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Abstract: Kr+ ion dose dependence of the magnetic properties of MnGa films and the fabrication of
planar-patterned MnGa films by the local ion irradiation technique were reviewed. The magnetization
and perpendicular anisotropy of the MnGa vanished at an ion dose of 1 × 1014 ions/cm2 due to
the phase change of the MnGa from ferromagnetic L10 to paramagnetic A1 phase. The average
switching field Hsw of the planar-patterned MnGa increased with decreasing the bit size, implying
low bit edge damage in the patterned MnGa, whereas a rather large switching field distribution
(SFD) of 25% was confirmed for a bit size of ~40 nm. Time resolved magneto-optical Kerr effect
measurements revealed that as-prepared MnGa exhibits an effective anisotropy field Hkeff = 20 kOe,
its distribution ∆Hkeff = 200 Oe, and Gilbert damping α = 0.008. The ion-irradiated MnGa films
exhibited larger Hkeff = 22–23 kOe than that of the MnGa before the ion dose. Thus, ion irradiation
does not decrease the perpendicular anisotropy, which suggests a small bit edge in the patterned
MnGa. ∆Hkeff increased from 0.2 kOe to 3 kOe, whereas the length of disorder in the film ξ decreased
from 10 nm to 3 nm by ion irradiation.
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1. Introduction

The nanofabrication of magnetic materials is quite important technology for achieving increased
magnetic storage and memory capacities, as well as improved performance of magnetic sensors.
For magnetic storage, nano-structured magnetic heads fly a few nanometers above the storage media
in the hard disk drive (HDD) to pick up the nano-scale magnetic flux change on the medium surface.
The nano-sized magnetic patterning on the storage media, referred to as bit patterned media (BPM),
is known as a potential way to increase the density of HDDs [1–3]. BPM provide a promising approach
to postpone the problem of the superparamagnetic limit [4], i.e., the thermal instability of recorded
bits. Conventional granular media are faced with this problem, which limits the recording density of
the HDD up to 1 Tb/in2 [5].

In BPM, a periodic array of magnetic nano-dots is defined lithographically on the disk. The period
of the nano-dots array is estimated to be 18 nm to realize 2 Tb/in2 [2]. The nano-dots must have small
fluctuations of dot positions and sizes as well as a small switching field distribution (SFD). These
fluctuations are considered to be less than 10% [2]. BPM should also have a smooth disk surface with
roughness less than ~1 nm, for the flyability of the head [6]. Most importantly, BPM are fabricated at
low cost on a large scale.

Ion irradiation to the magnetic film allows magnetic patterning without modifying the surface
roughness of the film. BPM fabrication by ion irradiation thus does not require surface-flattening
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processes, such as trench filling and polishing, which are required for the conventional ion etching
process to make the medium surface sufficiently flat for the stable flying of the recording head.
The flattening processes are major problems in BPM fabrication, since they make the medium cost high
and the fabrication yield low.

In 1998, Chappert et al. reported their first study of ion irradiation into Co/Pt multilayers and
they demonstrated so-called planar BPM fabricated by local ion irradiation [7]. Later, ion irradiation
to Co/Pt [8,9] and Co/Pd [10,11] was studied to discuss the mechanism of the magnetic patterning
and the ultimate limit of the density of planar BPM. In such materials, ion irradiation changes their
magnetization easy axis from the film normal to the film plane due to the intermixing between Co
and noble metal layers at the interface, and planar BPM with bit sizes down to a sub-micron scale
have been reported [7]. Since the perpendicularly magnetized bits are separated by the in-plane
magnetized region, the adjacent bits magnetically couple through exchange coupling, which will limit
the ultimate density of the BPM [11]. In order to overcome this problem, materials whose magnetism is
modified, i.e., from ferromagnetic to paramagnetic, by ion irradiation are desired. The magnetizations
of CoCrPt [12] and FePt [13] were reported to be reduced by ion implantation, however a quite high
ion dose of 1015–1016 ions/cm2 is required to reduce their magnetizations. There are other reports of
ion irradiation into FeAl, where the antiferromagnetic B2 phase was changed to the ferromagnetic A2
phase by an ion dose of less than 1015 ions/cm2 [14].

We reported that 30 keV Kr+ ion implantation altered the magnetism of CrPt3 [15–18], MnAl [19],
MnGa [19–22], and MnBiCu [23] from ferromagnetic to paramagnetic according to the change of
the crystal structure from the ordered to disordered phase. All of these materials exhibit a strong
perpendicular magnetic anisotropy, which is an essential property for high-density BPM. In these
materials, a quite low ion dose ~1014 ions/cm2 is sufficient to change their magnetism. We also
demonstrated high-density planar BPM with a period of the bit array down to 80 nm [20,22] and
HDD head flyable planar BPM by using this technique [15]. We observed that the SFD of the ion
beam-patterned MnGa was ~25% [22], and discussed the origins of the SFD. In this article, we first
review the results of ion irradiation into MnGa presented in our previous papers [20–22], and report
the magnetization dynamics of the irradiated MnGa films to determine the origin of SFD in more detail.

2. Control of the Structure and Magnetic Properties of MnGa Films by Ion Implantation

In a MnxGa100-x alloy system, L10 ordered phase is known to be stable for x = 0.5–0.65, and
D022 phase is known to be stable for x = 0.65–0.75. The L10 and D022 MnGa films exhibit strong
perpendicular magnetic anisotropy when the films were grown with (001) orientation [24]. Figure 1
shows M-H loops of MnGa films (a) before and (b) after the irradiation measured by an alternating
gradient field magnetometer (AGM). The MnGa films were grown on MgO(001) substrate with
(001)-oriented Cr (20 nm) buffer layer by the co-sputtering of Mn40Ga60 and Mn60Ga40 targets at
300 ◦C, and subsequently annealed at 400 ◦C. Then, 30 keV Kr+ ions were irradiated to the as-prepared
MnGa to control the structure and magnetic properties of the MnGa film. The saturation magnetization
Ms and effective anisotropy field Hkeff of the L10-MnGa film are estimated to be Ms ~450 emu/cc
and Hkeff ~25 kOe, respectively. After the ion dose at 1 × 1014 ions/cm2, the ferromagnetism of the
MnGa film disappeared (Figure 1b). Figure 2 shows the X-ray diffraction (XRD) profiles of the MnGa
films before and after ion irradiation. In the profile before the irradiation, Cr and MnGa 002 peaks
were clearly confirmed, indicating that the MnGa film has a (001)-oriented structure. Moreover, 001
MnGa superlattice peak indicates the formation of the ferromagnetic L10 ordered phase as shown in
Figure 2. With an increase in the ion dose, the MnGa 001 peak decreased and the 002 peak shifted
toward a lower angle. This indicates the phase change from the ferromagnetic L10 ordered phase to a
paramagnetic A1 disordered phase by the ion irradiation as shown in Figure 2 (see also Refs. [20,22]).
The variation of the XRD profiles explains well the change of the magnetic properties. The MnGa film
exhibited a strong perpendicular magnetic anisotropy as shown in Figure 1a, since the MnGa film had
a (001)-oriented L10 ordered structure before the irradiation. The ion irradiation at 1 × 1014 ions/cm2
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completely changed the crystal structure to an A1 disordered phase, which makes the magnetism of
the film paramagnetic as shown in Figure 1b.
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Figure 2. X-ray diffraction profiles of MnGa films before and after Kr+ ion irradiation. The crystal
structures of L10 ordered and A1 disordered phases are also shown.

Figure 3 illustrates the 30 keV Kr+ ion dose dependences of the saturation magnetization Ms,
coercivity Hc, and perpendicular anisotropy Ku of the MnGa films. These values were normalized
as the values before the irradiation to be 1. Ms and Ku gradually decreased with increasing ion
dose, whereas Hc increased slightly at the low ion dose up to 1013 ions/cm2 and then decreased with
the increase in the ion dose. One can observe that Ku of the MnGa decreased in proportion to Ms.
This implies that the reduction of Ms by the ion implantation is not caused by the decrease of the
Curie temperature TC of the MnGa. The temperature dependence of Ku is known to be proportional to
Ms

2~Ms
3, and thus if the ion irradiation causes the reduction of TC, Ku should decrease in proportion

to Ms
2~Ms

3 [25,26]. Figure 4 shows the ion dose dependence of TC and Ms of MnGa films. As expected
from the ion dose dependence of Ms and Ku shown in Figure 3, TC did not decrease up to the ion dose
of 1013 ions/cm2. Based on these results, the microstructure of the ion-implanted MnGa is expected
to be a mixture of the ferromagnetic L10-MnGa and paramagnetic A1-MnGa illustrated in Figure 3.
The increase of Hc up to 1013 ions/cm2 in Figure 3 and the decrease of TC at 2 × 1014 ions/cm2 in
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Figure 4 are also explained by this microstructure. The ion dose of 1013 ions/cm2 corresponds to
one ion per 3 nm × 3 nm square. We speculate that such an ion dose creates local nonmagnetic
A1-MnGa regions which act as pinning centers to impede the smooth propagation of the domain
wall, resulting in the increase of Hc. The gradual change of XRD profiles with the ion dose shown
in Figure 2 is also explained by the microstructure shown in Figure 3, since the coherent length of
the X-ray is much longer than the lateral size of the microstructure. The increase of the ion dose will
increase the volume ratio of the A1 phase/L10 phase, and then the L10 MnGa nano-crystals will be
surrounded by the paramagnetic A1 MnGa matrix. The L10-MnGa nano-crystal exhibits low Hc and
TC compared to those of the L10-MnGa film due to the thermal fluctuation of the magnetization at
room temperature. A significant increase of Hc of the ion-implanted MnGa with a decrease in the
temperature was confirmed by a superconducting quantum interference device magnetometer [21]
(data not shown), which also supports the above-described microstructure of the irradiated MnGa, i.e.,
L10 MnGa nano-crystals surrounded by the paramagnetic A1 MnGa matrix.
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Figure 3. The 30 keV Kr+ ion dose dependence of Ms, Hc, and Ku of MnGa film [20]. These values are
normalized as the values of as-prepared MnGa to be 1. The ion dose changes the structure of MnGa
from the L10 phase to the A1 phase, and the microstructure of the L10 phase surrounded by the A1
phase is expected at ~1 × 1013 ions/cm2 as shown in the figure [22].
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3. Magnetic Patterning of MnGa and the Switching Field Distribution of Patterned MnGa

Figure 5 provides schematics of the fabrication process of magnetically patterned MnGa films.
After the deposition of the L10-MnGa film, patterned resist (ZEP520A) masks were formed on the film
by electron beam lithography (Figure 5a). Then, uniform ion irradiation at a dose of 1 × 1014 ions/cm2,
which completely changes the magnetism of MnGa from ferromagnetic to paramagnetic as shown in
Figure 3, was carried out through patterned resist masks (Figure 5b). Finally, the residual resist masks
were removed by O2 plasma ashing by using reactive ion etching (Figure 5c).Crystals 2019, 9, x FOR PEER REVIEW 6 of 4 
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Figure 5. Schematics of the fabrication process of magnetically patterned MnGa films. Square shaped
ZEP520A resist masks were fabricated by electron beam lithography (a), and the uniform ion irradiation
were carried out through resist masks (b). Finally, the residual resist masks were removed by plasma
ashing (c).

Figure 6 shows (a) atomic force microscope (AFM) and (b)–(d) magnetic force microscope (MFM)
images of MnGa films patterned by local ion irradiation. The AFM image in Figure 6a was taken for the
patterned MnGa with a pitch size of 200 nm. The surface roughness was Ra = 0.36 nm, and there was no
topographical structure reflecting the square patterns seen in the MFM images. The MFM images show
the domain structure of the patterned MnGa with pitch sizes of (b) 1000 nm, (c) 200 nm, and (d) 80 nm.
All of the samples were demagnetized by alternating magnetic field before the MFM measurements.
Bright and dark contrasts indicate the magnetization “up“ and “down“ in the film normal direction,
respectively, and the intermediate contrast comes from the paramagnetic MnGa created by the ion
irradiation. As seen in Figure 6b–d, bright and dark contrasts were observed in the square-shaped
“bit” regions, whereas no magnetic contrast in the “space” regions. The patterned MnGa films have a
sufficiently smooth surface with Ra less than 1 nm as shown in Figure 6a, however, the MnGa films have
magnetic nanostructure as shown in Figure 6b–d, indicating that planar-patterned BPM are fabricated
by the local ion irradiation without flattening processes. Some of the bits exhibit a multi-(maze) domain
structure for the patterned MnGa with a pitch size 1000 nm, and the multi-domain structure in the
bit was confirmed for the MnGa with a pitch size down to 500 nm (not shown in the figure). Further
decrease of the pitch size changes the domain structure in the bit from multi-domain to single domain
as shown in Figure 6c,d. Clear magnetic contrasts and sharp transition from up to down magnetization
between the adjacent bits were confirmed even in the patterned MnGa with a pitch size of 80 nm as
shown in Figure 6d. This indicates the paramagnetic MnGa spaces are effective in suppressing the
exchange coupling between the ferromagnetic bits through the spaces, which is the major problem in
the Co/Pt and Co/Pd planar BPM [11].

In order to discuss the magnetization process of planar-patterned MnGa, first-order reversal
curves (FORCs) [27,28] of the patterned MnGa were measured by AGM and analyzed [29]. Details of
the FORC analysis of the planar-patterned MnGa are described in the Ref. [22]. Figure 7 shows the bit
size dependence of the average switching field Hsw and the switching field distribution ∆Hsw/Hsw

estimated from the FORC analysis. Hsw of the planar-patterned MnGa increased with decreasing the
bit size. When the nano-dots in the BPM have a reduced perpendicular anisotropy at the edge (referred
to as “bit edge damage”), Hsw of the BPM does not increase with decreasing the bit size, since a few
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nanometers of the edge damage result in an edge nucleation magnetization reversal [30]. In addition,
the exchange coupling between the adjacent bits observed in the planar-patterned Co/Pd also reduces
Hsw [11]. Therefore, planar-patterned MnGa fabricated by local ion irradiation is expected to have
negligibly small bit edge damage as well as negligibly small exchange coupling between the adjacent
bits even with a bit size of 40 nm.
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Figure 7. Dot size dependence of Hsw and ∆Hsw/Hsw estimated from a first-order reversal curve
(FORC) analysis of planar-patterned MnGa [22].

The SFD, ∆Hsw/Hsw, of the un-patterned MnGa film was 13%, and it was almost constant until
the bit size was reduced to 500 nm (pitch size of 1000 nm). In these samples, the magnetization reversal
process is dominated by nucleation and domain wall propagation. The SFDs in these samples are
thought to be determined by the 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 bit size became less than 240 nm. We speculate that this increase
is related to the transition of the magnetization reversal process from the domain wall propagation to
coherent rotation, since the domain structure in the bit changed from a multi-domain structure to a
single domain structure at around a bit size of 240 nm (pitch size of 500 nm) as discussed in Figure 6.
A further increase of the SFD was observed when the bit size was less than 50 nm. We consider that
bit size distribution is the main cause of the increase in the SFD in the small bit size region, as we
discussed in detail previously [22]. From these results, optimization of the patterning processes and
the quality of the as-prepared film are the key factors to achieve an SFD less than 10%, for the practical
application of the MnGa planar BPM.
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4. Magnetization Dynamics of Ion-Implanted MnGa

From the FORC analysis discussed in Figure 7, the planar-patterned MnGa is expected to have
negligibly small bit edge damage. However, for a more detailed discussion, the anisotropy field
of the irradiated MnGa with ion doses around 1013 ions/cm2, which is a transition region from
ferromagnetic to paramagnetic as noted in Figure 2, should be investigated. We measured the time
resolved magneto-optical Kerr effect (TRMOKE) of the ion-irradiated MnGa films to investigate the
anisotropy field and its distribution. A high-power fiber laser with a central wavelength of 1041 nm,
a pulse width of 500 fs, and a repetition frequency of 100 kHz was used to obtain the TRMOKE.
The frequency-doubled and linearly polarized probe beam was incident normal to the film surface to
monitor the perpendicular component of the magnetization after the illumination of the pump beam.
The fluences of the pump and probe beams were 0.2 and 0.04 mJ/cm2, respectively. The external field
up to Hext = 14 kOe was applied at an angle of θH = 60 deg from the film normal direction. Details of
the TRMOKE setup are described in Refs. [31–35]. The sample stack used for the TRMOKE was SiN
(5 nm)/MnGa (50 nm)/Cr (10 nm)/MgO(001), and after ion irradiation, an additional SiN (35 nm) layer
was deposited to enhance the Kerr rotation of the MnGa. Figure 8 shows the decaying magnetization
precessions of the MnGa before and after ion doses of 5 × 1012, 1 × 1013, and 2 × 1013 ions/cm2

under Hext = 14 kOe. The raw data, measured by the TRMOKE, contain the signals of laser-induced
demagnetization at the delay time of the probe beam t = 0 and exponential decay due to the recovery
of the magnetization as described in Ref. [31]. These unnecessary signals were subtracted to extract
the decaying precession triggered by the pump illumination as shown in Figure 8. The closed circles
and solid lines in Figure 8 indicate the measured data and fitted curves with the damped oscillation
function, A exp(–t/τ) sinωt, respectively, where τ is the relaxation time and ω the angular frequency
of the oscillation. A clear oscillation due to the magnetization precession of the as-prepared MnGa can
be seen in Figure 8, and the precessions of the MnGa after the ion dose were confirmed to relax faster
than those of the MnGa before the ion dose.
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the film normal direction. Closed circles and solid lines show measured data and fitted curves with
damped oscillation function.

The effective anisotropy field Hkeff and g-factor g were estimated by fitting the Hext dependence
of ω shown in Figure 9a with the following expressions [36,37]:

ω = γ
√

Hθθ0Hφφ0 (1a)



Crystals 2019, 9, 27 8 of 13

Hθθ0 = Hext cos(θH − θ) + Hkeff cos2 θ (1b)

Hφφ0 = Hext cos(θH − θ) + Hkeff cos 2θ (1c)

where γ = µBg/} = 1.105 × 105g[m/A·s] is the gyromagnetic constant, and θ is the stable
magnetization angle from the film normal estimated by minimizing the following magnetic energy:

E = −MsHext cos(θH − θ) +
MsHkeff

2
sin2 θ (2)

Figure 9b shows the ω dependence of the inverse of the relaxation time 1/τ for the ion-dosed
MnGa films. As shown in Figure 9b, 1/τ increased with increasing ω, and the slope for the MnGa
without the ion dose is quite small, whereas the slope was found to increase after ion irradiation. 1/τ

is influenced by Gilbert damping α, anisotropy distribution ∆Hkeff, anisotropy axis distribution ∆θH,
and two-magnon scattering (TMS) [37–40], and is expressed as,

1
τ = 1

τGilbert +
1

τθH
+ 1

τHkeff
+ 1

τTMS

= αγ
2
(

Hθθ0 + Hφφ0
)
+ 1

2

∣∣∣ ∂ω
∂θH

∣∣∣∆θH + 1
2

∣∣∣ ∂ω
∂Hkeff

∣∣∣∆Hkeff +
1

τTMS ,
(3)

if we neglect the contribution from spin pumping [41]. When the TMS and ∆θH are negligible and
Hθθ0 ≈ Hϕϕ0, Equation (3) is simply expressed as:

1
τ
= αω +

1
2

∣∣∣∣ ∂ω

∂Hkeff

∣∣∣∣∆Hkeff (4)

indicating that 1/τ is roughly proportional to α [37]. From the data in Figure 9b, the slope and
y-intercept for the MnGa without the ion dose are estimated to be 0.01 and 1.3 Grad/s, respectively,
suggesting small α ~0.01 and ∆Hkeff ~150 Oe. The TMS contribution is calculated as [38–40]:

1
τTMS = N0

∫ C(k)
ω

Im
(

1
ωk

2 − ω2 + iωδωk

)
dk (5)

where k is the magnon wave vector, k its amplitude, N0 the scattering intensity, C(k) the correlation
function, ωk the spin wave dispersion, and δωk the inverse lifetime of the spin wave. These are
expressed as [38,39]:

N0 = γ4
(

4H2
θθ0 cos4 θ + 4H2

φφ0 cos2 2θ − 8Hθθ0Hφφ0 cos2 θ cos 2θ
)

∆H2
keff (6)

C(k) =
2πξ2

(1 + (kξ)2)
3/2 (7)

ωk = γ
√

Hθθ(k)Hφφ(k) (8)

δωk = αγ
(

Hθθ(k) + Hφφ(k)
)

(9)

where ξ is the correlation length, and Hθθ(k) and Hϕϕ(k) are given by [38]:

Hθθ(k) = Hθθ0 +
Ms

µ0
(1 − Nk) cos2 φk +

2Aex

Ms
k2 (10a)

Hφφ(k) = Hφφ0 −
Ms

µ0
(1 − Nk) sin2 φk +

2Aex

Ms
k2 (10b)
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where µ0 is the permeability of vacuum, Aex the exchange stiffness, and ϕk the azimuth angle of the
spin wave. Nk is the wave number dependent demagnetizing factor which is given by [38]:

Nk =
1 − e−kd

kd
(11)

where d is the film thickness. 1/τTMS increases with increasing ω; i.e., it increases the slope in Figure 9b,
since the increase of Hext increases θ. From Equations (5) and (6), 1/τTMS is proportional to ∆Hkeff

2, and
thus the increase of ∆Hkeff results in the increases of the slope of the curve of 1/τ vs. ω. The increase of
∆Hkeff also increases the y-intercept of Figure 9b from Equation (4). In Figure 9b, the solid lines show
fitted curves with Equation (3), where we assumed ∆θH = 0, since the second term in Equation (3)
for the MnGa without ion irradiation was negligibly small, and the second term is considered not to
increase after ion irradiation. We also assumed that the Gilbert damping stayed constant after ion
irradiation, since the ion irradiation will not contribute to an increase in the intrinsic damping.
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Figure 9. (a) Hext dependence of ω and (b) ω dependence of 1/τ obtained by fitting the TRMOKE
waveforms of MnGa films before and after the ion dose. The ion dose was varied from 5 × 1012 to
2 × 1013 ions/cm2, and the external field was applied at θH = 60 deg from the film normal direction.
Solid lines in (a,b) show fitted curves with Equations (1) and (3), respectively.

Figure 10 shows the ion dose dependence of Hkeff, ∆Hkeff, α, and ξ of the ion-irradiated MnGa
films. The g-factor of all MnGa films was estimated to be 2.0 irrespective of ion implantation. α of
the as-prepared MnGa is estimated to be 0.008, which is consistent with the previous result [42].
Hkeff of the MnGa before the irradiation was 20 kOe, which roughly agrees with that estimated
from M–H loops shown in Figure 1. Hkeff increased after the ion dose and stayed constant at Hkeff
~23 kOe. This suggests that the ion irradiation does not cause the reduction of the average value of the
anisotropy, which is in accordance with the small bit edge damage in the patterned MnGa. On the
other hand, ∆Hkeff significantly increased from 0.2 kOe to 3 kOe with an increase in the ion dose.
Accordingly, ξ decreased from 10 nm to 3 nm after the ion irradiation. These trends are explained by
the microstructure discussed in Figures 2 and 3. After the ion irradiation, L10 MnGa nano-crystals are
expected to be surrounded by the paramagnetic A1 MnGa matrix. This results in a large distribution
of the effective field acting in the nano-crystals, since each L10-MnGa nano-crystal has different shape
anisotropy. For the thin-film MnGa, the demagnetizing field is estimated to be 7.5 kOe, whereas
the demagnetizing field of an isolated MnGa nano-crystal with an aspect ratio of 1 will be 2.5 kOe.
The microstructure also explains the reduction of ξ by the ion irradiation. ξ corresponds to the length
of disorder in the film, and ξ ~10 nm for an as-prepared MnGa film is thought to be related to the grain
size of the MnGa, which is expected to be a few tens of nanometers from the AFM image in Figure 6a.
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After ion irradiation, ξ will be reduced by the ion irradiation. The ion dose of 1 × 1013 ions/cm2

corresponds to 1 ion per 3 nm × 3 nm, which agrees well with ξ after ion irradiation.Crystals 2019, 9, x FOR PEER REVIEW 11 of 4 
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Figure 10. The 30 keV Kr+ ion dose dependence of Hkeff, ∆Hkeff, α, and ξ of the MnGa films before and
after ion irradiation. These values were obtained by fitting with Equations (1) and (3).

5. Conclusions

We summarized the variation of the magnetic properties of MnGa films with ion irradiation, and
reported the magnetic patterning and the SFD of MnGa fabricated by local ion irradiation. We also
investigated the magnetization dynamics of irradiated MnGa films to study the origin of the SFD.
The (001)-oriented L10-MnGa films grown on the Cr-buffered MgO(001) substrate exhibited strong
perpendicular anisotropy, and the magnetization and perpendicular anisotropy of the MnGa were
eliminated by a Kr+ ion dose of 1 × 1014 ions/cm2. The ion irradiation changes the crystal structure of
MnGa from the ferromagnetic L10 phase to the paramagnetic A1 phase. The microstructure of MnGa
after the ion dose of ~1013 ions/cm2 is expected to be a mixture of the ferromagnetic L10-MnGa and
paramagnetic A1-MnGa.

Uniform ion implantation through patterned resist masks is effective in producing topographically
flat and magnetically patterned MnGa, i.e., planar-patterned MnGa. We confirmed 40 nm × 40 nm
magnetic bits on the MnGa patterned by this technique. The average switching field Hsw of the
planar-patterned MnGa increased with decreasing the bit size, indicating the negligible bit edge
damage in the patterned MnGa. However, the planar-patterned MnGa exhibits a rather large SFD of
25% for a bit size of ~40 nm. The improvement of the film quality, e.g., reduction of the density of the
pinning centers, and the optimization of the patterning processes to reduce the bit size distribution
will reduce the SFD.

Using the TRMOKE measurements, we evaluated the average anisotropy field Hkeff,
its distribution ∆Hkeff, the Gilbert damping α, and the length of disorder ξ. MnGa before ion irradiation
exhibits large Hkeff = 20 kOe, small ∆Hkeff = 200 Oe, and small α = 0.008. The MnGa films after the
ion doses from 5 × 1012 to 2 × 1013 ions/cm2 exhibited larger Hkeff of 22~23 kOe than that of the
as-prepared MnGa. This suggests that the perpendicular anisotropy was not decreased by the ion dose,
resulting in the small bit edge damage in the planar-patterned MnGa films. With the ion irradiation,
∆Hkeff increased from 0.2 kOe to 3 kOe, whereas ξ decreased from 10 nm to 3 nm. These are explained
by the model of the microstructure comprised of the ferromagnetic L10-MnGa and paramagnetic
A1-MnGa, since the demagnetizing field and the length of disorder are expected to reduce significantly
in the isolated L10-MnGa nano-crystal surrounded by paramagnetic A1-MnGa compared to the
continuous L10-MnGa film.
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