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Low-temperature synthesis of oriented CoPtCu-MgO
and CoFePt-Ag-SiO, nanocomposite thin films
by rf-magnetron sputtering

Kazuhisa SATO,T Tamotsu KOSAKA™ and Toyohiko J. KONNO

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
“Department of Materials Science, Tohoku University, Sendai 980-8579, Japan

Nanocomposite thin films composed of oriented CosoPtysCus nanoparticles embedded in a MgO matrix has been synthesized
by rf-magnetron co-sputtering onto NaCl(001) substrates kept at 620 K. As the sputtering power increases, (001) orientation is
improved and atomic ordering is also promoted. However, superlattice reflections are quite weak and the ordered region is limited
in local area of the nanoparticles, indicating low degree of order. Electron diffraction and elemental mapping revealed that
additive Cu is alloyed with CoPt. We have also fabricated (CoysFez9)Ptss—Ag19—SiO; nanocomposite thin films at 675K for
comparison. Atomic ordering is promoted by Fe and Ag addition as well as higher substrate temperature; however, it was found
that ternary element (Cu, Ag, Fe) addition into CoPt alloy is not so effective to promote atomic ordering. Origin of the slow
ordering kinetics is discussed using thermodynamical parameters.

©2014 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Recent demands for ultrahigh density magnetic storage tech-
nology require the development of recording media with higher
magnetocrystalline anisotropy energy (MAE) in order to ensure
thermal stability of magnetization as well as ultrahigh recording
density." For such a purpose, equiatomic CoPt alloy nano-
particles are one of the candidate materials.>~”) The hard magnetic
properties of this alloy is attributed to the tetragonal L1(-type
ordered structure, which is composed of alternate stacking of
Co(001) and Pt(001) atomic planes in the [001] direction.?? It is
also noted that the MAE is dependent on the degree of order (long-
range order) of the L1y-type ordered structure.

It has been reported that kinetic ordering temperature of the
equiatomic CoPt alloy is much higher than that of other similar
compounds such as FePd or FePt.!? Actually, a high coercivities
exceeding 240kA/m have been obtained at 300K for 10nm-
sized FePd and FePt nanoparticles after annealing at 873 K. In
contrast, CoPt nanoparticles showed only 21kA/m after high
temperature annealing as high as 1023 K for 3.6 ks.'? Therefore,
formation of the ordered CoPt phase at a reduced temperature
is the key issue for practical applications. However, in spite of
several attempts in order to reduce the kinetic ordering temper-
ature of the CoPt nanoparticles,'” no report has succeeded in
effectively reducing the kinetic ordering temperature.

One of the authors has demonstrated that kinetic ordering
temperature of FePt nanoparticles can be largely reduced by rf-
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magnetron co-sputtering of Fe, Pt, and Cu onto heated NaCl(001)
substrates.'? Actually, atomic ordering, epitaxial growth, high
areal-density dispersion, and high coercivity (111 kA /m at 300 K)
have been achieved for ternary Fes;Pts;Cu;, nanoparticles at a
reduced substrate temperature as low as 613 K. Thus, a combina-
tion of co-sputtering and a ternary element addition is expected to
be a promising way for low temperature synthesis of the ordered
CoPt nanoparticles.

In this study, we hence intend to apply the aforementioned
technique to the growth of CoPt nanoparticles with additive
elements (Cu, Fe, and Ag). Structure and composition of the
CoPt-based ternary alloy nanoparticles were examined by using
(scanning) transmission electron microscopy [(S)TEM] and elec-
tron diffraction.

2. Experimental procedure

Thin films of CoPtCu ternary alloy nanoparticles were syn-
thesized by co-deposition of Co (99.98%), Pt (99.95%), and Cu
(99.96%) targets using rf-magnetron sputtering onto NaCl(001)
substrates cleaved in air. The sputtering was performed in Ar
(99.999%) gas at a pressure of 1.33-11.97 Pa with a chamber
base pressure of 2 x 107%Pa. Particle size and particle density
were changed by controlling the sputtering power (30-90 W)
and sputtering duration (30-70s). Substrate temperatures were
changed between 600 and 700K. After the co-sputtering of
CoPtCu, surface of the nanoparticles were coated by MgO thin
films sputtered under Ar+O; gas flow (oxygen content of 25%).
Using the same experimental setup, we also prepared CoFePt—
Ag-SiO; nanocomposite thin films for comparison. Pure Fe
(99.99%) and Ag (99.98%) were used for co-sputtering in addi-
tion to Co and Pt. The specimen films were removed from the
NaCl substrate by immersing the substrate in distilled water, and
then floating films were mounted onto Cu or Mo microgrids for
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sputtering

Fig. 1. SAED patterns of the CosoPtssCuc—MgO nanocomposite thin films sputtered at 620 K. The sputtering power is as

follows: (a) 30 W, (b) 60 W, and (c) 90 W.
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Fig. 2. Sputtering power dependence of mean particle size and parti-

cle areal density of the CosoPtssCus—MgO nanocomposite thin films
deposited at 620 K.

electron transparency.

The structure and morphology of the prepared nanocomposite
thin films were characterized using a JEOL JEM-3011 TEM (300
kV) and an FEI Titan80-300 (S)TEM (300kV) equipped with a
CEOS aberration corrector for the objective lens. Alloy compo-
sition was determined by energy dispersive X-ray spectrometry
(EDS) attached to the (S)TEM. Magnetic properties were mea-
sured using a superconducting quantum interference device
magnetometer (Quantum Design, MPMS-XL) with magnetic
fields up to 2.39 MA/m.

3. Results

3.1 CoPtCu—MgO nanocomposite thin films

Figure 1 shows selected area electron diffraction (SAED)
patterns of CoPtCu-MgO nanocomposite thin films deposited at
620K with a sputtering duration of 45s. The sputtering power
was set to (a) 30 W, (b) 60 W, and (c) 90 W with Ar gas pressure
of 1.33 Pa. Reflections of both CoPtCu and MgO are clearly seen
in the SAED patterns. As the sputtering power increases, (001)-
oriented growth of the CoPtCu nanoparticles develops and
also atomic ordering is promoted as noticed by appearance of
weak superlattice reflections. Note that 001 and 110 superlattice
reflections, as indicated by arrowheads, correspond to the L1g
ordered domain with the c-axis oriented parallel (a-, or b-domain)
and normal (c-domain) to the substrate surface. The increase of
kinetic energy of sputtered ions enhances atomic migration on
the substrate surface, which may contribute to the promotion of
epitaxial growth and atomic ordering.

Figure 2 shows average particle size (open circle) and particle
areal density (solid circle) of the films as a function of the sput-
tering power. As the sputtering power increases, particles grow
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Fig. 3. (a) BF-TEM image and the corresponding SAED pattern of
the CosoPts4Cus—MgO nanocomposite thin film deposited at 620 K with a
sputtering power of 60 W. (b) HRTEM image and the corresponding FFT
pattern of a CoPtCu nanoparticle.

due to the increase of sputtering rate, which can be explained
by the enhancement of plasma density. The mean particle size
increases from 7.7nm (0 =2.3nm) to 20.9nm (0 = 6.2nm),
while the particle density reduces from 6.5 x 10! to 1.4 x 10"
cm~2. Hereafter, we focus on the microstructure of a specimen
prepared at 60 W.

Figure 3(a) shows a bright-field (BF) TEM image and the
corresponding SAED pattern of the CoPtCu-MgO nanocompo-
site thin films sputtered at 60 W. Alloy nanoparticles are sepa-
rated by the oxide coating film. The average particle size is 15.3
nm (0 = 4.1 nm) with particle areal density of 2.2 x 10'! cm™2.
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Fig. 4. STEM-EDS elemental maps of the CosoPtssCus—MgO nano-
composite thin film formed at 620K with a sputtering power of 60 W:
(a) HAADF-STEM image, (b) Co-K map, (c) Pt-L map, and (d) Cu-K
map.

According to the TEM-EDS analysis, the average alloy compo-
sition evaluated was Co-44 at %Pt-6 at %Cu assuming theoretical
k-factors. We can estimate statistical errors of the integrated
intensities of characteristic X-ray (VN/N, N: integrated intensity)
to be at most 1% within the present experimental condition. In
the SAED pattern, growth of (001)-oriented CoPtCu nano-
particles is seen, although weak diffraction rings still remain. The
pattern shows a tendency of cube-on-cube orientation between
CoPtCu nanoparticles and the MgO cover layer. According to
our previous study on CoPt nanoparticles epitaxially grown on
NaCl(001) substrates,'? cube-on-cube orientation relationship
also exists between CoPt and NaCl in spite of a large lattice
mismatch of 32% (acops = 0.3806 nm, an,c; = 0.5628 nm). This
can be explained by a coincidence cell of 3(CoPt):2(NaCl), which
gives a mismatch of —1.4%.'¥

Figure 3(b) shows a high-resolution TEM (HRTEM) image
and the corresponding Fast Fourier Transform (FFT) pattern of
a CoPtCu nanoparticle. The L1y ordered region is seen in the
HRTEM image as characterized by (110) lattice fringes of the
ordered structure. Attached FFT pattern taken from the ordered
area also includes 110 superlattice reflections. The ordered region
is limited in a local area of the particle and adjacent area shows
crossed {200} lattice fringes of the disordered phase, indicating
an intermediate stage of atomic ordering with a low degree of
order.

It is considered that additive Cu is alloyed with CoPt, since no
reflections of pure Cu can be seen in the SAED pattern. In the case
of a bulk L1y-FePtCu ternary ordered alloy, Cu substitutes Fe-
site, which was determined by ALCHEMI method.!® Thus it is
presumed that Cu preferentially substitutes Co-site in the L1
ordered CoPtCu ternary alloy by the analogy from the preceding
study. To check compositional inhomogeneity, we have carried
out STEM-EDS elemental mapping. Figure 4 shows (a) a high-
angle annular dark-field (HAADF) STEM image, (b) Co-K map,
(c) Pt-L map, and (d) Cu-K map (pixel size: 1.25nm). As seen,
Cu-map overlaps with the Co and Pt-maps and isolated Cu particle
is not seen in this area, suggesting alloying of Cu into the CoPt
phase, which corresponds to the result of electron diffraction.

We have examined the co-sputtering under higher substrate

Fig. 5.
(CoyFer0)Ptas—Ag1o—SiO, nanocomposite thin film formed at 675 K with
a sputtering power of 90 W. (b) HRTEM image and the corresponding
FFT pattern of a nanoparticle with a three-variant ordered domain
structure.

temperatures up to 650 K; however, the ordering was not suffi-
ciently improved. Thus, it was found that Cu addition into CoPt
alloy nanoparticles is not effective to promote atomic ordering,
in contrast with the Cu addition into FePt nanoparticles.'?

We also fabricated CoPtCu—SiO, nanocomposite thin films by
using the same experimental setup. It was found that particulate
microstructures as well as atomic ordering of CoPtCu nano-
particles are not practically affected by either crystalline MgO or
amorphous SiO,.

3.2 CoFePt—Ag-SiO, nanocomposite thin films

Besides the Cu addition, we have also examined Ag, Fe, and
their simultaneous addition into CoPt nanoparticles. As a result,
it was found that the atomic ordering is not effectively promoted
by Ag addition under substrate temperatures less than 650K. In
the case of CoPt nanoparticles with additive Fe, atomic ordering
is promoted as the Fe content increases. This effect becomes
prominent for high Fe concentration specimens (>20at %Fe)
prepared at substrate temperatures higher than 650 K. When the
Fe content is quite high (Fe40Co;(Ptso), the ordered nanoparticles
were formed at 613 K and they showed a coercivity of 63 kA/m
at room temperature.'® The promotion of atomic ordering by Fe-
addition can be explained by the increase of the themodynamical
ordering temperature by Fe addition, which will be discussed in
later. In this study we found that Fe addition enhances particle
growth and faceting of particle shape, while these two effects
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Fig. 6. Magnetization curves of the (CopsFez0)Pts—Agio—SiO; nano-
composite thin film measured at (a) 300K and (b) 10 K. Open and solid
circles indicate magnetization measured perpendicular and in-plane
direction, respectively.

were suppressed by Ag addition.

Figure 5(a) shows a BF-TEM image and the corresponding
SAED pattern of a typical example of (CoasFes)Ptys—Agio—SiO,
nanocomposite thin films sputtered at 675K (Ar gas pressure:
7.98 Pa, sputtering power: 90 W, sputtering duration: 60s).
Different from the MgO, sputtered SiO, forms an amorphous
continuous thin film. The mean particle size is 17.9nm (0 =
6.6 nm) with particle areal density of 2.1 x 10'' cm™2. The inten-
sity of superlattice reflections is obviously enhanced compared
with those for CoPtCu nanoparticles, indicating the promotion of
atomic ordering. It should be noted that additive Ag is immiscible
to CoPt or FePt.'D) An HRTEM image and the corresponding
FFT pattern shown in Fig. 5(b) reveals formation of a three-
variant ordered domain structure; atomic ordering is still in an
intermediate stage. According to our previous study on binary
FePt nanoparticles, as the atomic ordering proceeds, ordered
domains disappear and a single-variant structure is formed.!”
Overall, ternary element addition (Cu, Ag, or Fe, with content of
less than 15 at %) into CoPt alloy is not so effective to promote
atomic ordering.

Figure 6 shows magnetization curves of the (CoysFesg)Ptys—
Ag10-Si0, nanocomposite thin films measured at both 300K (a)
and 10K (b). Note that magnetic easy axes (c-axis of the L1,
structure) are in the three orthogonal directions parallel to
the principal axes of NaCl, because of the (001) oriented growth
of the L1y-CoFePt nanoparticles on a NaCl(001) substrate.
Magnetization curves measured in the film normal direction show
higher coercivity than those measured in plane direction. This is
due to the preferential c-axis orientation in the film normal direc-
tion. In spite of the atomic ordering as shown in Fig. 5, coer-
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(in-plane) at 300 K. These coercivity values are comparable to
those obtained for epitaxial CoPt nanoparticles produced by elec-
tron beam deposition followed by postdeposition annealing at
1023 K.'? In this sense, atomic ordering proceeds at quite a lower
temperature; however, the coercivity values are still low. High
coercivity exceeding 240kA/m at 300K is desired for practical
applications. At 10K, coercivity was markedly enhanced and
reached 188kA/m (perpendicular) and 121kA/m (in-plane).
Thus, the perpendicular coercivity was enhanced approximately
7 times of the room temperature value, indicating the existence of
thermal fluctuation of magnetization due to a rather low MAE,
which is originated from a low degree of order.

4. Discussion

Table 1 shows melting temperature (7},),!® order—disorder
transformation temperature (thermodynamic ordering temper-
ature, 7,),'® and heat of formation (AH)'?29 of CoPt, FePt,
and FePd alloys. At first, annealing temperature (7;) normalized
by 7, (namely, T,/T,,) is a measure of diffusion coefficient via
vacancy concentration, which plays an important role when
atomic ordering in disordered nanoparticles are concerned. In this
sense, rather low 7,, of the Fe—Pd alloy is beneficial compared to
Fe-Pt or Co-Pt. Actually, kinetic ordering temperature of FePd
nanoparticles is 100K lower than that of FePt nanoparticles.?!
Secondly, 7. is a measure of the ordering energy, which is the
driving force for atomic ordering due to free energy difference
between the ordered and the disordered phase. According to the
Bragg-Williams (BW) theory,?? the T, is expressed as follows
using ordering energy (v):

4u
T, =——

ks (v<0) ey

Thus, it can be said that an alloy with a higher 7. possesses
the higher ordering energy. In the case of CoPt with additive Fe,
atomic ordering is promoted as the Fe content increases as stated
in the previous section. This is explained by the difference of
T.; namely, 7. for FePt is much higher than that for CoPt, and
actually pseudo binary phase diagram (CoPt-FePt) also shows
an increase of the 7, as a function of Fe content.??) Similarly, both
Fe-Pt and Co-Pt alloys are beneficial for atomic ordering in
respect of the 7. compared with Fe—Pd alloy, while the experi-
mental results are reversed in this case; ordering in FePd
nanoparticles is the fastest in spite of the fact that the heat of
formation is the lowest among these alloy systems. This result
suggests that the 7. is not always the determining factor for
atomic ordering in alloy nanoparticles.

Then we define a parameter 7,/T,, in order to compare the
ordering process of the above three kinds of alloy systems, where
an alloy with higher 7./T,, is thought to order more easily. As a
result, 7./ T,, of 0.550, 0.828, and 0.606 were obtained for CoPt,
FePt, and FePd alloys, respectively.!? This estimation qualita-
tively explains the experimental results of slow ordering kinetics
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in the CoPt nanoparticles. In contrast, the highest 7../7,, and the
large negative heat of formation for the FePt alloy correspond
well to the rapid ordering at lower temperatures. Note that heat of
formation is a measure for alloy phase formation.?%

5. Conclusion

We have studied formation and structure of CoPtCu-MgO and
CoFePt—Ag-SiO, nanocomposite thin films using TEM, STEM
and electron diffraction. The results are summarized as follows.

(1) Oriented Cos¢PtssCus—MgO nanocomposite thin films
were synthesized by rf-magnetron co-sputtering onto
NaCl(001) substrates kept at 620 K.

(2) As the sputtering power increases, (001) oriented growth
is enhanced and atomic ordering is also promoted.
However, superlattice reflections are quite weak and the
ordered region is limited in local area of the nano-
particles.

(3) Electron diffraction and STEM-EDS elemental mapping
revealed that additive Cu is alloyed with CoPt.

(4) (CoyeFer0)Ptss—Agi—SiO; nanocomposite thin films were
also prepared at 675K for comparison. Atomic ordering
is promoted by Fe and Ag addition as well as higher
substrate temperature; however, coercivity remained as
low as 28 kA/m at 300 K.

(5) Ternary element (Cu, Ag, Fe) addition into CoPt alloy is
not so effective to promote atomic ordering as in the case
of previously reported FePtCu nanoparticles.

(6) Origin of the slow ordering kinetics of the CoPt nano-
particles can be explained by a small value of 7./7,, as
well as the low heat of formation.
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