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We report on atomic structure imaging of epitaxial L1, CoPt nanoparticles using chemically sensitive high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM). Highly ordered nanoparticles formed by annealing at 973K
show single-variant structure with perpendicular c-axis orientation, while multivariant ordered domains are frequently observed
for specimens annealed at 873 K. It was found that the (001) facets of the multivariant particles are terminated by Co atoms rather
than by Pt, presumably due to the intermediate stage of atomic ordering. Coexistence of single-variant particles and multivariant
particles in the same specimen film suggests that the interfacial energy between variant domains be small enough to form such

structural domains in a nanoparticle as small as 4 nm in diameter.

1. Introduction

Recent developments in ultrahigh-density magnetic storage
technology rely on novel recording media with high magne-
tocrystalline anisotropy energy (MAE) together with high-
performance giant magnetoresistive (GMR) heads [1-4]. For
such a purpose, CoPt alloy nanoparticles with the L1,-type
ordered structure are one of the candidate materials [5, 6].
The hard magnetic property of this alloy is attributed to the
tetragonal L1,-type ordered structure with a high MAE [7]:
the reported value is as high as 4.1 x 10°J/m’ for a single-
crystal bulk L1j-CogyPts, alloy [8]. The Ll,-type ordered
structure is composed of alternate stacking of Co(001) and
Pt(001) atomic planes in the [001] direction (c-axis). Since
MAE is dependent on the long-range order (LRO) parameter
[9, 10], atomic ordering and the stability of the ordered
phase are key issues for hard magnetic properties of the
L1,-type magnetic alloy nanoparticles [11]. To extract chem-
ical information directly related to the LRO in the atomic
scale resolution, atomic number (Z) contrast imaging by
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) is quite useful. One of the
authors demonstrated the detection of nanometer-sized local

atomic order in FePd nanoparticles by Z-contrast at an inter-
mediate stage of the ordering process [12]. To date, detection
of atomic ordering has been reported for several ordered alloy
nanoparticles produced by different fabrication methods [13-
16]. However, there is no report on the Z-contrast imaging of
highly ordered epitaxial L1, CoPt nanoparticles so far.

In this study, we hence intend to characterize the atomic
structure of highly ordered L1, CoPt nanoparticles using
chemically sensitive atomic resolution HAADF-STEM. Large
atomic number difference between Co (Z = 27) and Pt
(Z = 78) enables clear visualization of atomic ordering
in bimetallic CoPt nanoparticles; that is, Z-contrast makes
the direct interpretation of image contrasts possible due to
incoherent imaging nature [17].

2. Experimental

CoPt nanoparticles were fabricated by sequential electron-
beam deposition of Pt and Co onto NaCl(001) substrates with
a base pressure of 9 x 1077 Pa [18]. The substrate temperature
was kept at 653 K during the deposition. A quartz thickness
monitor located near the substrate stage in the vacuum
chamber was used to estimate and control the nominal
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FIGURE 1: (a) BF-TEM image and corresponding SAED pattern of
CoPt nanoparticles after annealing at 973 K for 100 min (sample no.
1). (b) HAADF-STEM image of a CoPt nanoparticle with the LI,-
type ordered structure. FFT pattern is shown in the inset.

thickness of deposited layers. We first deposited Pt to partially
cover the substrate, which resulted in the formation of (100)
oriented Ptislands. Next, Co was deposited onto the substrate
with Pt followed by the deposition of an amorphous (a-)
Al,O; protective layer. In this sequential deposition process,
Pt nanoparticles act as nucleation sites for Co nanoparticles
(18, 19]. The deposition rates of Pt, Co, and Al,O; were,
respectively, 0.04, 0.2, and 0.3 nm/min. Nominal thickness
and other detailed conditions for the sample preparation are
listed in Table 1. After the deposition of Al,O5, the specimen
films were then heated inside the vacuum chamber at 823K
for 3h to promote island growth of nanoparticles. A part
of the specimen film was then removed from the NaCl
substrate by the immersion into distilled water, and floating
film was mounted onto a Mo grid with a holey carbon film
for TEM observation. To obtain highly ordered nanoparticles,
we carried out high-temperature postdeposition annealing
of the as-deposited film on a Mo grid at 873 or 973K in a
high-vacuum furnace (<2 x 107° Pa). Cooling rate after the
heat treatment was set to be less than 3 K/min in order to
ensure atomic ordering in small nanoparticles [18, 20]. STEM
images were obtained using an FEI TITAN80-300 (STEM)
operating at 300 kV with a field emission gun. We set beam
convergence to be 10 mrad in half angle, taking into account
the spherical aberration coefficient (1.2 mm) of the prefield
of objective lens. Z-contrast images were acquired by using
a HAADF-detector (Fischione model 3000) with detector
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half angles between 60 and 210 mrad. STEM images were
simulated using QSTEM software [21]. Alloy compositions
were analyzed by energy dispersive X-ray spectrometer (EDS)
attached to the TEM.

3. Results and Discussion

Figure 1(a) shows a bright-field (BF) TEM image and a cor-
responding selected area electron diffraction (SAED) pattern
of the Co-55 at %Pt nanoparticles after annealing at 973 K for
100 min (sample no. 1). Note that the annealing temperature
of 973K is 100 K lower than the order-disorder transforma-
tion temperature for the corresponding bulk alloy (Co-55
at %Pt) [22]. CoPt nanoparticles with the L1,-type ordered
structure were formed as epitaxial islands on the NaCl(001)
substrate. The orientation relationships between CoPt and
NaCl(001) is (100)copr {100} xacy» 001} coprll {001}acy [18]-
Strong 110 superlattice reflections of the L1, ordered struc-
ture indicates preferential growth of nanoparticles with the
crystallographic c-axis oriented normal to the substrate
surface (c-domain) with a high degree of order. In addition,
the arrowhead indicates 001 superlattice reflection from
nanoparticles with the c-axis oriented parallel to the substrate
surface (a or b domain), while its intensity is quite weak
compared to that of the 110 reflection.

Figure 1(b) shows a high-resolution HAADF-STEM
image of a 10nm sized L1, CoPt nanoparticle with the
c-axis oriented normal to the film plane. Fast Fourier
transform (FFT) pattern is also shown in the inset. Periodic
arrangement of atoms by atomic order can be seen clearly as
bright contrasts. It is obvious that the particle is single crystal
as indicated by clear-cut (110) superlattice atomic planes
which spread over the particle. In this specimen film, most
of the particles observed were single crystal. Image contrasts
of the (110) superlattice fringes are lower in the peripheral
regions than those in the central part of the nanoparticle. To
clarify the origin of such contrast variation, we performed
image simulation using a model cluster.

Figure 2(a) shows a structure model and a simulated
HAADEF-STEM image of a fully ordered CoPt nanoparticle.
The model is a truncated octahedron (T'O) composed of
8000 atoms, 5.7 nm in width and 5.5nm in height. As seen,
contrast variation from the particle center to the {111} or
{100} facets is reproduced in the simulated image of the
fully ordered CoPt nanoparticle. Figure 2(b) shows intensity
profiles of the simulated images measured in the [100]
direction (bl) and [110] direction (b2). Intensity degradation
towards {111} facet (B-B') is prominent compared to that
of {100} (A-A") due to the thickness reduction. Thus, image
simulation revealed that experimentally observed degrada-
tion of image contrast can be attributed to the thickness
reduction in the peripheral region due to particle shape. This
result indicates that HAADF-STEM image intensity is also
sensitive to thickness variation in addition to atomic number.
Similar degradation of image contrast has been observed in
high-resolution TEM (HRTEM) images to a lesser degree
compared to Z-contrast [18].

Figure 3(a) shows another example of HAADF-STEM
image of a highly ordered CoPt nanoparticle after annealing
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FIGURE 2: (a) A structure model (truncated octahedron) and a simulated HAADF-STEM image. The beam incidence is [001]. (b) Intensity
profiles of simulated images measured in the [100] (bl) and [110] directions (b2).

TaBLE 1: Nominal thickness, alloy composition, annealing condition, and particle size for CoPt nanoparticles grown on NaCl(001) single-

crystal substrates.

Sample no. Nominal thickness Composition Annealing (cooling rate) Particle size (In o)
No. 1 Al O, (6.0nm)/Co (0.7 nm)/Pt (1.0 nm) 55 at % Pt 973 K-100 min (2.8 K/min) 8.4nm (0.15)
No. 2 ALO, (6.0 nm)/Co (0.7 nm)/Pt (1.0 nm) 55 at % Pt 873 K-10 h (2.4 K/min) 8.3 nm (0.20)
No. 3 Al O; (6.0 nm)/Co (0.15nm)/Pt (0.20 nm) 61 at % Pt 873 K-1h (1.5 K/min) 4.0 nm (0.13)

at 973K for 100 min (sample no. 1). Particle size is 8 nm in
diameter. The particle is single crystalline, and clear (110)
superlattice atomic planes of the L1, ordered structure can
be seen as bright contrasts. The (220) atomic planes are also
resolved as shown in the upper inset. Two types of bright

dots, strong and weak, correspond to Pt and Co atomic
columns, respectively. Due to the alternate stacking of Co
and Pt in the [001] direction of the L1, structure, the (220)
atomic planes also possess an alternate stacking sequence of
Co and Pt in the [110] direction. Thus, chemical sensitivity
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FIGURE 3: HAADF-STEM images and corresponding FFT patterns of L1,-CoPt nanoparticles: (a) single-crystal nanoparticle formed after
annealing at 973K for 100 min (sample no. 1). Magnified image is shown in the upper inset. (b) Nanoparticle composed of three-variant

domains formed after annealing at 873 K for 10 h (sample no. 2).

of HAADF-STEM is quite useful to detect atomic ordering,
while quantitative interpretation such as order parameter
analysis is not straightforward. For this purpose, nanobeam
electron diffraction can be employed under several prerequi-
site conditions [23].

On the other hand, for a specimen after annealing at
873K for 10 h (sample no. 2), multivariant ordered domains
were observed as well as single-variant particles. Figure 3(b)
shows a Z-contrast image of a CoPt nanoparticle composed
of three-variant ordered domains: the c-axis of the central
region of the particle is normal to the film plane (parallel
to the electron beam, c-domain), while those of other two
variants in peripheral regions of the particle are in the film
plane (a, b domains). Three kinds of superlattice reflections
(001a, 001b, and 110c) in the FFT pattern also explain the
formation of three-variant ordered domains. Note that the
nanoparticle shown in Figure 3(b) contains two (001) facets,
and therefore, alternate stacking of Co(001) and Pt(001)
atomic planes can be directly distinguished by Z-contrast in
the image of a, b domains. They are both terminated by Co
atomic planes as indicated by arrowheads, judging from the
Z-contrast of Pt and Co. By contrast, Miiller and Albe [24]
have reported the termination of (001) planes by Pt atoms
for FePt nanoparticles (TO, 2.5-8.5nm in diameter, 50-54
at %Pt) based on Monte Carlo simulations. This discrepancy
suggests that the particle shown in Figure 3(b) may not be
in the thermodynamical equilibrium by annealing at 873K
for 10h. Existence of three-variant ordered domains also
indicates intermediate stage of atomic ordering [19, 25]. It is
presumed that multiple nucleation of the ordered phase in a
particle and a low interfacial energy between variant domains
are responsible for the formation of such ordered domains.
Surface segregation at {100} or {111} facets has been also
discussed by Yang et al. (FePt, TO, 2.32-5.35 nm in diameter)
[26] and Rossi et al. (CoPt, TO, 1.5-3 nm in diameter) [27];

however, it was difficult to detect this detailed surface atomic
configuration in the present study except for the (001) planes
shown in Figure 3(b).

Thus, the microscopy results indicate that postdeposition
annealing at 973 K is required for realizing a highly ordered
single-variant structure for the L1, CoPt nanoparticles pre-
pared by epitaxial growth techniques using sequential depo-
sition of Pt and Co [18]. Lowering of kinetic ordering tem-
perature is also desired for practical applications; however,
ordering rate of the Co-Pt system is slow compared to that
of similar compounds such as Fe-Pt or Fe-Pd [28].

Figure 4(a) shows Z-contrast images for single-variant
CoPt nanoparticles with size of 3-5nm in diameter after
annealing at 873 K for 1 h (sample no. 3). The beam incidence
is the [001] direction (along the c-axis of the LI, structure).
Clear (110) atomic planes of the L1, ordered structure can be
seen in all the nanoparticles shown here. This is evidence of
the atomic ordering in a small CoPt nanoparticle, while the
degree of order is not known. It is noted that nanoparticles
smaller than 3nm showed weak superlattice reflections,
indicating a low degree of order [18]. Figure 4(b) shows Z-
contrast images of CoPt nanoparticles including structural
domains. Particle sizes are comparable to those shown in
Figure 4(a), while two- or three-variant domains are clearly
seen in these nanoparticles. Coexistence of single-variant
particles and multivariant particles in the same specimen film
suggests that the interfacial energy between variant domains
will be small enough to form such structural domains in a
4nm sized particle. Furthermore, the L1, ordered domain
was found in an extremely small CoPt nanoparticle, 2 nm
in diameter [15]; this is also evidence of a low interfacial
energy. According to our previous HRTEM observation on
Fe-56 at %Pt nanoparticles, three-variant ordered domains
are transformed to single domain after annealing for 24 h at
873 K [25].
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FIGURE 4: HAADF-STEM images of the L1,-CoPt nanoparticles with sizes of 3-5 nm in diameter (sample no. 3). Annealing was performed
at 873 K for 1h. (a) Single-variant nanoparticles, (b) multivariant nanoparticles.

4. Conclusion

We have studied atomic structures of L1, CoPt nanoparticles
using Z-contrast imaging by HAADF-STEM. Highly ordered
particles are formed by high-temperature annealing at 973 K.
Most of the particles are single crystal with c-axis oriented
normal to the film plane. Image simulation revealed that
HAADF-STEM image intensity is sensitive to thickness
variation in addition to atomic number. On the other hand,
for a specimen annealed at 873 K, nanoparticles composed
of multivariant ordered domains are observed in addition to
single-variant particles. It was found that (001) facets of par-
ticles with structural domains are terminated by Co atomic
planes rather than by Pt, suggesting an intermediate stage of
atomic ordering. Coexistence of single-variant particles and
multivariant particles in the same specimen film suggests that
the interfacial energy between the ordered domains will be
small enough to form such structural domains in a particle as
small as 4 nm in diameter. This study thus demonstrates that
postdeposition annealing at 973K is required for realizing
highly ordered single-variant structure for the L1, CoPt
nanoparticles prepared by epitaxial growth techniques using
sequential deposition of Pt and Co.
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