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The magnetization process and switching field distribution (SFD) of ion beam patterned MnGa films were discussed based on the
first order reversal curve (FORC) analysis and magnetic force microscope (MFM) observations. The FORC diagrams with so-called
“boomerang” shape resulting from the increase of the interaction between “hysterons” that can be associated with ferromagnetic
particles and/or domains were confirmed in the patterned MnGa with dot size larger than 520 nm. On the other hand, the shape of the
FORC diagram became a simple Gaussian distribution, which is typical in the media comprised of well-isolated magnetic particles, for
dot size smaller than 240 nm. The variation of the shape of FORC diagram was closely linked with the domain structure observed by
MFM; multi-domain in the dot was confirmed for dot size larger than 520 nm while single domain for dot size less than 240 nm. The
average switching field of the patterned film increased with decreasing the dot size, indicating that the dot edge damage and exchange
interaction through ion irradiated regions were negligible in the ion beam patterned MnGa. The SFD also increased with decreasing
the dot size. The SFD is considered to result from the existence of the pinning centers in the as-prepared MnGa and also from the dot
size fluctuation of the resist masks fabricated by electron beam lithography. The optimization of the fabrication process will be

effective to reduce SFD and sufficiently low SFD in high density MnGa BPM will be achieved by these process optimizations.

Index Terms—Bit patterned media, Ion beam irradiation, Switching field distribution, First order reversal curves, MnGa

I. INTRODUCTION

BIT PATTERNED MEDIA (BPM) have attracted considerable

interest as future high-density magnetic recording media
because they provide a promising approach to solving the
problem of the superparamagnetic limit, i.e., the thermal
instability of recorded bits [1]. BPM are considered to extend
the areal density of magnetic recording to more than 2 Tb/in?,
and also are expected to increase the areal density more than 5
Tb/in> by combining with other recording techniques such as
heat and microwave assisted magnetic recordings. However,
there are several issues to be solved for the practical use of
BPM. One of the major issues is the development of a low-
cost and high-yield fabrication process. The local ion
irradiation technique is an attractive candidate since it makes
the BPM fabrication flow simple compared to the
conventional ion etching process. By using primary ions with
appropriate mass and energy, the ion irradiation does not alter
the surface morphology of the media and if it changes the
magnetic properties of the media, the local ion irradiation
results in magnetically patterned but topologically flat bit
patterned structure, so-called planar BPM. Conventional ion
etching process requires the flattening process, i.e., trench
filling and polishing processes, to make the medium surface
sufficiently flat for the stable flying of the recording head, and
thus the flattening process makes the medium cost high and
the fabrication yield low. Ion irradiation into Co/Pt [2]-[5] and
Co/Pd [6], [7] multilayers was firstly studied to realize a
planar BPM. However, in such materials, ion irradiation
changes their easy axis from perpendicular to in-plane, and
thus if planar BPM are fabricated using these materials, the
perpendicular magnetized adjacent bits magnetically couple
through the in-plane magnetized (ion-irradiated) region. This
will limit the ultimate density of the BPM. In order to realize

high density planar BPM, the materials whose magnetism is
modified from ferromagnetic to paramagnetic by ion
irradiation are desired. The ion dose dependence of magnetism
of CoCrPt [8] and FePt [9], however, was reported to require
high ion dose of ~ 10" — 10" jons/cm® to suppress their
ferromagnetism.

Previously, we have reported that 30 keV Kr" ion irradiation
altered the magnetism of CrPt; MnAl, and MnGa from
ferromagnetic to nonmagnetic according to their phase change
from the ordered to disordered phase [10]-[14]. In these
materials, quite low dose ~ 10'* ions/cm”® of the irradiation is
sufficient to change them into nonmagnetic. We also
demonstrated HDD-head-flyable planar BPM by taking the
read-back signal from the ion irradiation patterned CrPt;
medium [12]. These results indicate the ion irradiation
technique is quite useful to fabricate high-density BPM.
However, for the practical application, detailed study on the
magnetic properties of the planar BPM, such as dot size
dependence of the switching field and its distribution, is
necessary. In this paper, we discuss in detail about the
magnetization process and SFD of ion beam patterned MnGa
films by analyzing the first order reversal curve diagrams.

II. EXPERIMENTAL METHODS

The sample Cr (2 nm) / MnGa (15 nm) / Cr (20 nm) / MgO
(001) substrate was prepared by RF magnetron sputtering
deposition with a base pressure of ~ 1 x 107 Pa. The Cr buffer
layer was grown on the MgO substrate at 400°C and
subsequently annealed at 600°C for 60 min. The MnGa was
grown on the Cr buffer layer by the co-sputtering of MnyyGag
and MngoGay targets at 300°C, and subsequently annealed at
400 °C for 60 min. The top Cr layer was deposited as a
protective layer after cooling to room temperature.

ZEP520A was used as a resist and dot patterned resist
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masks were formed on the as-prepared film by electron beam
lithography. The Kr' ion irradiation onto the sample was
carried out by an ion implantation system. The ion energy and
the beam current were set at 30 keV and 0.15 pA/cm’,
respectively. The ion dose was set at 1 x 10" jons/cm? which
was required for vanishing the ferromagnetism of the MnGa
film completely. For measuring magnetic properties of ion
beam patterned MnGa films, the patterned structure was
fabricated in the area of 3 x 3 mm”.

Magnetic properties were measured by an alternating
gradient field magnetometer (AGM) at room temperature. The
FORC measurements were also done by AGM. We used
VARIFORC [17] to convert from measured FORCs to FORC
diagrams.

X-ray diffraction (XRD) was utilized to analyze crystal
structure. An atomic force microscope (AFM) and magnetic
force microscope (MFM) were used to measure surface and
magnetic structures, respectively. A scanning electron
microscope (SEM) was also used for observation of resist
masks.

III. RESULTS AND DISCUSSIONS

Figure 1 shows (a) out-of-plane M-H loops and (b) XRD
profiles of the MnGa film before and after ion irradiation with
a dose of 1 x 10" ions/cm®. The as-prepared MnGa film
showed a square hysteresis loop with a large perpendicular
anisotropy, the value of which was estimated to be ~ 7 x 10°
erg/cc from the in-plane curve (not shown here). As shown in
Fig. 1 (b), MnGa 001 and 002 peaks were clearly observed in
the as-prepared film, which indicates the formation of L1,-
ordered MnGa phase. Besides these peaks, only diffraction
peaks from MgO(001) substrate and Cr buffer layer were seen,
indicating MnGa films have (001) orientation. The ordering
parameter estimated from integrated intensities of superlattice
001 and fundamental 002 peaks was almost unity, which
means the as-prepared MnGa have fully ordered L1, structure
with (001) orientation. The ferromagnetism and large
perpendicular anisotropy of the film originate from the (001)
oriented Llj-ordered phase. After the ion irradiation, the

ferromagnetism of the MnGa film disappeared as shown in Fig.

1 (a) and the MnGa 001 peak disappeared and 002 peak shifts
toward lower-angle side as seen in Fig. 1 (b). This is due to the
phase change of the MnGa from L1j-ordered phase to Al-
disordered one.

Figure 2 shows ion dose dependences of saturation
magnetization M, coercivity H., and perpendicular anisotropy
K, of MnGa films irradiated with 30 keV Kr" ions. These
values were normalized as the values before the irradiation to
be 1. The M, and K, of the MnGa gradually decreased with
increasing the ion dose. The H. of MnGa slightly increased
with increasing the ion dose up to ~ 10" ions/cm? and then
decreased with further increase of the ion dose. One will note
that the K, of the MnGa decreased in proportion to M. This
implies that the increase of the ion dose results in the increase
of the volume of nonmagnetic Al- phase MnGa created by the

ion irradiation as shown in the schematic illustrations of Fig. 3.

Figure 3 shows schematics of expected microstructure of
the MnGa film uniformly irradiated with Kr" ions. The surface
atomic density of (001) plane of the MnGa is 1.3 x 10" ¢cm™,
and thus the ion dose of 10" ions/cm® corresponds to one ion
per 3 nm x 3 nm square. It is considered that such ion dose
creates local nonmagnetic Al1-MnGa cylinders, and the
ferromagnetic L1,-MnGa nano-crystals will be surrounded by
the nonmagnetic A1-MnGa matrix as shown in Fig. 3. The
increase of H, with increasing the ion dose up to ~ 10"
ions/cm” shown in Fig. 2 is also understood by this model; ion
dose creates the nonmagnetic pinning center of the domain
wall which will impede of the smooth propagation of the
domain wall. Further increase of the ion dose will reduce the
volume of the L1p-MnGa nano-crystals which will results in
the decrease of H. due to the reduction of the product of KV,
where V is the volume of L1,-MnGa nano-crystal. The model
of the microstructure of the ion irradiated MnGa shown in Fig.
3 also supported by the experimental results of variations of
X-ray magnetic circular dichroism (XMCD) and low-
temperature magnetic hysteresis loops of the ion irradiated
MnGa [16]. The XMCD spectra shapes did not change with
the ion dose, which means the ferromagnetic regions have the
same electronic structure to that of as-prepared MnGa [16].
The coercivity of the ion irradiated MnGa significantly
increased with lowering temperature, supporting the existence
of the ferromagnetic nano-crystals surrounded by the
nonmagnetic A1-MnGa matrix as shown in Fig. 3. From the
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Fig. 1 (a) out-of-plane M-H loops and (b) XRD profiles of

the MnGa film before and after the ion irradiation with a
dose of 1 x 10" jons/cm® of 30 keV Kr' ions.
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Fig. 2 Ton dose dependences of saturation magnetization M,
coercivity H., and perpendicular anisotropy K, of MnGa
films with irradiated with 30 keV Kr" ions. These values are
normalized as the values before the irradiation to be 1.
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Fig. 3  Schematic illustrations of the variation of the
microstructure of MnGa films with increasing the ion dose.
(a) as-prepared, (b) low dose of ion irradiation, (c) ion dose
more than 1 x 10'* ions/cm’.

model of the microstructure shown in Fig. 3, we believe the
ion irradiated MnGa comprises of two phases: L1g-ordered
and Al-disordered phases and has no intermediate phase with
low K, and low H.. This will be beneficial to reduce SFD in
high-density planar BPM, since the SFD is considered to be
significantly increased by the existence of the low K, and low
H. regions at bit boundaries, which 1is expected in
conventional BPM fabricated by ion etching process.

Figure 4 shows MFM images of as-prepared and ion-beam

(@) Assprepared
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{c)-1000 nm pitch (d) 500 nm pitch

(e) 200 nm pitch (f) 100-nm ‘pitch

(g) 80'nm pitch

Fig. 4 MFM images of (a) as-prepared and ion-beam
patterned MnGa film with pitch sizes of (b) 1500, (¢) 1000,
(c) 500, (e) 200, (f) 100, and (g) 80 nm. These images were
taken after AC demagnetizing.

patterned MnGa films with various dot sizes. These images
were taken after demagnetizing the samples by alternating
magnetic fields. Bright and dark contrasts indicate the
magnetization up and down in the film normal direction,
respectively, and intermediate contrast is coming from the
nonmagnetic MnGa created by the local ion irradiation. As
seen in Fig. 4 (a), maze domains are formed on the as-
prepared film reflecting the large perpendicular anisotropy in
the (001) oriented L1p-MnGa film. Figs. 4 (b) — (g) show
MFM images of ion beam patterned MnGa films. For the
images of ion beam patterned MnGa films, clear bright and
dark magnetic contrasts were observed in “bit” regions while
no magnetic contrast was seen in “space” regions surrounding
the bit regions because the space regions were exposed to the
ion beam irradiation and have no magnetization due to the
phase change from L1, to A1 phase as discussed in Figs. 1 — 3.
Multidomain structures are observed in bit regions of the ion
beam patterned MnGa with the pitch size down to 500 nm.
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Fig. 5 M-H loops of as-prepared and bit patterned MnGa
films with pitch sizes of 1500, 1000, 500, 200, 100 and 80
nm. The values of the saturation magnetizations were
normalized by the volumes of the MnGa films irrespective of
the pitch size.

TABLE 1
Sizes of pitch, dot, and spacings of the fabricated patterned
films
Pitch size (nm) Dot size (nm)  Spacing (nm)

1500 810 690
1000 520 480

500 240 260

200 90 110

100 50 50

80 44 36

Further decrease of pitch size changes the domain structure
from multidomain to single domain. It is anticipated that
magnetization reversal process changes across the pitch size of
~ 200 nm associated with the change of the domain structure.
The nonmagnetic spaces are effective to suppress exchange
coupling between ferromagnetic bits through the spaces,
which is the major problem to fabricate high-density planar
BPM using Co/Pt [2]-[5] and Co/Pd [6], [7]. By using MnGa,
however, the planar BPM with a pitch size down to 80 nm
were found to be fabricated. Further reduction of the pitch size
is expected by fabricating fine resist masks with pitch size less
than 80 nm.

Figure 5 shows M-H loops of the as-prepared and ion-beam
patterned MnGa films with various designed pitch sizes. The
values of the saturation magnetizations were normalized by
the volume of the MnGa films irrespective of the pitch size of
the patterned MnGa. The saturation magnetization M,
decreased after the patterning since the space regions become
nonmagnetic by the ion irradiation with the dose of 1 x 10"
jons/cm®. Dot sizes of the patterned MnGa films were
estimated by comparing the saturation magnetization of the
patterned MnGa with that of as-prepared MnGa. From the
designed pitch size and estimated dot size, the dot spacing was
easily evaluated, which is summarized in Table 1. The
estimated dot sizes agreed well with those estimated from

MFM images shown in Fig. 3. The coercivity H, of the
patterned samples increased with decreasing the pitch (dot)
size. The increase in coercivity is considered to be due to the
change of the magnetization process from domain wall motion
to coherent rotation.

In order to discuss the magnetization process of the ion
beam patterned MnGa, FORCs were measured and analyzed.
For FORC measurements, a positive saturation field Hg, was
initially applied to the sample. After the saturation, the field
was decreased from H,; to a reversal field H,, and then
magnetization M(H, H;) was measured with increasing the
external field H back to H. A set of FORCs was obtained
with various reversal fields as shown in Fig. 6. A FORC
diagram is a contour plot of p(H, H,) defined as

_19M(H.H,)

p(H.H,)= 2 9HOH

Q)

The axes are rotated by changing coordinates from {H, H,} to
{H., H,} where H.= (H - H,) /2 and H,= (H + H,) / 2. The
H. and H, correspond to the local coercivity and local bias
field, respectively. Preisach model [18] generalize a hysteresis
loop as a sum of rectangular hysteresis loops called “hysterons”
which has a single domain state with magnetization of +m or —
m and has two parameters of coercivity and bias field. Pike et.
al. showed that the FORC diagram provides information about
distributions of local coercivity f{H,) and bias field g(H,) [19]
of constituent magnetic particles as
p(H.Hy)=f(H.)g(Hy) )
Figure 7 shows FORC diagrams of the ion-beam patterned
MnGa films with various dot sizes. The shape of the diagrams
changes with decreasing the dot size as shown in the figures.
For FORC diagrams taken from the patterned MnGa films
with dot size less than 240 nm, the FORC distributions were
found to have a simple distribution expressed as eq. (2).
Therefore, the hysteresis loops of the patterned films with
small dot sizes are represented by the sum of magnetically
isolated hysterons (single domain particles) as in the Preisach
model. This indicates that the exchange interaction between
dots through an ion irradiated region is negligibly weak in the

200+ M (emu/cc)

-200--

Fig. 6 FORCs of the ion beam patterned MnGa film with a
pitch size of 1500 nm.
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Fig. 7 FORC diagrams of (a) as-prepared and ion-beam
patterned MnGa film with dot sizes of (b) 810, (¢) 520, (d)
240, (e) 90, (f) 50 and (g) 44 nm. The dot sizes were
estimated from the saturation magnetization of the patterned
MnGa shown in Fig. 5.

ion irradiated patterned MnGa film. The distribution of the
interaction field is considered to be mainly due to the dipole
interaction between the dots, which will also contribute to
widen the coercivity distribution, SFD, which should be as
small as possible for the practical application of BPM. In
terms of the dipole interaction, the MnGa film is preferable
since it has a relatively low M; of ~ 500 emu/cc compared to
an L1,-FePt film. The FORC diagrams of the as-prepared and
patterned film with dot sizes larger than 500 nm have so-
extending the p(H,, H,) in
diagonal directions as shown in the figures. Furthermore, a
negative p(H., Hy) region exists underneath the positive main

called “boomerang” shapes,

peak of the p(H., Hy) around Hy, = 0 line. These features have

been observed in other systems [20, 21] and also observed in
FORC diagrams calculated based on the moving Preisach
model in which magnetization process of hysterons depends
both on the external field and the average magnetization state
of the film [19]. It may be reasonable to consider the moving
Preisach model since the as-prepared and patterned MnGa
with large dot sizes have multidomain structures as shown in
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Fig. 8 Dot size dependences of Hy,, and AH,/Hj, estimated

both from FORCs and MLs of the ion-beam patterned MnGa
films.

the MFM images in Fig. 4, and their magnetization processes
are dominated by the nucleation and domain wall propagation,
which may be expressed by strongly coupled hysterons with
each other. From these results, the magnetization reversal
process of the ion-beam patterned MnGa film changed at the
dot size around 240 nm. We compared this value with the
critical size that the MnGa dot becomes a single domain state.
The critical size was calculated from saturation magnetization
M, of 450 emu/cc, perpendicular anisotropy of K, of 7 x 10°
erg/cc, and exchange stiffness which was assumed to be 0.5 x
10 erg/cm. By comparing the energy of two cases between
single domain state and two domain state with one domain
wall inside a dot, the critical size to realize the single domain
was simply estimated to be ~ 80 nm. This is much smaller
than the value (~240 nm) at which the magnetization reversal
process changed as discussed from FORC diagram shown in
Fig. 7.

By fitting Gaussian profiles to the line profile of H, at H, =
0 in the FORC diagrams, the average switching field Hy, and
standard deviation AH,, were estimated. Figure 8 shows dot

size dependences of the Hy, and the SFD defined as AHy,/Hyy.

The H,, and SFD estimated by fitting error functions to the
major loops (MLs) of bit patterned MnGa in Fig. 5 are also
shown in Fig. 8. The H, of the as-prepared MnGa film was
estimated from the coercivity of its ML since the ML of the
as-prepared film was not expressed by the simple error
function. The H,, and SFD estimated from both MLs and
FORCs agreed well with each other except for the samples
with dot sizes below 50 nm. Based on the Preisach model, the
FORC diagram will separate the contributions of coercivity
distribution of dots and interaction field such as the stray field
from surrounding dots. For the sample with dot size of 50 nm
and spacing of 50 nm, the stray field of ~300 Oe was
estimated, which is roughly consistent with the difference in
SFD between FORC and MLs as in Fig. 8. Thus, we think
FORC analysis will give precise Hy,, and SFD compared to the
ML analysis especially in the samples with small dot sizes.
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The average switching field Hy, of the ion beam patterned
MnGa increased with decreasing the dot size. Shaw ef al.
reported the reduction of the switching field with decreasing
the dot size for ion milled Co/Pd nanostructures [22], which is
due to the dot edge damage, i.e., the existence of low K,
regions at the dot edge. In our samples, H, increased with
decreasing the dot size, which is similar to the trend of the pre-
patterned Co/Pd nanostructures in Ref. [22]. Thus we believe
that the dot edge damage of the ion beam patterned MnGa is
negligibly small and the exchange coupling between the dots
through ion irradiated regions is also negligible. For samples
with dot size larger than 520 nm, the SFD seems to be almost
constant ~ 13 %. In these samples, the magnetization reversal
process is considered to be dominated by nucleation and
domain wall propagation. Therefore, the SFD in these samples
is considered to depend on the areal density of the pinning
centers existing in the as-prepared MnGa film, which means
that the SFD will be decreased by improving the quality of the
MnGa films. The SFD increased from 13 to 20 % when the
dot size became less than 240 nm. This increase is considered
to be related to the transition of the magnetization reversal
process as discussed in Figs. 4 and 7. For samples with dot
size smaller than 240 nm, the switching is not dominated by
nucleation and domain wall propagation, which means that
switching field is rather dominated by local distribution of
magnetic properties such as perpendicular anisotropy and
saturation magnetization which result from fluctuations of
crystal orientation and degree of order. We consider that
improving the quality of the MnGa films will also decrease
large SFD below the dot size of 240 nm.

Further increase of the SFD was observed when the dot size
is less than 50 nm as shown in Fig. 8. We considered dot size
distribution as one of the origins for the increase of SFD in the
small dot size MnGa. To estimate the dot size distribution of
the ion beam patterned MnGa, we measured size distribution
of the resist mask by SEM observation, since it is difficult to

estimate the dot size distribution in an ion-beam patterned film.

In the ion beam patterned MnGa, the dot size may be roughly
estimated by using MFM observation, but the dot size
estimated from MFM observation contains errors due to the

size of the magnetic tip for MFM observation.

Figure 9 shows SEM images of dot patterned resist masks
after the ion irradiation process (before stripping the resist
masks). The average dot size estimated from the SEM
observations agrees well with that estimated from the decrease
of the M; of the ion-beam patterned films discussed in Fig. 5.
This implies that the lateral distribution of the incident ions in
MnGa will be limited within a few nanometers, and the
magnetic pattern of the ion irradiated MnGa is almost identical
to the resist pattern. This is also supported by transmission
electron microscope observations of the bit boundary of ion
beam patterned CrPt;, in which the lateral struggling of ~ 5 nm
was expected under the condition of the Kr' ion irradiation
into CrPt; with an energy of 30 keV [15].

The dot size distribution (more exactly, resist size
distribution) AD was estimated to be around 3 nm for all the
patterns. By using the AD and the dependence of the Hg, on
the average dot size, we can simply calculate the SFD as (0H,,
/ 0D) AD | Hgy., where OHy,, / 0D was estimated from Fig. 8.
Figure 10 shows the SFDs calculated considering the dot size
distribution. The SFD estimated from FORC analysis are also
shown in the figure. The calculated SFDs due to the dot size
distributions abruptly increased below the dot size of 100 nm.
This tendency is also seen in the SFDs estimated from the
FORC analysis, and thus one of the reasons for the increase of
the SFD in the samples with dot size below 50 nm may be the
dot size distributions of the resist mask. The reduction of the
dot size distribution is considered to make the SFD low in
BPM with small dot sizes. The dot size distribution will be
controlled by optimizing the EB fabrication process, e.g., the
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Fig. 9 SEM images of dot patterned resist masks with
pitch sizes of (a) 1500, (b) 1000, (c) 500, (d) 200, (e) 100,
and (f) 80 nm. These images were taken after the ion
irradiation process.
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reduction of the resist thickness will be effective to reduce the
dot size distribution. In this case, however, the energy of
primary ions for magnetic patterning is required to be reduced
since the resist should be thick enough to stop irradiated ions
for the fabrication of planar BPM. In addition to the
optimization of the patterning processes, the quality of the as-
prepared film should be improved since the SFD of 10-15 %
is considered to result from the existence of the pinning
centers in the as-prepared MnGa film. Thus high-density ion
beam patterned planar BPM are expected by improving the
film quality and optimizing the fabrication process which will
result in sufficiently low SFD for the practical application of
planar BPM.

IV. CONCLUSION

The magnetism of the MnGa film was transferred from
ferromagnetic to non-magnetic (paramagnetic) by 30 keV Kr"
ion irradiation with a dose of 1 x 10" ions/cm® due to the
phase change from L1, ordered to Al disordered phase. The
transition of the magnetism is considered to proceed through
the increase of the volume of the A1l disordered phase created
by ion irradiation, and the MnGa irradiated below 1 x 10"
ions/cm” is considered to have the microstructure that
ferromagnetic L1y, ordered MnGa nanocrystals exist in
nonmagnetic Al disordered MnGa matrix. Thus the bit
boundary of the ion beam patterned MnGa, in which the ion
irradiation below 1 x 10" jons/cm?® is expected to be sharp,
which will result in the small SFD even in the high density
BPM.

The ion beam patterned MnGa films were fabricated by
using EB lithography and the ion irradiation with a dose of 1 x
10" ions/cm?. The magnetization process and the SFD of the
patterned MnGa films were analyzed by FORC analysis. The
so-called “boomerang” shape of the FORC diagram was
confirmed in the patterned films with dot sizes larger than 520
nm, while the simple Gaussian distribution of the FORC
diagram was observed in the samples with dot size smaller
than 240 nm. The variation of the FORC diagrams is related to
the magnetization process; nucleation and domain wall
propagation dominates the switching process for dot size
larger than 520 nm and magnetization switching of well-
isolated magnetic particles is considered for bit size smaller
than 240 nm. The average switching field of the patterned film
increased with decreasing dot size, indicating that the dot edge
damage and exchange interaction between the dots are
negligibly small in the ion beam patterned MnGa. The SFD
also increased with decreasing dot size. The SFD of the as-
prepared MnGa was around 13%, and it increased to 20%
when the dot size becomes less than 240 nm. This increase
may be due to the change of the switching process. Further
increase of the SFD was confirmed with decreasing the dot
size less than 50 nm, and this increase of the SFD may come
from dot size fluctuations. From these results, improvement of
the film quality of the as-prepared MnGa and optimization of
the fabrication process of the resist mask will be effective to
reduce SFD, and sufficiently low SFD in high density MnGa

BPM will be achieved by these process optimizations.

In this study, we reported ion beam patterned MnGa with
the dot size down to 44 nm, which is not sufficient to realize
high density BPM. In our previous report [15], the transition
width between “bit” and “spacing” in a ion beam patterned
CrPt; film was estimated to be ~ 5 nm under the condition of
30 keV Kr" irradiation, which was consistent with the lateral
struggling of incident ions estimated from transport ion in
matter (TRIM) simulations. The simulation predicts the
transition width can be reduced down to ~ 1 nm by using 5
keV Xe" ions [15]. Thus we expect the dot size around 6 nm
and dot spacing around 2 nm, which corresponds to the areal
density of 10 Tb/in’. The thermal stability of the MnGa is also
crucial to achieve high density BPM using MnGa. The dot size
MnGa with a thickness of 10 nm can be reduced to 5.6 nm
under the constraint of the thermal stability factor of 60. Thus,
we consider ion irradiation onto MnGa is quite attractive to
achieve ultra high density planar BPM.
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