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A B S T R A C T

We have fabricated Co-Pt nanodot arrays by combining electrodeposition with electron beam lithography
(EBL) for applications in ultra-high density magnetic recording media, such as bit-patterned media
(BPM). In this work, we analyzed the initial nucleation and growth of Co-Pt inside nanopores to achieve
nanodot arrays with high deposition uniformity, as well as magnetic properties. At �900 mV (vs. Ag/
AgCl), multiple nuclei of 2.0–3.0 nm in size were randomly distributed, even in nanopores with a 10 nm
diameter, which could result in a lack of uniformity in the magnetic properties. The number of nuclei was
then reduced by applying a less negative potential (>�700 mV vs. Ag/AgCl) to deposit a single nucleus
inside each nanopore. As a result, a single grain of 5.0–10 nm in size was successfully deposited inside the
nanopore, which could induce uniform magnetic properties in each nanodot. In addition, at less negative
potentials, the coercivity of the Co-Pt films increased, which was induced by the epitaxial-like growth of
Co-Pt from the Ru substrate. Cross-sectional TEM analysis suggested that Co-Pt deposited with a less
negative potential was single crystalline with uniform hcp lattice fringes in the direction perpendicular to
the Ru interface, indicating the formation of highly uniform nanodot arrays with high perpendicular
magnetic anisotropy.
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1. Introduction

As the amount of information continues to increase explosively,
areal recording densities of hard disk drives, which play a major
role in magnetic storage devices, are required to be on the order of
Tbit/inch2. To achieve ultra-high magnetic recording density,
magnetic grain sizes have to be reduced to within several
nanometers. However, reducing the grain size in conventional
magnetic recording media has become increasingly difficult owing
to the thermal instability (superparamagnetic limit) of small grain
media, which results in loss of stored data and, furthermore, media
noise caused by exchange coupling between adjacent magnetic
grains. In order to solve these problems, energy assisted recording
media [1,2] and bit-patterned media (BPM) [3,4] have been studied
actively as candidates for the next generation of ultra-high density
magnetic recording media. In BPM, the magnetic layer consists of
arrayed ferromagnetic nanodots, in which magnetic grains are
physically isolated; thus, interaction between each grain is
negligible, which enables Tbit-level recording densities to be
achieved. In such cases, a single magnetic domain structure is
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highly desirable owing to its low media noise and high coercivity,
and thus it is essential to miniaturize the size of nanodot arrays
while avoiding the superparamagnetic limit.

For application in BPM, nanodot arrays have been fabricated
using several approaches, such as self-assembly of magnetic
nanoparticles [5–7] and patterning of sputtered magnetic films by
combining photolithography with a dry etching process [8–11].
However, the former approach faces the difficult challenge of
controlling the crystal orientation of the magnetic particles, and in
the latter approach, non-uniformity of the magnetic properties is
caused by damage during the etching process. This lack of
uniformity in the magnetic properties of each nanodot is a critical
issue for achieving high recording performance in BPM with Tbit-
level densities. On the other hand, because electrodeposition
exhibits the excellent features of high controllability and deposi-
tion uniformity on the nanoscale, in principle, it is possible to
deposit single grains with uniform magnetic properties in each
nanopore.

Utilizing these features, we have fabricated nanodot arrays by
combining the lithography technique with electrodeposition [12–
14]. Co-Pt alloy film with about 20 at% Pt is known to possess high
perpendicular magnetic anisotropy without an annealing treat-
ment due to its hexagonal-closed-packed (hcp) structure [15–17],
which makes it suitable for fundamental studies of nanodot arrays
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fabrication. In a previous study [18], we successfully fabricated Co-
Pt nanodot arrays with recording densities of 1 Tbit/inch2 by
adapting electron beam lithography (EBL), which has high
resolution capability and placement accuracy for fabrication of
nanopore patterns [19,20], to demonstrate that electrochemical
processes are suitable for BPM fabrication. At such ultra-high
recording densities, the nanodots are miniaturized to 10 nm in
diameter; therefore, to control the magnetic properties and
deposition uniformity, it is essential to understand the mechanism
of the initial stages of Co-Pt deposition inside the nanopore,
especially to achieve fabrication of nanodot arrays consisting of
single grains, which is highly desirable for application in BPM.
Thus, in the present work, our objectives were to analyze the initial
nucleation and growth processes of Co-Pt inside the nanopores
under various conditions, such as different applied potentials and
sizes of nanopores, to achieve precise control of the deposition.

2. Experimental

(002) oriented Ru (60 nm), which enhances the perpendicular
magnetic anisotropy of Co-Pt [21,22], and Ti (5 nm) as an adhesion
layer were sputter deposited onto an n-type Si (100) substrate.
Prior to the nanopattern fabrication, the substrate surface was
rinsed with acetone, ethanol, and ultra-pure water (UPW) for
5.0 min each. Then, an electron beam (EB) resist was coated onto
the substrate at 5000 rpm to set the thickness of the layer at around
30 nm. For the EB resist, a mixture of positive-type EB resist
(ZEP520A-7, Nippon Zeon) and diluent (ZEPA, Nippon Zeon) with a
ratio of 1:2 was utilized. EBL was performed by using an EBL
apparatus (ELS-7500, ELIONIX). After exposure, the substrate was
developed by immersion in isopropanol for 5.0 s at 278 K and then
rinsing with UPW. Prior to the Co-Pt electrodeposition, the
substrate was exposed to excimer UV irradiation for 30 s to
remove the residue at the bottom of the nanopores.

An electrolyte containing Pt(NH3)2(NO2)2 and 100 mmol L�1 of
CoSO4, (NH4)2C6H6O7, and NH2CH2COOH was used [18,23]. The
concentration of Pt(NH3)2(NO2)2 was adjusted for each deposition
condition to maintain the film composition (Co:Pt = 80:20). The
bath temperature was 303 K, and the bath pH was adjusted to
5.2 by adding NaOH. Electrodeposition of Co-Pt was performed
under a constant applied potential using a potentiostat (HZ-5000,
Hokuto Denko) with a three-electrode system consisting of Co wire
as the counter electrode and a Ag/AgCl electrode as the reference
electrode.

Magnetic characterization of the deposited films was carried
out with polar optical Kerr effect equipment (BH-810CPC-WU,
NEOARK). X-ray diffraction (XRD) patterns of the deposited films
were collected using an X-ray diffractometer (Rint-UltimaIII,
Rigaku) using CuK radiation (l = 1.54184 Å). Morphological and
structural characterizations of the electrodeposited Co-Pt nanodot
arrays were performed using a high resolution scanning electron
Fig. 1. SEM images of Co-Pt deposited with �900 mV (vs. Ag/AgCl) for 2.0 s in
microscopy (HR-SEM, S5500, Hitachi High-Tech.) and transmitting
electron microscopy (TEM, JEM�2010, JEOL) after removing the
entire EB resist by exposure to excimer UV irradiation for 2.0 min
and rinsing with ethanol and UPW.

3. Results and Discussion

In order to analyze the initial deposition stages of Co-Pt inside
the ultra-fine nanopores, the Co-Pt nucleation and growth
processes were observed by SEM. Prior to Co-Pt electrodeposition,
nanopatterned substrates with 25, 15, and 10 nm diameter
nanopores were fabricated by EBL. Co-Pt was then deposited on
the nanopatterned substrate with an applied potential of �900 mV
(vs. Ag/AgCl). Fig. 1 shows SEM images of deposited Co-Pt nuclei
inside nanopores with different diameters. The deposition dura-
tion was set to 2.0 s, which is appropriate for depositing Co-Pt as
nuclei to obtain clear images by SEM. As these images were taken
after removal of the entire EB resist, the Ru surface, which appears
as dark contrast, is exposed and the Co-Pt nuclei, which appear as
bright contrast, are centered in each image. In the initial stage, Co-
Pt was nucleated as fine grains of 2.0–3.0 nm in diameter and was
randomly distributed on the Ru surface at the bottom of the
nanopores. It should be noted that Co-Pt nucleated from the outer
side of the nanopore, as the current density varies between the
outer and inner side of a nanopore and is expected to be higher at
the outer side [24,25]. In larger nanopores, a distinct difference in
the current density led to Co-Pt nucleation from the outer side of
the nanopore. On the other hand, in the smaller nanopore with a
10 nm diameter, nucleation of Co-Pt is much less likely to be
affected by the difference in current density. Moreover, in the case
of smaller nanopore the nucleation of Co-Pt was inhibited by the
nucleation exclusion zone, which surrounds the nuclei [26–28].
When a nucleus is formed on the surface, a zone of reduced
concentration and overpotential is created around the nucleus that
inhibits further nucleation. In the case of the nanopore with a
10 nm diameter, this inhibited zone may cover the bottom surface
of the nanopore and influence the nucleation active site, resulting
in a reduced number of nuclei. However, multinucleation of Co-Pt
occurs even in the nanopore with a 10 nm diameter.

Fig. 2 shows SEM images of the growth of Co-Pt into 10 nm
nanopore deposited with �900 mV (vs. Ag/AgCl) for 2.0, 3.0, and
5.0 s. As several nuclei of 2.0–3.0 nm in size were distributed on the
bottom surface at an early stage, they grew as a cluster with several
grain boundaries. This random and multinucleation could result in
a lack of uniformity in the coercivity of each Co-Pt dot. Moreover,
the superparamagnetic properties of Co-Pt particles should be
considered, as this is a critical issue for BPM with Tbit-level
densities. For application in the recording layer of a hard disk drive,
the energy barrier of magnetic materials is required to obey the
following equation for permanent recording, where Ku is the
magnetic anisotropy constant, V is the volume of the particles, kB is
 nanopore with different diameters: (a) 10 nm, (b) 15 nm, and (c) 25 nm.



Fig. 2. SEM images of Co-Pt deposited with �900 mV (vs. Ag/AgCl) for (a) 2.0 s, (b) 3.0 s, and (c) 5.0 s inside nanopore with 10 nm diameter.
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Boltzmann constant, and T is temperature.

KuV > 60kBT ð1Þ
In Eq. (1), the superparamagnetic limit occurs when the product

of Ku and V is less than the right-hand side; thus, it is possible to
determine the critical size Dp from the volume when KuV equals
60 kBT . If the Co-Pt nucleus is assumed to be a sphere, the critical
particle diameter Dp is expressed by Eq. (2).

Dp ¼ 60 � 3=4p � kBT=Kuð Þ1=3 � 2 ð2Þ
The Ku value of hcp Co-Pt was 2.0 � 107 erg/cm3 [15] and T was

298 K. According to Eq. (2), the critical size Dpwas 6.2 nm. Based on
this result, Co-Pt particles with a size of 2.0–3.0 nm are expected to
be superparamagnetic. Therefore, to form Co-Pt dots with high
coercivity, it is important to enhance the growth of Co-Pt by
applying a less negative potential at which growth of the nucleus
preferentially occurs to form larger size particles.

Hence, Co-Pt electrodeposition was carried out with an applied
potential of �500 mV (vs. Ag/AgCl), which is within 100 mV of the
reduction potential of Co-Pt so that slower growth can be achieved.
SEM images were taken after deposition for 60 and 120 min in
25 nm nanopores, as shown in Fig. 3. The first image shows that the
nucleation size of Co-Pt was 4.0–5.0 nm, which is larger than that
observed in Fig. 1 or Fig. 2. After deposition for 120 min, the
number of nuclei rarely differed from that at the early stage and the
nuclei size increased to 5.0–7.0 nm. This reduction of nucleation
density and increase of nucleus size were observed at potentials
less negative than �700 mV (vs. Ag/AgCl) (data not shown). These
results indicate that the growth of Co-Pt nuclei preferentially
occurs over formation of a new nucleus, and thus a single nucleus
should be grown in 10 nm nanopores using this potential range.
Fig. 3. SEM images of Co-Pt deposited with �500 mV (vs. Ag/AgCl) for
Because the deposition rate is extremely slow at �500 mV (vs.
Ag/AgCl), which could cause the formation of non-uniform
nanodot arrays, potential of �700 mV (vs. Ag/AgCl) was applied
to deposit a single nucleus of Co-Pt in 10 nm nanopores. The
composition of Co-Pt changes with applied potential, therefore in
order to deposit a single Co-Pt nucleus concentration of Pt
electrolyte is optimized in each applied potential condition to set
the composition of Co-Pt alloy close to Co:Pt = 80:20. The
composition of Pt is tend to increase at less negative potential,
thus concentration of Pt electrolyte is reduced to 2.1 mM for
�700 mV (vs. Ag/AgCl) compared with the concentration
(2.4–3.0 mM) of �900 mV (vs. Ag/AgCl). The deposition duration
was set to 30 min. As shown in Fig. 4, a single nucleus of Co-Pt was
formed inside the nanopore that grew to a diameter of 5.0 nm at
�700 mV (vs. Ag/AgCl) without any grain boundaries. Moreover,
the nucleus grew in a columnar structure in the direction normal to
the surface, which could improve the perpendicular magnetic
anisotropy of nanodot arrays. These results suggested the
successful formation of nanodot arrays with a single crystal
structure by adjusting the applied potential to control the number
and size of Co-Pt nuclei. The magnetic anisotropy and magnetic
domain structure are sensitive to slight changes in crystal
structure; thus, the coercivity of nanodot arrays should be strongly
influenced by the potential, as a difference in crystal structure with
potential was suggested.To investigate the effect of the applied
potential on the magnetic properties, we characterized the
hysteresis loops of Co-Pt films deposited with �700 and
�900 mV (vs. Ag/AgCl) with thicknesses of 16 and 17 nm,
respectively. Fig. 5 shows the hysteresis loops of each Co-Pt film,
and composition, coercivity, and squareness of the Co-Pt continu-
ous films are summarized in Table 1. The concentration of Pt
 (a) 60 min and (b) 120 min inside nanopore with 25 nm diameter.



Fig. 4. SEM images of Co-Pt deposited with �700 mV (vs. Ag/AgCl) for 30 min inside
nanopore with 10 nm diameter.

Table 1
Composition, coercivity, and squareness of Co-Pt continuous film.

Applied potential/mV Composition (at%) Coercivity /kOe Squareness

�900 Co79Pt21 1.3 0.28
�700 Co70Pt30 1.7 0.30
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(NH3)2(NO2)2 was 2.1 and 3.0 mmol L�1 for �700 and �900 mV (vs.
Ag/AgCl), respectively. As shown in Fig. 5, the coercivity of the Co-
Pt film obtained using �700 mV (vs. Ag/AgCl) was higher than that
of the film obtained using �900 mV (vs. Ag/AgCl), even though this
film had a larger deviation from the ideal composition of Co:
Pt = 80:20. The composition of the films were Co:Pt = 70:30 and
79:21 with �700 and �900 mV (vs. Ag/AgCl), respectively.

To evaluate the change in coercivity with potential, we analyzed
the crystal structure of the Co-Pt films, as shown in Fig. 6. The XRD
patterns of the Co-Pt films showed that, in the case of �700 mV (vs.
Ag/AgCl), the peak corresponding to Co-Pt hcp (002), which
appears at �43.5�, is shifted to �42.7� to overlap the peak of Ru hcp
(002). The main reason for this shift is the change in the
composition of the film. In substitutional solid solutions, such as
Co-Pt, it is known that the lattice constant changes with respect to
the composition of the alloy in accordance with Vegard’s law. Thus,
when the composition of Pt, which has a larger atomic radius than
Co, increases, the lattice spacing of Co-Pt increases, resulting in a
lower 2u value� In order to investigate the peak shift, the 2u value
for each composition was calculated according to Vegard’s law. The
lattice constant a is expressed by Eq. (3).

a ¼ 2rCox þ 2rPt 100 � xð Þ
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Fig. 5. Hysteresis loops of Co-Pt films deposited with (a) �700 mV (vs. Ag/AgCl) and (b) �
where rCo is the atomic radius of Co (125 pm), rPt is the atomic
radius of Pt (139 pm), and x is the composition of Co (%). The
relation between the lattice constant and lattice spacing is
expressed by Eq. (4).
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In the case of hcp (002), the (h,k,l) value is (002), and thus the
lattice spacing c is described as c = 2d. As the ratio of the lattice
constants a and c for Co is known to be c = 1.6237a, we assumed
that Co-Pt has the same ratio. Based on these equations, the lattice
spacing d was calculated, and 2u was obtained from the Bragg
equation, where n is an integer and l is the wavelength of the
incident wave (1.54178 Å for CuKa).

d ¼ nl
2sinu

ð5Þ

The 2u values calculated from the composition of each film were
43.5� (Co:Pt = 79:21) for �900 mV (vs. Ag/AgCl) and 43.0� (Co:
Pt = 70:30) for �700 mV (vs. Ag/AgCl). In the case of �900 mV (vs.
Ag/AgCl), the calculated angle was the same as that observed in the
XRD pattern. On the other hand, in the case of �700 mV (vs.
Ag/AgCl), because the peak in the pattern is shifted to a lower angle
than that calculated using Vegard's law, a further increase in the
lattice spacing was suggested. This indicates that Co-Pt has grown
along the Ru crystal orientation, which has slightly larger lattice
spacing than Co-Pt, to broaden its lattice spacing. This epitaxial-
like growth could enhance the perpendicular magnetic anisotropy
and increase the coercivity of the film deposited with �700 mV (vs.
Ag/AgCl).

Considering the growth conditions of Co-Pt films deposited
with a less negative potential, in nanodot arrays, as Co-Pt is not
only grown along the Ru surface but is also deposited as a single
nucleus, the coercivity should be improved with the less negative
potential. Fig. 7 shows cross-sectional TEM images of Co-Pt
deposited with �900, �700, and �600 mV (vs. Ag/AgCl) inside
10 nm nanopores. To confirm the above assumption, we observed
the growth conditions of Co-Pt inside nanopores using TEM. In
Fig. 7(a) and (b), the thickness of the EB resist was reduced from
30 to 20 nm by the excimer-UV pretreatment, and mushroom-
shaped nanodot arrays were observed owing to overfilling of Co-Pt.
(b)
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900 mV (vs. Ag/AgCl). Thickness of the films is (a) 16 nm and (b) 17 nm, respectively.



-700 mV, 
Thickn ess : 16 nm
-900 mV, 
Thickn ess : 17 nm
Ru substrate

C
o-

P
t 

hc
p

(0
02

)

R
u 

hc
p

(1
01

)

R
u 

hc
p

(0
02

)

2θ / degree

In
te

ns
it

y 
(c

ps
)

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

0
40 41 42 43 44 45

Fig. 6. XRD spectra of Co-Pt films deposited with �700 mV and �900 mV (vs. Ag/AgCl) and Ru substrate.
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In this overfilled region, a polycrystalline structure with fine grain
structure was confirmed, which may be due to hemispherical
diffusion of metal ions to expand the Co-Pt nucleation site.
Nevertheless, columnar structures of nanodot arrays without voids
were observed inside the nanopore. Figs. 7(d), (f), and (h) show
high magnification TEM images of the interface between Co-Pt and
Ru, and the insets show the electron beam diffraction of each
nanodot. In these images, lattice fringes in the direction
perpendicular to the Ru interface were observed. Furthermore,
the diffraction images showed rings and spots corresponding to
hcp (002), indicating that Co-Pt grew along the Ru crystal
orientation with high crystallinity in the initial deposition stage,
which is expected to induce perpendicular magnetic anisotropy in
Fig. 7. Cross-sectional TEM images of Co-Pt nanodot arrays with 10 nm diameter and 35 

High magnification images at (d, f, h) interface of Co-Pt and Ru substrate and (e, g) up
nanodot arrays deposited with each potential.
the nanodot arrays. In addition, from the diffraction images,
diffraction rings and diffraction spots that correspond to polycrys-
talline and single crystalline structures were observed for -900 mV
(vs. Ag/AgCl) and the less negative potentials of �700 mV and
�600 mV (vs. Ag/AgCl), respectively, indicating different Co-Pt
growth conditions for �900 mV (vs. Ag/AgCl) and the less negative
potentials. Figs. 7(g) and (h) show higher magnification TEM
images of the upper part of the Co-Pt nanodot. In Fig. 7(g), the Co-
Pt lattice is randomly oriented, suggesting that multinucleation,
including secondary nucleation, occurs to form grain boundaries at
�900 mV (vs. Ag/AgCl), which resulted in a nanodot with a
polycrystalline structure. On the other hand, in Fig. 7(f) and (h),
clear stacking of hcp lattices without any grain boundaries was
nm pitch deposited with (a) �900 mV, (b) �700 mV, and (c) �600 mV (vs. Ag/AgCl).
per part of Co-Pt nanodot arrays. The insets show the electron beam diffraction of
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observed, even in the upper section of the nanodot. These results
indicated that, with a less negative potential, a single nucleus of
Co-Pt was formed inside the nanopore that subsequently grew
from the interface of Ru in a perpendicular orientation to form a
single crystalline structure.

Based on the above results, by controlling the nucleation and
growth behavior of Co-Pt, our attempts to fabricate single crystal
Co-Pt nanodot arrays were successful. To achieve further precise
control of the initial deposition stage, the nucleation density and
kinetic behavior inside the nanopores should be examined in more
detail in future studies.

4. Conclusion

In the present work, we analyzed the initial electrodeposition
stages of Co-Pt inside ultra-fine nanopores to fabricate Co-Pt
nanodot arrays with a single crystalline structure. At �900 mV (vs.
Ag/AgCl), the number of nuclei decreased in smaller nanopores,
but multinucleation was observed, even in 10 nm nanopores. On
the other hand, at more less negative potentials (>�700 mV vs.
Ag/AgCl), growth of the nucleus is preferential, and a single
nucleus was formed inside the 10 nm nanopore that grew to form a
columnar-structured grain with a size of 7.0–10 nm. In addition, at
less negative potentials, Co-Pt grew along the Ru crystal
orientation during the initial deposition stage to increase the
coercivity of the Co-Pt films. Cross-sectional TEM images
confirmed that, at less negative potentials, Co-Pt grew as a single
crystal with clear stacking of hcp lattices in the direction
perpendicular to the interface of Ru. To achieve further deposition
uniformity, it is important to analyze the initial nucleation and
growth stages of Co-Pt in more detail.
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