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Effect of particle size on the magnetization process in lithographic
arrays of Nd ,Fe4,B

Hitoshi Kubota, Takayuki Ikari, Yasuo Ando, Hiroaki Kato, and Terunobu Miyazaki
Department of Applied Physics, Tohoku University, Aoba-yama 08, Aramaki, Aoba-ku,
Sendai 980-8579, Japan

Controlled arrays of Ngre ,B were fabricated via sputtering and lithography. The arrays were
fabricated via optical and electron-beam lithography combined with dry etching technique.
Designed particle size varies from 1nXx10 um to 0.5umX0.5 um. We found an increase in the
coercive field with decreasing particle size. Results of the micromagnetic calculations suggest that
the coercive-field increase in smaller-sized particles is originated from the effective decrease in the
exchange-coupling energy owing to the relative increase in the fraction of surface gra2D0®
American Institute of Physic§S0021-897@0)74608-]

I. INTRODUCTION milling. The RIE was used to remove the SiGyer (1.2

There has been much interest in artificially engineering™ Of the trilayer. Since the size of the array was 5 W

the magnetic properties of the thin magnetic films by Iitho—'”nm('jsthe total_number of part?cles yaried from<80 to 2
graphic structurind=3 The ability to design and control mag- < 10" depending on the particle size. The phase structure

netic properties is very useful not only from a technological\"""‘S checked by x-ray diffractiofKRD) measurements with

point of view, but also opens up the possibility of experimen-C“K“ radiation. The artificial pelriod.ic structures formed
tally studying fundamental magnetic properties of the mateVe'® observed by SEM. Magnetization curves were mea-
ured by a SQUID magnetometer at room temperature in

rial. The experimental study of the magnetic properties of ) :
microfabricated magnets are focused mainly on soft mag1f|elds of up to 50 kOe which was applied parallel to the array
netic materials. Smytht all? have reported that, in permal- surface.

loy particles, the coercive fieltl; increase with decreasing

particle size. They explained the results by taking account ofll- RESULTS AND DISCUSSION

the change in the switching mechaniéms for the hard By means of the XRD measurements, the films were
magnets, only one repbrexists as far as we know, although confirmed to be randomly oriented polycrystals of,Re|,B

the magnetization process is expected to change more Signg the averaged grain size to be about 15 nm in diameter,

length scale such as critical size of single-domain particle is

larger than that in soft magnets and reaches the submicron
range, we can observe the effect of the particle size on their
magnetic properties more easily in hard magnets. In the
present work, controlled arrays of bk, ,B were fabricated

via sputtering and lithography. The effect of particle size on
the magnetic properties has been examined by magnetization
measurements and micromagnetic calculations.

II. EXPERIMENT

The films of Ti50 nm/Nd,Fe ,B (500 nm)/Ti(50 nm
were synthesized by rf magnetron sputtering on the ther-
mally oxidized Si substrates at an Ar pressure of 0.8 Pa.
They were then annealed at 923 K for 30 min under a pres-
sure of 6<10 % Pa. Designed particle size varies from 10
pumx10 um to 0.5umx0.5 um with the constant spacing of
10 um. Optical lithography was used for over dm par-
ticles, which was combined with the Ar ion milling tech-
nique. Electron-beam lithography was utilized for smaller
particles, which was combined with the reactive ion etching
(RIE) with CF;+H, mixture and the Ar ion milling tech-
nique. We used the Sifilm as a hard mask, because the (b)
selectivity of the negative resist for electron-beam lithogra-
phy to Ti and NdFe B films is very low for the Ar ion  FIG. 1. SEM image of a particle array with the particle size 8f2um?.
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02/ A& | ! . each grain, and Zeeman energy, respectively. The magneti-
2.0 -1.0 0.0 1.0 zation vectorM =M4(m,,m,,m,) was assumed to be uni-
H (kOe) form with each cell. The magnitudes of anisotropy constant

K1, saturation magnetizatioMg, and exchange stiffness
constantA are takef® to be K;=4.3x 10" erglcn?, My
=1.3x10*emu/cnt, andJ.=16erg/cm, in which a rela-
tion A=J.-6h, where 6h is the intergrain distance, was
used. For computational economy, dipolar interactions are
. ) ) , . ignored, since they are considered to give unimportant con-
shows the SEM image of a particle array with particle size of;p i1 owing to the large anisotropy of the systBiwe

2 . . .
2X2 pm®. The Nolzl_:eMB particles show a cle_ar Pe“Od'C have actually checked the effect of dipolar interactions on
structure as shown in Fig(d). Expanded image in Fig(®) o coercivity for several choice df values. The reduction

shows that observed shape of each particle is rounded in tQﬁ H, by the inclusion of dipolar interactions was found to be
corner, although the designed shape has been square. T@gs than 5%, which did not depend biy .

rounding was found to be more significant in smaller-sized 0 jated magnetization curves for different values of
particles. The surface around the particle is very roughgie shown in Fig. 3. It is seen that remanence value do not
which is often observed after ion milling process. Since thedepend onL very much, whileH, significantly increases

milling time was enough to remove the bottom Ti layer, thewith decreasind.. We have then plotteHi, as a function of
surface of the substrate is partly etched around the particleg. together with the observeH ., as shown in Fig. 4. It
: s . 4.

Figure Za) shows the magnetization curves of the par-
ticle arrays. Magnetization values are normalized by those at
50 kOe. The overall shape of the curves were found to be
almost unchanged. The magnetization values do not saturate
even at 50 kOe, although those for increasing and decreasing
fields coincide for fields higher than about 20 kOe. The mag-
nitude of H. for the 10 um particle was confirmed to be
almost the same as that of the film before microfabrication.
With decreasing particle size{. increases systematically
from 1.5 kOe(10 umx10 um) to 2.2 kOe(0.5 umx0.5 um)
as shown in Fig. ().

In order to interpret the size dependencegf, we have
made a micromagnetic calculation. The calculation is based
on the method of LaBont2 A cubic particle with a side
dimensionL is considered, which consists of cubic cells.
Each cell was assumed to represent afég,B grain with a
size of 15 nm. The number of the cell thus dependd.pn
which, for example, is 100100100 forL=1.5um. The

FIG. 2. Magnetization curves of the particle arrays with different particle
size.(a) Full loops and(b) demagnetization curves.
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total energyE of the system is assumed to be expressed byFIG. 4. Experimental and calculated coercive fietisas a functions of..
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coupling between grains. We thus examined the effect of
neighboring grain number on the, value. For example, a
number of neighboring grains is six for grains inside a par-
ticle, while for surface grains it becomes less than six. In
general, the average number of neighboring gralgsis
equal to 63%(x—1)/x3=6—(6/x) for each particle withx

X XXX cubic grains. In Fig. &), calculatedH . values given

in Fig. 4 are replotted again&,, which are found to give
linear dependence with,. By using this plot, the extrapo-
lated value of the calculated for the 10, um particle was

H, (kOe)

20 T T derived as 3.3 kOe. Figure(t§ shows theL dependence of
observed and calculatad,, both of which are normalized
1.8 - oExp. | by the 10um values. Calculated values appear to connect
C Calc. smoothly with the observation. This result thus suggests that
16 L the effective decrease in the exchange coupling enhances the

independence of randomly oriented grains, which results in
the increase oH, in smaller-sized particles.
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