparticles with a Pd core and Co shell in an attempt to unlock the potential of Co-Pd
nanoparticles as nanomagnets. We show that both L1o- and L1>-type ordered structures are locally

formed in Pd@Co nanoparticles and discuss the thermal stability of the local ordered structures.
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Figure 1. L1,-type (a) and L1o-type (b) ordered structures. Simulated HAADF-STEM images of L1»-
CoPds (¢) and L1o-CoPd (d, ¢): (c) L12, beam incidence in the [001] direction, (d) L1o, [001], and (e)

L1y, [010]. Periodic arrangements of Pd and Co atoms are observed.

RESULTS

Figure 2a presents a selected area electron diffraction (SAED) pattern of the as-deposited Pd@Co
nanoparticles with Pd content of 44 at% covered by a thin amorphous (a-) Al,Os film. Deposition was
performed at 573 K. The SAED pattern consists of reflections of Pd and Co together with weak halo
rings from the a-Al>O3 film. Note that both Pd and Co adopt the face-centered cubic (fcc) structure.
The following cube-on-cube orientation relationships are observed between fcc-Co and fcc-Pd:
<100>co // <100>pg, {001}co // {001} pa. This is due to the epitaxial growth of Pd on the NaCl(001)
substrate maintained at 573 K, followed by growth of Co in the sequential deposition process of Pd,
Co, and Al,Os. A magnified image of the pattern near the 220p4 and the 220¢, reflections is presented
in the lower inset. The coexistence of 220pq and 220c, is clearly observed. Note that the 200

reflections of Co and Pd are close in distance and hence overlap with each other. The difference in
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the reflection intensity between Co and Pd is mainly due to the difference in magnitude of the atomic
scattering factors (f) between Co and Pd (fpa > fco). The weak reflections indicated by the arrowheads
correspond to {111} stacking faults, which is frequently formed in metals and alloys with the fcc
structure?!). Figure 2b presents a HAADF-STEM image of the Pd@Co nanoparticles (same sample
as that for the SAED pattern in Figure 2a). The average particle size was 6.8 = 1.3 nm in diameter
with a particle areal density (surface density) of 2.1 x 10!! cm™2. Most of the particles showed core—
shell contrast. Figure 2¢ presents an atomic-resolution HAADF-STEM image of a representative
Pd@Co nanoparticle with core—shell contrast. The Z-contrast directly reveals the formation of a Pd
core (bright contrast) and Co shell (weak contrast). Atomic columns of Co and Pd were connected
smoothly because of the epitaxial growth of Co and Pd. Electron energy-loss spectroscopy (EELS)
revealed that core-loss spectra of Co (L23 edge) were detected from the entire particle including the
particle center. Figure 2d presents a typical core-loss spectrum of the Co-L»3 edge obtained from the
central area of the particle shown in the inset. Based on the HAADF-STEM imaging and EELS
analysis, we deduced the particle shape depicted in the schematic illustration in the inset of Figure

2b, where the Co shell covers the Pd core in a hemispherical form.



Intensity (arb. units)

60 80 800 820 840

Energy Loss (eV)

~

Figure 2. (a) SAED pattern of the as-deposited Pd@Co nanoparticles with an average Pd content of
44 at%. (b) HAADF-STEM image of Pd@Co nanoparticles. The inset presents a schematic
illustration of the cross-section of the hemispherical core—shell structure. (c) Atomic-resolution
HAADF-STEM image of a representative Pd@Co nanoparticle with core—shell contrast. (d) Core-
loss spectrum of Co-L»3 edge obtained from the central area of the particle shown in the inset. The

observations were performed at room temperature.



Annealing of the as-deposited Pd@Co nanoparticles led to the formation of alloy nanoparticles.
The intensity of the 220c, reflection became weak and disappeared at 773 K, indicating dissolution
of Co into Pd. In fact, the lattice parameter of the alloy phase formed by annealing at 823 K for 300
s was almost the same as that of the as-deposited Pd (a = 0.39 nm). The average particle size was 7.1
+ 1.6 nm in diameter with a particle areal density of 2.2 x 10'! cm™2. The insignificant particle
coalescence and growth indicate that the alloying reaction proceeded within each nanoparticle. Figure
3a presents an SAED pattern of the nanoparticles after annealing at 823 K for 300 s (same sample as
that shown in Fig. 2). A magnified image of the pattern near the 220 reflection is presented in the
lower inset. The splitting of the 220¢, and 220pq reflections observed in the as-deposited specimen
(Figure 2a) disappeared, indicating alloying of Co and Pd. The weak streaks indicated by arrowheads
originate from {111} stacking faults. The atomic-resolution HAADF-STEM image in Figure 3b
shows that the core—shell contrast disappeared with alloy phase formation. The image contrast was
lower at the peripheral region of the particle because of the particle shape and differed from the core—
shell contrast. Figure 3¢ presents a magnified HAADF-STEM image. There are two types of contrast
in the atomic columns, as indicated by the red and blue arrowheads. The red arrowhead indicates an
atomic column with strong bright contrast, and similar contrast spots are randomly distributed. These
bright spots can be attributed to Pd atoms in a solid solution of Co—Pd alloy, whereas there is no local
atomic order in the annealed specimen. It is also noted that no superlattice reflection of the ordered

phase was detected during the in-situ annealing.
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Figure 3. (a) SAED pattern of the nanoparticles after annealing at 823 K for 300 s. Amagnified image
of the pattern around the 220 reflection is shown in the lower inset. An alloy phase was formed. (b)
Atomic-resolution HAADF-STEM image of a representative Co—Pd alloy nanoparticle. (c)
Magnified HAADF-STEM image. There were two types of contrast in the atomic columns, as

indicated by the red and blue arrowheads. The observations were performed at room temperature.

Figure 4a presents an SAED pattern of the as-deposited Pd@Co nanoparticles with a Pd content
of 88 at%. Deposition was performed at 623 K. The average particle size was 11.9 + 2.0 nm in
diameter with a particle areal density of 1.3 x 10! cm™2. The existence of pure Co is not certain
because the 220c, reflection cannot be identified. This is most likely due to the low Co concentration

(12at%) and possible alloying of Co and Pd during the particle growth at 623 K. A noticeable feature



is the existence of weak satellite reflections in addition to strong fundamental reflections. These
satellite reflections can be indexed as 100 and 110 superlattice reflections of the L1>-type ordered
structure. Namely, the ordered phase was formed by particle growth at 623 K during the sequential
deposition of Pd and Co. The weak streaks due to {111} stacking faults are indicated by arrows.
Figure 4b presents an atomic-resolution HAADF-STEM image of a representative Pd@Co
nanoparticle. The core—shell contrast is still apparent; however, the L1>-type ordered phase is formed
at the peripheral region of the nanoparticle. The ordered region is narrow, approximately 2—3 nm in
size. A magnified image of the ordered region is shown in the lower-left inset. The arrangement of
bright spots is consistent with the simulated image shown in Figure 1c. An anti-phase boundary (APB)
was observed along the line between the blue and red arrowheads. A magnified image of the area
including the APB is shown in the upper-right inset. The APB is indicated by the dotted line. The
atomic rows indicated by the blue arrowheads shifted a half period of the lattice at the APB with
respect to the rows indicated by the red arrowheads. It should be noted that existence of the APB
provides evidence that the ordered phase was formed by the nucleation and growth mechanism?3.
The fast Fourier transform (FFT) pattern of this image in Figure 4c includes clear 100 and 110

superlattice reflections in addition to the fundamental reflections.
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Figure 4. (a) SAED pattern of the as-deposited Pd@Co nanoparticles with an average Pd content of
88 at%. Superlattice reflections of the L1,-type ordered structure are observed. (b) Atomic-resolution
HAADF-STEM image of a representative Pd@Co nanoparticle including local ordered region. (c)

FFT pattern of the image shown in (b). The observations were performed at room temperature.

Figure 5 provides another example of the Pd@Co nanoparticle including an ordered phase (same
sample as that shown in Figure 4). The L1,-type ordered phase is formed on the right side of the
nanoparticle. A magnified image is shown in the upper-right corner. However, the L1o-type ordered
phase was observed at the upper-left part of the nanoparticle. A magnified image is presented in the

lower left corner. The atomic arrangements of these ordered regions are consistent with the simulated
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ones shown in Figures 1c (L12, [001] zone) and le (L1o,[010] zone). The following lattice parameters
were deduced: a = 0.39 nm for the L1,-CoPds and a = 0.39 nm, ¢ = 0.38 nm, with ¢/a = 0.97 for the
L1o-CoPd. The accuracy of these measurements was 0.01 nm. The superlattice reflections of the L1»-
CoPds; and L1o-CoPd structures overlapped with each other in the SAED pattern (Figure 4a). Thus,
as shown in Figures 4 and 5, we observed that the ordered phase was formed in the Pd@Co core—
shell nanoparticles and was confined to a region of less than a few nanometers. Such a small ordered
region is rather similar to SRO and largely differs from the case of CoPt or FePd nanoparticles with
well-developed LRO. Such local atomic ordering is in good agreement with the report by Katsnel’son
et al. for bulk Co—75at%Pd alloy with ordered regions of 1.5-2 nm in size'4). These researchers stated
that the size of the ordered region is intermediate between normal LRO and SRO and termed the
region “local order”. The coexistence of the L1oand L1, phases is consistent with another study where

two-phase coexistence was reported in Co—Pd alloy thin films with a Pd content of 60-70 at%!>.

Figure 5. Atomic-resolution HAADF-STEM image of a representative Pd@Co nanoparticle
including local ordered region. Magnified images of the L1> (upper right corner) and L1o ordered

regions (lower left corner) are also shown. The observations were performed at room temperature.
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Figure 6 shows the presence or absence of the ordered phase in as-deposited Pd@Co
nanoparticles with respect to the Pd concentration and substrate temperature during the particle
growth. The data points in Figure 6 were obtained for nanoparticles with average particle sizes of 9—
16 nm in diameter. The ordered phase formation was judged by the existence of superlattice
reflections in the SAED patterns (represented by open circles (©)). An open triangle (A) indicates
that the local ordered region was detected by HAADF-STEM while the superlattice reflections were
invisible in SAED. A cross mark (%) indicates that no ordered phase was detected by SAED or
HAADF-STEM. The type of the ordered structure was determined by atomic-resolution HAADF-
STEM analysis. As observed, particle growth above 623 K led to the formation of the ordered phase.
Namely, interfacial atomic ordering is a thermally activated process. Both the L1, and L1 structures
were identified when the ordered phase was detected (o and A). Atomic ordering was detected for
specimens with Pd contents higher than 59 at%. The ordered phase was also detected for a specimen
deposited at 573 K when the Pd content was high (75 at%Pd). This result suggests that the interfacial
atomic ordering may depend on the Pd content despite the sequential deposition where pure Co is
always supplied onto the pure Pd seed. In contrast, the ordered phase was not observed for specimens
with lower Pd contents (36-51 at%Pd). Furthermore, atomic ordering was not detected for post-

deposition annealing up to 823 K (Co—44 at%Pd, Figure 3).
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Figure 6. Presence or absence of ordered phase with respect to Pd concentration and substrate
temperature during particle growth. Open circle (0): superlattice reflections were included in the
SAED pattern, Open triangle (A): superlattice reflections were invisible in the SAED pattern, but a
local ordered region was detected by HAADF-STEM, Cross mark (x): ordered structures were not

detected by SAED nor HAADF-STEM.

Figure 7 shows the temperature dependence of the diffracted beam intensity profiles of the Co—
88at%Pd nanoparticles near the 110 superlattice reflection (same sample as that shown in Fig. 4 and
5). The deposition temperature was 623 K. The profiles were measured in the [hh0]* direction in the
SAED pattern obtained by in-situ annealing in the TEM. The intensity of the 110 reflection remained
almost constant upon annealing up to 698 K, indicating that the local ordered region was hardly
developed by annealing. Namely, the SRO in Co—Pd nanoparticles does not evolve into LRO by post-
deposition annealing. The 110 reflection disappeared at 723 K, providing clear evidence that the
ordered phase became disordered by annealing. After holding for 300 s at 723 K, the specimen was
cooled down to room temperature. The 110 superlattice reflection appeared again at 623 K during the

cooling process. The observed reversible change of the superlattice reflections indicates that the

14



structural change on annealing results from order—disorder transition. It is inferred that the transition
occurs in a narrow interfacial area between the Pd core and Co shell in the Pd@Co nanoparticles. The
transition temperature (7¢) is approximately 723 K, which is lower than that (7. = 1103 K) reported
for a Co—80at%Pd alloy thin film'>. We confirmed the reproducibility of the disappearance and
appearance of the superlattice reflections as a function of temperature. Such a sudden change in the
intensity of superlattice reflections at 7: is a characteristic of a cooperative phenomenon. The
temperature dependence of the SRO can be represented by statistical thermodynamic theory?* 2. We
also noticed that once the specimen is heated to 773 K, the superlattice reflections never appear again
during the cooling process. This phenomenon will be discussed later from the viewpoint of atom

diffusion. The particle size and particle areal density were conserved during the annealing process.

cooling

—300K
—573K
—623 K
— 648 K

heating
— 723 K
-698 K
—573K
—300 K

Intensity (arb. units)

20 25 30 35 40
Scattering Vector (nm™)

Figure 7. Temperature dependence of diffracted beam intensity profiles obtained by in-situ annealing
in the TEM. The 110 superlattice reflection disappeared at 723 K during the heating process and it

appeared again at 623 K during the cooling process. The deposition temperature was 623 K.
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DISCUSSION

Nanoparticle Growth and Diffusion Length. For the particle morphology, it should be noted
that in our sequential electron-beam (EB) deposition taking advantage of the epitaxial growth of metal
nanoparticles on a NaCl(001) substrate, Pd nanoparticles act as nucleation sites for later deposited
Co29. This is the origin of the formation of the Pd-core with Co-shell nanoparticles in this study. The
particle growth condition largely differs from the cases reported in the literature: a Pd shell was
formed when deposition was performed at room temperature’ 9. Significant differences of these
studies from our study are that Co was deposited first, and the nanoparticles were grown at room
temperature on NiAI® or Al,Oz substrates®). In general, it is presumed that a constituent element with
the lower surface free energy (y) prefers to form a shell to minimize the total Gibbs free energy of a
particle/substrate system (for Pd@Co, ypg = 2.05 J/m? < yco = 3.23 J/m? 27)). However, core-shell
structure is not thermally stable in the case of Co-Pd system since Co and Pd are miscible with each
other in all the composition range®. Therefore, it is inferred that the Pd@Co core-shell structure is
determined by kinetics rather than surface free energy. Interdiffusion of Co and Pd will be dominant
compared to the Pd segregation towards the particle surface in the case of Pd@Co nanoparticles
grown at 573-673 K. Surface segregation of a constituent element with a lower surface free energy
has been observed in Au@Co nanoparticles prepared by the same technique (Au shell was formed
irrespective of the deposition sequence when the particle size was smaller than 11 nm)22). In this case,
Co and Au are immiscible with each other and phase separation occurs by annealing. In any case, the
prerequisite for island growth is that the surface free energy of the substrate must be lower than that
of the constituent elements. It is also noted that the interfacial free energy between the core and shell
may play an essential role in determining the particle morphology.

The formation of the ordered phase clearly indicates that a compositional gradient exists at the
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interface between the Pd core and Co shell, namely the interface is not steep with respect to chemical
composition but rather an alloy phase exists between Pd and Co. If the enthalpy of mixing is negative,
the SRO state can be realized?®. The heat of formation for Co—Pd alloy is actually a small negative
value (=2 kJ/mol)??. Such an alloy phase is formed during the particle growth above 623 K. Hence,
atom diffusion is a key issue to clarify the observed atomic ordering. We estimated the diffusion

length L for Co—Pd alloy using the following equations:

D = Doexp(~ ) (1)
L =+/Dt, )

where D denotes the diffusion coefficient for interdiffusion in Co—Pd alloy, Dy is the frequency factor,
O is the activation energy, kg is the Boltzmann constant, 7 is the temperature, and ¢ is the time. The
values of Dy and Q for Co—Pd bulk alloy have been reported in the temperature range between 1153
K and 1466 K39. We estimated the diffusion length in the temperature range between 573 K and 773
K assuming Q = 238.1 kJ/mol and Dy = 4.24 X107 m?s! for Co—75at%Pd alloy after the values
reported in the literature (the aforementioned value is the arithmetical mean of the reported values for
70at%Pd and 80at%Pd alloys)3?. The obtained results are listed in Table I. A diffusion time of 600 s
at each temperature was assumed for the calculation based on the experiments in this study (EB

deposition and in-situ annealing in the TEM).
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Table 1. Temperature (7) and estimated diffusion length (L) for Co—75at%Pd and experimentally

observed structural changes. A diffusion time of 600 s was assumed.

T/K L/nm Structural changes

573 2.2X10 | —Epitaxial growth of Pd and Co by EB deposition (Figure 2)

623 1.6 X107 | —Epitaxial growth of Pd and Co by EB deposition

—Formation of local atomic order during the particle growth (Figures 4 and 5)
—Re-appearance of the superlattice reflections in the cooling process (Figure
7)

673 9.0 X102 | —Epitaxial growth of Pd and Co by EB deposition

—Formation of local atomic order during the particle growth (Figure 6)

723 3.9X 10! | —Disappearance of the superlattice reflections in the heating process (Figure
7)

773 1.4 | —Disappearance of core-shell structure

823 4.4 | —Alloy phase formation (Figure 3)

As observed, it is practically difficult to promote atom migration at 573—673 K via a vacancy process,
and hence, surface diffusion will dominate interfacial ordering as well as particle growth during the
EB deposition. The absence of the superlattice reflections in the specimen deposited at 573 K
indicates that a substrate temperature of 573 K is insufficient to promote interfacial mixing of atoms.
The superlattice reflections disappeared at 723 K with post-deposition annealing. The estimated
diffusion length at 723 K is 0.39 nm, which corresponds to the second-nearest-neighbor distance in
the Co—Pd alloy. The estimated diffusion length reminds us of the fact that order—disorder transition
in an alloy is the typical cooperative phenomenon and hence does not require long-range atom
migration. At 773 K, structural change in nanoparticles by interdiffusion is possible as the estimated
diffusion length exceeds 1 nm. This is consistent with the experimental result that the core—shell

structure disappeared after annealing at 773 K for 600 s. Such an interfacial reaction reduces the
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compositional gradient in a nanoparticle, and eventually, compositionally homogeneous
nanoparticles are formed. Once the temperature was raised to 773 K, the superlattice reflections did
not reappear during the cooling process. This finding can be explained by the remarkable deviation
of the interfacial composition from the composition range necessary for the ordered phase formation.
In the temperature range where the order—disorder transition occurs as a cooperative phenomenon
(namely, ~723 K in this study), large-scale interfacial atom diffusion is practically impossible. This
appears to allow the occurrence of the order—disorder transition in a core—shell nanoparticle. The
aforementioned processes are summarized in Figure 8: (a) an as-deposited core—shell nanoparticle
with local atomic order, (b) disordered phase formation by order—disorder transition (7 = 623-723
K), (c) disordering together with alloying (7> 773 K), (d) alloy phase (solid-solution) formation.

Reversible transition is possible in the temperature range between 623 and 723 K.

order-disorder transition (b) disorder
(reversible)

T=623-723 K
(a) order /
c disorder
disordering > alloy
(irreversible)
T2773K

Figure 8. Schematic illustration of the structural changes of a Pd@Co core—shell nanoparticle: (a)
as-deposited core—shell nanoparticle with local atomic order, (b) disordered phase formation by
order—disorder transition (7' = 623—723 K), (¢) disordering together with alloying (7 > 773 K), (d)

alloy phase (solid-solution) formation.

In the sequential deposition process employed in this study, a pure Co layer is formed on the pure
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Pd seed irrespective of the amount of deposited Co. In this respect, alloy composition dependence of
the ordered phase formation should not appear. However, we detected superlattice reflections of the
ordered phase in the specimen with Pd concentration of 59-89 at%. To explain this result, we presume
that the ordered phase is formed at the beginning of Co deposition; however, once the Co content
exceedsa critical value, the alloy composition at the interfacial area deviates from the formation range
of the L1o- or L1,-type ordered phase owing to the interdiffusion of Co and Pd at the interface. That
is, when the Co concentration is 1141 at%, the composition of the interfacial alloy layer matches
the formation range of L1¢-CoPd or L1,-CoPds. In contrast, in a Co-rich concentration, it is presumed
that the concentration of the interfacial layer may deviate from the formation range of the ordered
phase. The composition of the interfacial layer is determined by surface diffusion during particle
growth. It should be noted that spontaneous alloying of Pd and Co during the particle growth is not
significant in the present nanoparticles 9—16 nm in size because the heat of formation is small (-2
kJ/mol); however, the effect may become prominent for a extremely small nanoparticle3!). The
interfacial alloying and ordering in the present specimen mostly result from thermally activated atom
migration because the ordering was not detected for specimens deposited at 573 K (Figure 6). No
sign of Co3Pd was observed in this study, and hence, the existence of an ordered phase in the Co-rich
composition is not certain. This result reminds us the similar tendency that no ordered phase exists in
Fe-rich Fe—Pd (namely, FesPd) and Co-rich Co—Pt (CosPt) alloys!?. It should be mentioned that the
Co-Pd alloy forms a solid solution with hcp structure at the Co-rich composition (termed as &-Co in
the phase diagram®), in addition to a solid solution with the fcc structure, but this is not an ordered
phase.

Ordering Energy and Particle Size Effects on Atom Mixing. We estimated the ordering energy

(V) for a binary A-B alloy based on Cowley’s theory?>. V7, is defined as follows:

20



Vi) =Vap1y — % (VAA,IJ + VBB,I])' 3)
where Vg, denotes the interaction energy between an 4 atom with coordinate / and a B atom with
coordinate J. If the atom in position J is the kth nearest neighbor of the atom in position /, V;; is then
represented as Vi. Note that V;; <0 indicates a preference for bonding of A-B atoms rather than A—
A or B-B atoms; namely, atomic ordering occurs. The following equation holds between V;; and the

Warren—Cowley parameter (o) for the L1>-type ordered structure?®:

(1/3+a;)(3+a;)

kBTln{(l——al)z} = ZZ]V”(ZL'. (4)

As aresult, we obtained V2 / |V1] = 0.7 with V1 =—830ks and V> = 569k assuming the a; value reported
for bulk Co—75at%Pd alloy quenched from 973 K'4. This result suggests that contribution of the 2"
nearest-neighbor atom is significant in addition to the nearest-neighbor atom with respect to the
order—disorder transition in the Co—Pd alloy. The positive value of > indicates that a Co—Co or Pd—
Pd pair is preferable for the 2" nearest-neighbor site (in the fully ordered L1,-type structure, the 2nd
nearest neighbor of an atom is the same type atom). This result is in contrast to the case of CuzAu
alloy, where the nearest-neighbor interaction is dominant (V2/ |V1| = 0.1, V1 = —358kg, V> = 34kg for
T= 678 K) 2532, 1t is presumed that the relatively weak interaction of the nearest neighbor (77) may
result in the absence of LRO in the Co—Pd alloy.

In a small nanoparticle of a few nanometers in diameter (< ~5 nm), either long-range atomic
ordering or clustering is restrained and the solid solution may be stabilized3?-34). Such a size effect on
the structure depends on the Gibbs free energy difference between the ordered phase (or phase
separation by clustering) and the solid-solution phase as a function of particle size. The free energy
of the SRO embedded in a large-sized particle (> ~10 nm) or a continuous film differs from that of

an isolated extremely small nanoparticle, and hence, further study is necessary to elucidate the particle
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size dependence of the SRO confined in an interfacial area.

CONCLUSIONS

We studied the local atomic structures of Pd@Co core—shell nanoparticles composed of a Pd core and
Co shell using STEM and electron diffraction. Chemically sensitive atomic-resolution Z-contrast
imaging revealed the formation of an ordered area 2-3 nm in size within a core—shell nanoparticle.
Two types of ordered phases, L1>- and L1o-type, were formed as short- to medium-range order. From
electron diffraction studies, we observed an order—disorder transition confined in the interfacial area
of core—shell nanoparticles. The transition could only be achieved in the narrow temperature range of
623-723 K, where the diffusion length is limited to a short range comparable to the nearest-neighbor
distance. Once the atom migration is activated (77> 773 K), alloying of Co and Pd proceeds rapidly,
and the ordered phase disappears along with the core—shell structure. The combination of HAADF-
STEM and electron diffraction is useful for detection of the local atomic configuration in bimetallic
nanoparticles. The observation of the ordered phase formation indicates that the magnetic anisotropy
of Pd@Co nanoparticles may be enhanced in the future by increasing the volume fraction of ordered

phases.

METHODS

Sample Preparation. Sample preparation was performed using a high-vacuum EB deposition
chamber with a base pressure of 6 x 1077 Pa. The Pd@Co nanoparticles were fabricated by sequential
deposition of Pd (99.95%), Co (99.98%), and Al,O3 (99.99%) onto NaCl(001) single-crystal
substrates cleaved in air. The substrate temperature was maintained at 573—-673 K during the

deposition. A quartz thickness monitor located near the substrate stage in the chamber was used to
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control the nominal thickness during the deposition. The deposited thicknesses for Pd, Co, and Al,O3
were 0.1-0.9 nm, 0.1-2 nm, and 3 nm, respectively. The average deposition rate of Pd and Co were
in the range of 0.05-0.1 nm/min. Note that the nominal thickness differs from the actual nanoparticle
thickness (or height) on the substrate surface. By controlling the thickness ratio of Pd and Co, we
prepared specimens with an alloy composition ranging between 36 and 89 at%Pd. In this sequential
deposition method?®), the Pd nanoparticles act as nucleation sites for the later deposited Co. The size
of the Pd seed is approximately 60%—70% of the final nanoparticle size. The finally deposited AL>O;
forms a thin amorphous layer, which covers the surface of the Pd@Co nanoparticles.
Characterization. The structure and morphology of the prepared Pd@Co nanoparticles were
characterized using a JEOL JEM-ARM200F TEM operating at 200 kV with a CEOS aberration
corrector for the probe-forming lens. For STEM imaging, we set the beam convergence to 23 mrad
in semi-angle, and HAADF-STEM images were acquired with detector semi-angles of 68—170 mrad.
Compositional analyses were performed using an energy-dispersive X-ray spectrometer (EDS; JEOL
JED-2300) and a post-column energy filter (Gatan Quantum ER) for electron-energy loss
spectroscopy (EELS), both attached to the TEM. The accuracy of the TEM—-EDS analysis was
estimated to be 1-2% in statistical error of the integrated intensity of the characteristic X-ray. The
standard deviation of the alloy composition distribution was 5 at%. In-situ TEM observation at
elevated temperatures was performed using a specimen heating stage equipped with a Pt—Pt13%Rh
thermocouple for temperature measurements. STEM images were simulated using the

MACTEMPAS software.
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