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E-beam lithography has been used to pattern a continuous Co/Pt multilayer film with perpendicular
anisotropy into circular islands of various sizes down to 25 nm diameter on a 60 nm pitch. High
resolution magnetic force microscopy with in situ applied field has been used to directly determine
the switching field distribution (SFD) and hysteresis loop of the islands. For the smallest islands, the
coercivity is reduced and the width of the SFD is increased, indicating that they would not be well
suited to data storage applications. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2713429]
INTRODUCTION

The annual increase in the areal density of hard disk
drives has mainly been achieved by scaling, which requires a
reduction in grain sizes in order to achieve an acceptable
signal to noise ratio (SNR). If grain volumes are reduced too
far, their thermal energies become comparable to the aniso-
tropy energy of the grains and can induce random reversals
in the magnetization.1 Coupled with the requirement of a
reasonable number of grains per bit to attain satisfactory
SNR, this phenomenon imposes a lower limit to the size of
bits, known as the superparamagnetic limit.>* The fabrica-
tion of single domain islands of continuous thin film mag-
netic media is one method that has been suggested as a pos-
sible route to higher density magnetic data storage.

Single domain islands in which the easy axis of magne-
tization lies perpendicular to the plane and is derived from
interface or crystalline anisotropy rather than shape have
been proposed for patterned media.’ Materials of this nature
can be made thin, and the resulting islands could be used
with emerging perpendicular recording technology. Co/Pt
multilayers are therefore good candidates for patterning be-
cause of their strong interfacial perpendicular anisotropy,
large coercivities, and high squareness.5

There have been several studies of the patterning of
Co/Pt and similar materials using different techniques in-
cluding: deposition onto patterned resist,’ jon beam pattern-
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ing using stencil masks,’ focused ion beam patterning,8 and
the deposition onto prepatterned substrates.” The latter tech-
nique has produced the best results, with 30 nm diameter
magnetic islands with a periodicity of 60 nm. It does, how-
ever, suffer from the drawback of sidewall deposition which
could introduce coupling between the dots and the trench.
Preliminary studies of write errors in patterned media
indicate that to attain acceptable error rates the switching
field distribution (SFD) of the islands will need to be very
narrow, and therefore evaluation of the SFD of practical is-
lands is of great interest.'’ Recent developments in high
resolution magnetic force microscopy (HR-MFM) enable a
lateral resolution below 10 nm, which allows imaging of the
magnetization of 25 nm nanodots. In this paper, we present
the direct measurement of the SFD for a number of island
arrays ranging from 25 to 100 nm fabricated by patterning
predeposited Co/Pt multilayers using an e-beam lithographi-
cally defined hard mask and ion milling for pattern transfer.

METHOD

Thin film Co/Pt multilayers, with a 10nm Pt
+(0.4 nm Co+ 1 nm Pt),5 structure have been deposited onto
Si substrates using e-beam evaporation at 200 °C. The pres-
sure during deposition was (1.0-2.1) X 10”7 mbar and the
resulting film’s coercivity was 200 mT. Resist poly methyl
methacrylate (PMMA) was then spun onto the multilayers
and patterned by direct e-beam lithography at 20 keV using a
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FIG. 1. (Color online) Schematic diagram of the four principal stages in the
island fabrication process.

LEO 1530 Gemini field-emission gun (FEG) scanning elec-
tron microscopy (SEM) and Raith Elphy Plus lithography
system with a laser interferometer stage. After development,
e-beam evaporation was then used to deposit 65 nm of Au.
The Au layer from the unexposed regions was removed by
lift-off leaving Au nanopillars which were used as a hard
mask to transfer the pattern into the magnetic layer using Ar*
milling at 2 keV and 18 mA. The patterning process is illus-
trated in Fig. 1. Islands ranging from 25 nm with a center to
center separation of 60 nm up to 500 nm with a 1000 nm
separation were fabricated, with the smaller islands illus-
trated in Fig. 2. The resolution of this technique is compa-
rable to that of Ref. 9.

The MFM images were taken at 11 K using a home built
scanning force microscope operating at a base pressure of
1.0 1071° mbar."" The microscope is located within a su-
perconducting magnet capable of applying fields up to 7 T
perpendicular to the sample surface allowing for high reso-
lution in situ observation of the magnetic structure at differ-
ent fields applied along the surface normal. The instrument
was operated in the dynamic mode at a constant average
height of 12 nm. All images presented in this article were
taken at the same tip sample distance and with the same tip
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FIG. 3. The hysteresis loop measured in the HR-MFM, showing images at
(a) remanance, (b) =620 mT, (c) =590 mT, and (d) coercivity (—430 mT).
Images (c) and (b) are one field step (30 mT) apart and show that two
islands have a switching field between —590 and —620 mT. In (b) some
islands appear to have two domains. These islands were switched by the tip
field during imaging.

so as to enable a reliable comparison between images at dif-
ferent fields. Under these conditions the switching field of
each dot can be observed and thus the SFD of the array can
be determined.'?

The nanodot array was imaged by scanning a Team
Nanotec GmbH silicon cantilever with a 4 nm Co coated
oxidized tip at a constant average height above the surface,"”
sufficiently high so as not to have a significant force compo-
nent from the surface topography. The field generated by the
tip was calculated, using the method described by van
Schendel et al.,"* to be 8 mT at the tip apex, falling to 5 mT
at 5 nm below the tip and 3 mT at the scanning height of
12 nm from the tip. The magnetic contrast in the image en-
ables the determination of the magnetization direction of
each dot individually, an example being shown in Fig. 3. The
dots exhibit perpendicular anisotropy such that the dot is
magnetized either parallel or antiparallel to the tip field, ap-
pearing dark or bright, respectively. Using the superconduct-
ing magnet, the external field normal to the sample plane was
increased incrementally and MFM images were taken at each
step of the applied field with the applied field left on
throughout the MFM imaging. The switching field of each
dot was determined by observing changes in dot magnetiza-
tion direction between images applied at consecutive field
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FIG. 2. SEM images of island patterns, showing 50 nm islands on a 100 nm pitch (left) and 25 nm islands on a 60 nm pitch (right). The areal density of the

25 nm islands is approximately 210 Gbit/in%.
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FIG. 4. MFM images of 25 nm dots at various field steps. The slight blur-
ring at the top and bottom of the images is due to bowing of the substrate
and the constant height mode of the instrument.

steps. The SFDs of patterned media with islands of 25, 50,
and 100 nm and spacings of 60, 100, and 200 nm, respec-
tively, were evaluated directly by this method, and their hys-
teresis loops were then computed by integration of the SFDs.
An example hysteresis loop (50 nm islands) is shown in Fig.
3, which also shows MFM images of the islands at various
stages between saturation and coercivity. In particular, Figs.
3(b) and 3(c) show two images at consecutive fields, show-
ing that it is simple to determine that two out of five dots
have switched in that field step. Figure 4 shows MFM im-
ages of 25 nm islands at various field steps. The SFDs of the
three samples are shown in Fig. 5. The demagnetizing fields
due to the islands were calculated by considering the islands
to be arrays of perfect dipoles, and the maximum demagne-
tizing field computed, which occurred in the saturated state,
was 12.5 mT (125 Oe). The computed demagnetizing fields
were used to deshear the hysteresis loops before calculating
the coercivities and switching field distributions by least-
squares fitting a Gaussian cumulative distribution function
(cdf) to the experimental cdf.

In some images islands can be seen to be flipped by the
tip as it passes over them, even though the maximum tip field
is only 3 mT (30 Oe) at the scanning height of 12 nm above
the top of the islands. This effect could be avoided by scan-
ning the images in zero field, thereby computing remanence
loops,ls’16 but as the tip field contributes an error of only
~3 mT (30 Oe) to the measured hysteresis loops and the
loops were measured at field increments of 10 mT this pro-
cess was not thought to be necessary, and would have been
excessively time consuming with the slow field ramp time of
the superconducting magnet. Each major loop presented in
this paper took 12 h of continuous measurement.

DISCUSSION AND CONCLUSIONS

The loops of the 100 and 50 nm diameter islands are
remarkably similar, with average switching fields (coercivi-
ties) of 4.4 and 4.5 kOe, and standard deviations of 570 and
480 Oe (13% and 11%) for the 50 and 100 nm islands, re-
spectively, showing no evidence that coercivity increases as
size reduces, as was observed by Terris et al.'” The 25 nm
islands show a reduced coercivity of 1.4 kOe and a larger
standard deviation of 640 Oe (45%), which would give rise
to a significantly increased write error rate in a practical stor-
age system. This change could be due to the reduced thermal
stability of the lower volume islands, but since the experi-
ments were performed at 11 K and the anisotropy of undam-
aged Co/Pt multilayers is high, it seems much more likely
that this is due to edge damage during ion milling. This could
take various forms: damage to the interfaces of the
multilayer, reducing anisotropy, local irregularities in shape
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FIG. 5. SFDs of the three samples measured by HR-MFM.

and edge definitions giving rise to nucleation sites, or rede-
position of milled material onto the outer edge of the islands.
Redeposited material would not be multilayered, and so
would have a significantly reduced anisotropy, reducing the
switching field of the islands. One possibility would be that
the resulting structure with a hard magnetic multilayer core
and a soft magnetic outer would have a higher thermal sta-
bility than its reduced switching field would suggest in the
manner of exchange spring media.'® Further measurements
at different temperatures are required to correctly determine
the reversal processes in these islands and their thermal sta-
bility. One island reverses in zero field, suggesting that its
switching field is lower than the peak demagnetizing field of
12.5 mT (125 QOe).

In conclusion, we have fabricated magnetic islands as
small as 25 nm diameter with a periodicity of 60 nm. We
have demonstrated that the SFD of these arrays can be di-
rectly determined by HR-MFM. Decreasing the island diam-
eter below 50 nm reduces the coercivity and increases the
switching field distribution to the detriment of their archival
storage potential.
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