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Direct imaging of atomic clusters in an amorphous matrix:

A Co-C granular thin film

Kazuhisa Sato,"® Masaki Mizuguchi," Ruihe Tang,! Jung-Goo Kang,' Manabu Ishimaru,?

Koki Takanashi,' and Toyohiko J. Konno'

nstitute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2Institute of Scientific and Industrial Research, Osaka University, Ibaraki 567-0047, Japan

(Received 26 September 2012; accepted 17 October 2012; published online 6 November 2012)

The atomic structure of extremely small cobalt (Co) nanoparticles embedded in an amorphous
carbon (C) matrix has been studied by spherical aberration (Cg) corrected high-resolution
transmission electron microscopy and focal-series restoration. The Co nanoparticles, 1-3nm in
diameter, are crystalline with the face centered cubic structure, while the radial distribution
function analysis revealed the existence of a Co—C bond. The reconstructed phase images of the
exit-wave function clearly show the projected potential distribution within the Co nanoparticles.
The Cs-correction has hence a benefit to visualize embedded crystalline clusters unambiguously,
which are responsible for the magnetotransport properties of the Co-C films. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4765362]

Granular magnetic thin films, consisting of ferromag-
netic metal nanoparticles embedded in a non-magnetic me-
dium, have been actively studied in the last two decades due
to their novel magnetic and magnetotransport properties.' ™
Among several granular systems, Co nanoparticles dispersed
in an amorphous carbon (a-C) matrix are one of the well-
known systems intensively investigated in the past.” In
general, granular films can be characterized by particle size,
shape, packing density, and crystal structure of the granules.
From a practical point of view, an interesting feature that
makes the Co-C system quite unique is the fact that the elec-
tric conductivity of the a-C matrix can be tuned as well by
controlling these structural parameters. Until now, some stud-
ies focused on the magnetic properties of Co-C films,”™ yet,
their magnetotransport mechanism has not been elucidated so
far. Recently, some of the authors have reported a large nega-
tive magnetoresistance (MR) of 27.6% at 2K under 90 kOe
for co-sputtered Co-C granular thin films.'® Although this
study demonstrated novel temperature-dependent magneto-
transport phenomena in Co-dilute Co-C granular thin films,
their atomic structure still remains an open question.

In this study, aberration (C;) corrected transmission
electron microscopy (TEM) was used for atomic level obser-
vation to determine the structure of embedded Co nanopar-
ticles 1-3nm in diameter in the aforementioned Co-C
granular film. In addition to highly improved spatial resolu-
tion, C,-corrected TEM has a benefit of smaller defocus val-
ues under optimal defocus conditions, which is suitable for
imaging extremely small atomic clusters with less contrast
delocalization at particle surfaces and/or internal defects.

Co-C granular thin films were deposited onto Si(100)
substrates by a magnetron co-sputtering technique.'® High pu-
rity Co (>99.9%) and C (>99.999%) targets were used as
source materials. The base pressure was lower than 2 x 10>
Pa, and the deposition was carried out in an argon (Ar) atmos-
phere (0.21 Pa) at room temperature. We fabricated Co-C thin
films with a thickness of 90nm after 4 h of deposition. The
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Co content was determined to be 6.4 at. % by elemental anal-
ysis using an electron probe micro-analyzer.'® Cross-
sectional TEM samples were prepared by a tripod polishing
technique in combination with Ar ion milling. Two types of
TEMs, both operating at 300kV with a field emission gun,
were used. For atomic structure imaging, we used an FEI
Titan 80-300 TEM equipped with a Cs-corrector for the
objective lens together with detectors for a bright-field (BF)
and a high-angle annular dark-field (HAADF) scanning TEM
(STEM). All high-resolution TEM (HRTEM) images were
recorded using a charge coupled device (CCD) camera
attached to the TEM. Electron diffraction patterns were
obtained using a JEOL JEM-3000F TEM with imaging plates
(Fuji Film, FDL-UR-V) for radial distribution function analy-
sis. Focal-series HRTEM images were reconstructed using
the IwrR software package (HREM Research Inc.)."!

Figure 1(a) is a cross-sectional BF-STEM image of
the Co-C granular thin film, showing densely distributed
nanometer-sized particles with dark contrasts throughout the
90-nm-thick Co-C layer. On the other hand, in the HAADF-
STEM image shown in Fig. 1(b), Co nanoparticles are imaged
as bright contrasts due to atomic number (Z) contrast. In addi-
tion, Fig. 1(c) shows result of elemental analysis by energy
dispersive x-ray spectroscopy (EDS), taken with a spread
beam, where small peaks from the Co compared to that of C
suggest that the average Co content of the film is low.

Figure 2(a) shows a HRTEM image and the correspond-
ing selected area electron diffraction (SAED) pattern of the
Co-C layer. A few nanometer-sized crystalline clusters,
where lattice fringes are clearly seen, are distributed in an a-
C matrix, while the SAED pattern shows only halo rings aris-
ing from a-C. The lattice fringes shown here indicate that
these Co particles, 1-3 nm in diameter, possess the face cen-
tered cubic (fcc) structure with a random orientation. The
presence of the fcc-Co, instead of the equilibrium hexagonal
closed-packed (hcp) phase, is due to the small size, as
reported for nanoparticles.'? Possible structural change due
to electron irradiation can be excluded in the HRTEM obser-
vation using a CCD camera with a short acquisition time of

© 2012 American Institute of Physics
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FIG. 1. A pair of (a) BF-STEM and (b) HAADF-STEM images of a cross
section of the Co-C granular thin film. For the HAADF-STEM imaging, a
beam convergence of 10 mrad and a detector angle greater than 60 mrad
were used. (c) EDS profile measured from the Co-C layer.

1s. However, it should be noted that prolonged irradiation,
1-2 min or longer, induced gradual coalescence and growth
of Co particles. Figures 2(b) and 2(c) show typical examples
of high magnification images of [100]- and [110]-oriented
Co particles, respectively. The C; was adjusted to 8.7 um and
thus the theoretical optimal defocus (Scherzer focus)
becomes as small as 4.8 nm, which is approximately 10 times
smaller than that required for a conventional TEM with a Cg
value of 1 mm or so. As a result, the atomic structure of clus-
ters can be clearly imaged at a defocus value close to the just
focus condition. In Fig. 2(b), {002} lattice fringes of the fcc
structure are seen in the 1 nm-sized particle, whereas {111}
lattice fringes and a facetted particle shape are seen in the
2nm-sized particle shown in Fig. 2(c). In these images
atomic positions appear as dark contrasts, which are in good
agreement with those calculated. Figure 2(d) shows a histo-
gram of the particle size, which is well-fitted with a log-
normal type distribution function with the average size of
1.9nm, corresponding to approximately 500 constituent
atoms. Thus modern C,-corrected HRTEM unambiguously
revealed the formation of crystalline Co nanoparticles 1—
3nm in diameter, while the formation of amorphous Co
grains was concluded in the literature.” Note that imaging
such small clusters using conventional HRTEM is quite sen-
sitive to astigmatism, defocus, and sample thickness.

Appl. Phys. Lett. 101, 191902 (2012)
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FIG. 2. (a) C,-corrected HRTEM image and the corresponding SAED pat-
tern of the cross section of a Co-C granular thin film. (b) High magnification
images of 1nm-sized [100]-oriented fcc-Co cluster and (c) 2nm-sized
[110]-oriented one. (d) Histogram of particle size distribution of Co gran-
ules. The average size is 1.9 nm with In ¢ of 0.27.

Figure 3 shows phase images of the exit-wave function
obtained after reconstructing a focal series of HRTEM
images taken at C;=38.7 um. In the reconstruction process,
we used five successive images with the defocus step of
2 nm, and a reconstructed phase image, in principle, excludes
any effect of lens aberration or defocusing. Figure 3(a)
shows the phase image of a [110]-oriented fcc-Co cluster. In

FIG. 3. Phase images of fcc-Co clusters obtained by focal-series restoration.
Particle sizes are (a) 2nm, (b) 2.7 nm, and (c) 2.9 nm. Surface atom arrange-
ments are clearly seen.
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FIG. 4. The experimentally measured pair distribution function g(r) of the
co-sputtered Co-C granular thin film. These profiles were obtained by differ-
ent scattering vectors. A weak subpeak at 0.204 = 0.004 nm suggests the
presence of the Co—C bond.

this case, the reconstruction converged after four cycles of
iteration. Periodic arrangement of atoms is clearly seen as
bright contrast. Note that within the framework of weak
phase object approximation, the contrast in the phase image
corresponds directly to the projected electrostatic potential
distribution within the specimen. However, it has been
reported that the phase shift is sensitive to surface atomic
configuration of nanoparticles,'? and therefore, a quantitative
analysis of the phase is not straightforward. Figures 3(b) and
3(c) are other examples of the phase images of [100]-ori-
ented and [110]-oriented fcc-Co clusters, respectively. As a
result of focal-series restoration, overall, atomic arrangement
of the facetted particle interface is unambiguously imaged
with a less contrast of amorphous carbon matrix.

To further confirm the atomic structure of the Co-C
film, we examined radial distribution functions by a quantita-
tive analysis of electron diffraction intensities.'*'> We
obtained electron diffraction patterns from the entire Co-C
layer at 100K using a cooling stage to reduce background
intensities as well as to avoid contamination. Intensity profiles
with weak signals can be recorded up to scattering angles as
high as Q ~ 250nm™"'. (The scattering vector is defined as
Q =4nsinb/A, where 0 and 4 are the scattering half angle and
the electron wavelength, respectively.) Figure 4 shows exper-
imentally measured atomic pair distribution functions, g(r), of
the Co-C granular thin film. The first and second prominent
peaks are centered at 0.146 and 0.250nm, which can be
assigned to the C—C bonds.'®'® In addition to these peaks, a
weak subpeak appears at 0.204 = 0.004 nm, which is compa-
rable with the reported value for a Co—C bond length of
0.194 + 0.002 nm'® and can be assigned to a Co—C bond in
the present film. The location of this subpeak is not affected
by the truncation of the scattering vector in the reciprocal lat-
tice space, and therefore it is a real peak. The existence of the
Co—C bonding can be attributed to the granular film structure
with a low Co content: Co nanoparticles are surrounded by

Appl. Phys. Lett. 101, 191902 (2012)

the a-C matrix. On the other hand, the Co—Co bond length is
reported to be 0.25 nm according to the literatures,'**° which
entirely overlaps with that of the second nearest neighbor dis-
tance of amorphous carbon, and therefore, invisible.

In summary, we have studied atomic structure of the
co-sputtered Co-C granular thin film with a large negative
megnetoresistance by using HAADF-STEM, C;-corrected
HRTEM, and radial distribution function analysis. Densely
packed fine Co particles in the amorphous carbon matrix
were clearly visualized by Z-contrast STEM images. The Co
nanoparticles are fcc single crystals with an average particle
size as small as 1.9nm. Surface atom arrangements are
clearly imaged by means of focal-series phase restoration.
The observed Co—C bonding can be attributed to the granular
film structure with a low overall Co content.
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