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1, Background

Magnetic nanostructured materials have attracted a great deal of attention, because of novel and enhanced properties over their
counterparts. The demand for ultrahigh density magnetic storage devices drives the bit size into nanometer scale and L1, ordered FePt
alloy with a huge uniaxial magnetic anisotropy (K, = 7*1076g/cc) is one of the most promising candidate materials for future
ultrahigh density magnetic recording media, such as pattemed media. Magnetization reversal which determines the coercive field in
different types of permanent magnets, is one important issue for magnetic nanostructured materials. A phenomenological analysis,
proposed from the viewpoint of the inhomogeneity of nanostructure, has been applied to a wide range of magnets. However, such a
phenomenological analysis technique has not been used to understand the magnetization reversal process of L1 ,-FePt ordered alloys.

This study focuses on the magnetization reversal process in microfabricated L1,-FePt (001) dot amrays with well-defined geometry,
which are suitable for the precise analysis of the magnetization process in reduced dimensions. The main objective of this study is to
understand the magnetization reversal process in L1g-FePt (001) dots by the phenomenological analysis. First, the magnetization
reversal process is investigated and the defect region is evaluated in L1,-FePt (001) circular dots with diameter () of 0.25 pm. Next,
the dot size dependence of magnetization reversal process is analyzed for d = 0.16, 025, 1, 2.3 and 5 pm. Furthermore, the
magnetization reversal process in L 1o-FePt (001) particulate films is investigated and compared with the results of L1,-FePt (001) dots.
Finally, micromagnetic simulations are performed taking into account structural inhomogeneity and the simulated results are
compared with the experimental results.

2 Experimental
L1g-FePt (001) continuous films were prepared on MgO (001) substracts using an ultra high vacuum magnetron sputtering system.

A | nm-thick Fe seed layer and a 40 nm-thick Au buffer layer were first deposited at room temperature. Then, a 50 nm-thick FePt
(001) layer was epitaxially grown at 300°C, and subsequently annealed at S00°C for 15 minutes. Mcirofabrication was performed
using electron beam lithography and Ar ion etching, with positive and negative resists. The processes for microfabrication with
positive resist, which were used for most of the dot samples, included: a positive EB resist (ZEPS20A) was spin-coated on the thin
film and an anti-dot array of the EB resist was patterned. Thern, a 10 nm-thick Al-O layer was deposited on the anti-dot array as an
étching mask. After lifting off the EB resist, the thin film was etched by Ar ions, and pattemed into a well-defined circular shape.
Annealing after microfabrication was performed at 500°C for 15 minutes, which was the same annealing condition as that before
microfabrication. L1,-FePt (001) particulate films were prepared on MgO (001) substrates using the same sputtering system as that for
tontinuous films. The nominal thickness and the substrate temperature were 25 nm and 630°C, respectively, resulting in the formation
of island structure. The measurement methods included X-Ray Diffraction (XRD), Atomic Force Microscopy (AFM),
Supﬁroonducting Quantum Interference Device (SOUID) magnetometer, Magnetic Force Microscopy (MEM), and Magneto-Optical
Kerr Effect (MOKE).

3---__' Mﬁmet'rmtion reversal process in microfabricated L1,FePt dot arrays
XRD patterns showed the formation of L L ordered structure for continuous films. They were perpendicularly magnetized with £,
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of 0.8 kOe. After patterning the continuous films into dots with & =025 yum., /, was enhanced up to 7.5 kOe. After post-annealing, 7
further increased, indicating some damages were recovered. The magnetization behavior of the initial and minor magnetization Curves
indicated that the magnetization reversal in the FePt dots occurred through the nucleation of reversed domains. When the interdot
distance was changed from 0.25 to 1 um, no obvious effect on £, was found, indicating that the dipole interaction between dots wag
negligibly small.

Taking into account the deviation of a real magnet from the ideal situation, the phenomenological analysis modifies H, from the
theoretical limit, and it is given by

‘2 Kl’l 915 -._.-
Ho=a~NaM, (1) | "
where K, and M, are uniaxial magnetic anisotropy and saturation magnetization, respectively, it ‘_!'
and the microstructural parameters « and local effective demagnetizing factor Ny are % "
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where ¢z, and a, describe the pinning or nucleation effect of the inhomogeneity of the v Q;r,;-m}:- T

Fig 1. Plot fo Hy/anM, vs. K207 for
magnetocrystalline energy and the effect of the misalignment of grains, respectively. In the case ~  the FePt dots before (open squares) and
after annealing (solid squares). Dotted

of nucleation type magnetization reversal process,  a,™ isapproximately given by lines show the least-squares fit.
me _ Op
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where 27, is the width of planar defects, and Jg is the domain wall width. The parameter fitting of the temperature dependence of H,
K, and M, to the formula (1) gives & and Ng. Figure 1 shows the plot of H/4nM, vs. K/21tM_? for the FePt dots before (open squares)
and after (closed squares) annealing. Dotted lines show the least-square fits. The defect region (2r,) was estimated from the slopes of
the straight lines to be 26 nm and 18 nm for the FePt dots before and after annealing, respectively. The reduction of the defect regions
after annealing was in agreement with the enhancement of #, for the annealed dots. The values of Ng were obtained from the
intercepts to be 47<(-0.05+0.02) and 4mx(0.12+0.09) for the FePt dots before and afier annealing, respectively. These values of Ng
were quite small compared with those reported for rare-carth transition metal sintered magnets, for example, Ny = 7.2n for Nd-Fe-B,
The small Ng may originate from good crystallinity of the epitaxial films and/or the small dipolar interaction between dots with the
well-defined geometry prepared by microfabrication.

4. Dot size dependence of magnetization reversal process in microfabricatied L1FePt dot arrays
The magnetic properties and the effect of post annealing on magnetic properties of

FePt dots with different values of ¢ (0.16,025, 1.0, 2.3, 5.0 um) were investigated. Al "2
the dot arrays showed perpendicular magnetization, and with increasing the dot size, H, :a:: L i A g
showed a gradual decrease. Afier post annealing, H, increased for all the dot sizes except E 08 O. : 2
ford=0.16pm. Eos :

The minor loops for different dot sizes were measured and summarized in Fig, 2. /, E 04 B 0% m
and initial magnetic filed (H;,) were normalized by /., where H.** corresponded to H, f—'—: - R e ¥ ‘
of the full hysteresis loop. For d'=0.16, 025 and | um, H,™H.™ < 1 showing typical = nr ’ + s

nucleation-type behavior. However, for d = 23 and 5 pm, H,*/H® > 1, which is i 2 3 4
. ; . ; H,, (normalized) = H /H*

possibly caused by the increase of the magnetostatic energy. The phenomenological

: = ‘ Fig 2. H, normalized by the coercivity of the
anaiys:w ford. 0.25, 1,23 and S'pm showed that annealing promoted the recovery from ik s loop (HH.) 5 2 fumction o
the microfabrication damages, which led to the reduction of 2r, and the enhancement of /.. #, nommalized by the same value of
2r; showed a tendency to increase with the dot size, which was consistent with the decrease oV (H/He™).
of He. All the dot arrays showed very small Nyg compared with those for sintered NdFeB magnets. With changing the dot size, no
significant difference for Nz was observed.

5. Magnetization reversal process in L1,-FePt particulate films
For comparison with FePt dots, FePt particulate films were also investigated. Furthermore, Ar ion iradiation was performed for
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particulate films in order to know the effect of structural damages on magnetization reversal process. The phenomenological analysis
was applied to FePt particulate films before and after ion irradiation to evaluate 2r, and N

AFM images showed that the FePt particulate films were composed of island-like particles. AFM+MFM revealed that at the
thermally demagnetized state, each particle included several Table 1. Ky, He 26 and Nog for FePt dots with =025 pun, FePt particulate
magnetic domains. A large H, = 30.4 kOe was obtained for films, and sintered NdFeB magnets.
the FePt particulate film before ion irradiation. After ion B

imadiation, H decreased, which supported the result that = 2 =RE BT ' - gy
microfabrication caused damages. The initial magnetization ( beforefafter annealing) 23133 73010 2608 g 1500
curves indicated that the magnetization process in the EPipuseakec g 45/42  304/215 6/ 03/

: ) ( befors/after ion imadiation) 052405
particulate films was a nucleation type before and after ion NdusFonfs 45 65 24 18

iradiation.

The results of phenomenological analysis indicated that defect region increased after ion irradiation, which was consistent with the
experimental result of the reduction of H. The K, /.. 2ro, and Ng for FePt dots and FePt particulate films are summarized in table 1.
The result reported for NdFeB magnet is also shown for comparison, FePt particulate films show small 2r, and large N4 compared
with those of FePt dots, but large 2r, and small Ny compared with those of sintered NdFeB magnets.

6. Mircormagnetic simulation of magnetization reversal process

In order to understand the magnetization reversal process in the FePt dots, micromagnetic simulation was performed for a single
FePt dot using public micromagnetic simulator OOMMEF (Object Oriented Micromagnetic Framework) based on the Landau-lifshitz
equation. Three models, which assumed dots without defects, and with a point-like and planar defect, were chosen to investigate
magnetization reversal process in FePt dots. The diameter and the thickness were set at 0.25 pm and 50 nm, respectively, which were
the same as those of the experiment.

[ 1
Figure 3 shows typical simulated results for FePt dots without defects, with a planar and ‘ I"._’ ._,.
point-like defect. Blue and red regions denote the upward and downward magnetization, ‘-

respectively. For the dot without defects, the magnetization reversal started at a place e |
_ ‘4 .4.

between the center and the circumference of the dot, forming a ring-shaped reversed

domain. The reversed domain rapidly propagated over the dot and the simulated H, of 40 = i |

kOe was obtained, which was quite larger than the experimental value. For dots with | .*.*. ‘
defects, the nucleation of the reversed domain started from the defect region, and then the i i
nj:vemed domain propagated to the center. It revealed that the defects provided nucleation ;mm E’“‘;Swg"’:"[; d?tf d;“m
sites for reversed domain, leading to the decrease of H.. The simulated A, showed a similar  defects, (b) with a planar defect, and (c) with a
tendency o the experimental results in which H, decreased with increasing the defect POMikedefect

region.

7. Conclusions

Magrnetization reversal process in perpendicularly magnetized L1,-FePt (001) dot arrays with different dot sizes was investigated.
The initial magnetization processes for dots with & = 0.16, 0.25 and 1 um showed typical nucleation type behavior. Post-annealing
promoted the recovery from the microfabrication damages and led to the improvement of H for the dots, which was supported by the
result of the phenomenological analysis: 2r, was reduced after annealing.

FePt dot arrays showed large 27, and small Ny compared with those of the FePt particulate films and the sintered NdFeB magnets.
The small N may result from the high crystallinity of epitaxial films and/or the small dipolar interaction between dots with
well-defined geometry prepared by lithographical technique.

Simulated results for a FePt dot showed that a defect provided a nucleation site for a reversed domain and led to the decrease of H,,
imespective of the shape and the location of defects.
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Llo-FePt AIS AT ER Io@m  —HBER Rt (K=7X107 erglee) A L, kiSO BREERS
M EROME L LTHEBESNTWS, 20X RICHAEZE LT85S, B EROR LR
BE, TRbLER AT L NEbD TEHRETHD., EHI1L. LloFePt(001) MM i
MTFHZEICE->T, BEBELEZHAAKF Y FORAESZER L, TOBERERRE#H< 1,
NdFeB FZHERREA OB CHERAWVON T L REERMO FIELZEA L, REBEOFFMRMBIT 2175
LB, ¥M 27U~ TRTF A VAL Ialb—Va v ORBRLERBEAEBTAZLICE-T,
K Ma LARRES L OBMRAA LA Lz, ARTE, ZOFEREICOWTE EDILDO T, 2 7 &0
5725,

BIEIFRTHY, AFEOERBLUVHEMEZLR~TV S

B2ETI, HEOERISE, MmIEE, %mfo£0ﬁﬁﬁ'&®§¥ﬁﬁ?ﬁi10b\“Ciﬂi/‘iﬂxéo
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