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The magnetic properties of Co80Pt20�10 nm� /Co�0,3 ,5 nm� hard/soft stacked dot arrays with dot
diameters D of about 50 nm were studied. Co–Pt films were deposited on Ru �001� seed layers,
resulting in a large uniaxial magnetic anisotropy Ku with the c axis perpendicular to the film plane.
Dot patterns were formed using high resolution e-beam lithography and reactive ion etching.
Magnetic force microscopy images revealed that all dot arrays showed a single domain state, even
after removal of an applied field equal to the coercivity. The remanence coercivity Hr decreased
from 9.1 to 6.9 kOe as the Co layer thickness increased from 0 to 5 nm, indicating that the hard/soft
stacked structure was effective at reducing the switching field, as theoretically predicted. The
applied field angular dependence of Hr for 10-nm-thick Co–Pt dot arrays was in good agreement
with calculations based on the Stoner–Wohlfarth model, HS-W indicating coherent rotation of the
magnetization during nucleation. Moreover, it was confirmed that the hard/soft stacked structure
reduced the angular variation of Hr. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2833308�

I. INTRODUCTION

A new recording system using patterned media is one
possibility to overcome the trade-off between thermal stabil-
ity and recording writability. We have been studying the
magnetic properties of dot arrays of Co–Pt perpendicular
films with a large uniaxial magnetic anisotropy Ku deposited
on Ru seed layers.1–3 Our studies revealed that the
Co–Pt /Ru dot arrays possessed the high stability of a single
domain state over a wide range of dot diameters D from
80 to 300 nm and high thermal stability. The remanence co-
ercivity Hr increased as D decreased, and reached 7.6 kOe at
D=80 nm for a 20-nm-thick dot with Co80Pt20 composition.
The switching field of Co-Pt /Ru dot arrays is nearly propor-
tional to the effective anisotropy field in the dots, Hk

eff,2 tak-
ing account of the demagnetizing field. Therefore, a reduc-
tion in D below 80 nm, which is necessary for practical
patterned media applications, would result in a further in-
crease in Hr. The value of Hr has to be decreased, while
maintaining thermal stability, from the viewpoint of writabil-
ity.

A composite dot structure consisting of magnetically
hard and soft layers4–8 is one possibility to reduce the
switching field, while maintaining thermal stability. In this
study, magnetic properties of Co–Pt /Co hard/soft stacked
dot arrays with D of about 50 nm were studied.

II. EXPERIMENTAL PROCEDURE

Co80Pt20 films were deposited with Ru �001� seed layers
on 4 in. SiOx /Si substrates using a dc-magnetron sputtering
system, resulting in films with a large Ku with the c axis
perpendicular to the film plane.9 The thickness of Co–Pt

layer was fixed at 10 nm. Co films with thicknesses of 0, 3,
and 5 nm were then deposited directly onto the Co–Pt films.
No substrate heating was carried out during the deposition
process. Dot patterns were formed using high resolution
e-beam lithography and reactive ion etching. The value of D
in the present study was about 50 nm, with a periodicity of
160 nm. The magnetization curves of the dot arrays were
examined by Anomalous Hall effect �AHE� measurements.10

We observed the averaged AHE signals of 6000 dots.

III. RESULTS AND DISCUSSION

X-ray diffraction patterns indicated that the Co–Pt films
had a hcp structure with the c axis perpendicular to the film
plane and a c-axis distribution, ��50, of about 2.8°.9 Mag-
netic force microscopy �MFM� images of Co–Pt �10 nm� dot
arrays are shown in Figs. 1�a� and 1�b�. The images were
observed in �a� the saturation remanent state, and �b� after
demagnetization along the film normal direction. The demag-
netizing process was carried out by applying alternating dc
magnetic fields with decreasing amplitude. All dots showed a
single domain state even after demagnetization along the
film normal direction, although the exchange length of the
magnetization of these films should be much smaller than D.
MFM images of Co–Pt�10 nm� /Co stacked dot arrays with
Co layer thicknesses of 3 and 5 nm are shown in Figs. 1�c�
and 1�d�, respectively. These images were observed after de-
magnetization along the film normal direction. All dot arrays
showed a single domain state, similar to the Co–Pt single
layer dot arrays, indicating that the single domain state is
stable even for the stacked dot arrays with Co layers up to
5 nm thick.

Figure 2 shows AHE loops �solid lines� for the dot arrays
of �a� Co–Pt�10 nm�, �b� Co–Pt�10 nm� /Co�3 nm�, and �c�
Co–Pt�10 nm� /Co�5 nm� shown in Fig. 1. These loops were
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measured along the film normal direction. Remanence AHE
loops �open symbols� are also shown for comparison.

The remanence AHE curves were identical to the normal
AHE curves for all dot arrays, indicating that the magnetiza-
tion reversal processes in these dots were irreversible. It is
likely that reversal of the dots started with a nucleation im-
mediately followed by domain wall propagation.2,3,11–14

However, the AHE curves were not rectangular, because the
AHE signal was averaged over 6000 dots. The slope of the
AHE curves from the negative saturation to the positive satu-
ration was caused by dot-to-dot variations in the switching
field. We calculated numerically the interdot magnetostatic

field at the dot center, Hstatic, for dot arrays in the saturation
remanence state. Hstatic increased from about 80 Oe to about
120 Oe with increasing Co layer thickness from 0 to 5 nm.
Hstatic is small compared to the variation in the switching
field, therefore, it is likely that the slope of the loop slope is
mainly caused by the switching field distribution �SFD� of
the dots.

The value of Hr decreased from about 9.1 kOe to about
6.9 kOe as the Co layer thickness increased from 0 to 5 nm,
indicating that the hard/soft stacked structure was effective at
reducing the switching field. This significant reduction in Hr

was probably caused by an enhancement of magnetization
reversal due to an enhancement of the Zeeman energy on
stacking the Co layer. However, decrease of Hr on increasing
the Co layer thickness was around half of the decrease in the
effective anisotropy field Hk

eff, calculated from the mean val-
ues of Ku and the saturation magnetization Ms of the stacked
dots, taking into account the demagnetizing field of the
dots.2,3 This is probably due to the trapezoidal dot shape �in
the cross section� formed by overetching; the effective vol-
ume ratio of Co to Co–Pt is smaller than the thickness ratio.

Figure 3 shows the value of Hr for Co–Pt�10 nm� /
Co�5 nm� and Co–Pt�10 nm� dot arrays as a function of ap-
plied field angle from the film normal, �. In the figure, the
angular dependence of remanence coercivity HS-W for the
Co–Pt�10 nm� single dot arrays calculated from the value of
Hk

eff assuming a coherent magnetization switching model
�Stoner-Wohlfarth model�, and a c-axis distribution equal to
that of the Co–Pt films ���50=2.8° � is shown for compari-
son. The value of Hk

eff was calculated from the Ku and Ms

values of the Co–Pt films �Ku=1.32�107 erg /cm3, Ms

=1140 emu /cm3�.
The angular dependence of Hr for Co–Pt dot arrays was

in good agreement with that of HS-W, indicating coherent

FIG. 1. MFM images of Co–Pt�10 nm� dot arrays for �a� the saturation
remanent state and �b� after demagnetization along the film normal direc-
tion. �c� and �d� are images of Co–Pt�10 nm� /Co stacked dot arrays with Co
layer thicknesses of 3 and 5 nm, respectively, after demagnetization along
the film normal direction.

FIG. 2. AHE loops of Co–Pt�10 nm� /Co stacked dot arrays with Co layer
thicknesses of �a� 0 nm, �b� 3 nm, and �c� 5 nm. In the figure, remanence
AHE curves �open symbols� are also shown for comparison.
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rotation of the magnetization during nucleation. The values
of Hr for Co–Pt /Co stacked dot arrays were smaller than
those for Co–Pt dot arrays for all values of �, and it should
be noted that the hard/soft stacked structure also reduced the
angular variation of Hr. This result is qualitatively in good
agreement with experimental results for FePt hard/soft
stacked nanocomposite particle assemblies8 and with theoret-
ical predictions.4,6 This result suggests that application of the
applied field initially caused the magnetization of the soft
region to rotate and the exchange field at the interface en-
hanced the rotation of the magnetization of the hard layer.6,7

For practical patterned media applications, a small angular
variation of Hr is a desirable property for reducing adjacent
track erasure, which is a serious problem in high-density
recording.15

Figure 4 shows the AHE loops with the horizontal axis
normalized to the values of coercivity Hc �=�Hr� for the dot
arrays shown in Fig. 2. The normalized AHE loops almost
overlapped one other. We estimated the applied fields where
the magnetization reached −Ms /2 and Ms /2, respectively,
and defined the difference between the two fields as �Hc.
The value of SFD, defined as �Hc /Hc, was about 0.25, and

was nearly independent of the Co layer thickness. No clear
effect on the SFD was observed from the reduction of the
angular variation of Hr. A simple calculation revealed that
�Hc /Hc was 1.35 times larger than �c /Hc, where �c is the
standard deviation of the SFD, assuming a Gaussian distri-
bution function �i.e., �c /Hc=0.185�.

It is likely that a reduction of the distributions of dot
size, dot shape, and magnetic anisotropy,14 besides a further
reduction in the angular variation of Hr, is vital to reduce the
SFD of the dot arrays.

IV. CONCLUSION

It was successfully demonstrated that hard/soft stacked
structure is effective at reducing the switching field of Co–Pt
dot arrays, moreover, the stacked structure reduced the angu-
lar variation of Hr, although the thermal stability of the dot
arrays on stacking Co layers has not been clarified yet. More
intensive efforts are required to clarify the switching mecha-
nism of the hard/soft stacked dot arrays.

ACKNOWLEDGMENTS

The authors would like to express great thanks to Mr. H.
Hirayanagi, Mr. Y. Kodaira, and Mr. David D. Djayaprawira
of Canon ANELVA Co. for their technical supports in the
RIE process. This research has been partly carried out at the
Laboratory for Nanoelectronics and Spintronics, Research
Institute of Electrical Communication, Tohoku University.

This work was supported in part by Research and Devel-
opment for Next-Generation Information Technology of
MEXT and SRC.

1N. Kikuchi, R. Murillo, J. C. Lodder, K. Mitsuzuka, and T. Shimatsu,
IEEE Trans. Magn. 41, 3613 �2005�.

2K. Mitsuzuka, T. Shimatsu, M. Muraoka, N. Kikuchi, and J. C. Lodder, J.
Magn. Soc. Jpn. 30, 100 �2006�.

3K. Mitsuzuka, N. Kikuchi, T. Shimatsu, O. Kitakami, H. Aoi, H. Muraoka,
and J. C. Lodder, IEEE Trans. Magn. 43, 2160 �2007�.

4R. H. Victora and X. Shen, IEEE Trans. Magn. 41, 537 �2005�.
5Y. Inaba, T. Shimatsu, O. Kitakami, H. Sato, T. Oikawa, H. Muraoka, H.
Aoi, and Y. Nakamura, J. Magn. Soc. Jpn. 29, 239 �2005�.

6D. Suess, T. Schrefl, R. Dittrich, M. Kirschner, F. Dorfbauer, G. Hrkac,
and J. Fidler, J. Magn. Magn. Mater. 290–291, 551 �2005�.

7H. J. Richter and A. Yu. Dobin, J. Appl. Phys. 99, 08Q905 �2006�.
8Y. K. Takahashi, K. Hono, S. Okamoto, and O. Kitakami, J. Appl. Phys.
100, 074305 �2006�.

9T. Shimatsu, Y. Okazaki, H. Sato, O. Kitakami, S. Okamoto, H. Aoi, H.
Muraoka, and Y. Nakamura, IEEE Trans. Magn. 43, 2995 �2007�.

10N. Kikuchi, S. Okamoto, O. Kitakami, Y. Shimada, and K. Fukamichi,
Appl. Phys. Lett. 82, 4313 �2003�.

11C. T. Rettner, S. Anders, T. Thomson, M. Albrecht, Y. Ikeda, E. Best, and
B. D. Terris, IEEE Trans. Magn. 38, 1725 �2002�.

12J.-P. Jamet, S. Lemerle, P. Meyer, J. Ferre, B. Bartenlian, N. Bardou, C.
Chappert, P. Veillet, F. Rousseaux, D. Decanini, and H. Launois, Phys.
Rev. B 57, 14320 �1998�.

13G. Hu, T. Thomson, C. T. Rettner, and B. D. Terris, IEEE Trans. Magn.
41, 3589 �2005�.

14T. Thomson, G. Hu, and B. D. Terris, Phys. Rev. Lett. 96, 257204 �2006�.
15M. Mallary, A. Torabi, and M. Benakli, IEEE Trans. Magn. 38, 1719

�2002�.

FIG. 3. The value of Hr for CoPt�10 nm� /Co�5 nm� and CoPt�10 nm� dot
arrays as a function of applied field angle from the film normal, �.

FIG. 4. AHE loops with the horizontal axis normalized to the values of
coercivity Hc �=�Hr� for CoPt�10 nm� /Co dot arrays with the Co layer
thicknesses of 0, 3, and 5 nm.
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