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Magnetization Estimation From MFM Images
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Abstract—We have developed a method to estimate tromplete no external fields for the MFM to sense. However, if the
magnetization in thin-film longitudinal recording mediafrommag- ~ MFM data are combined with the assumption that thin-film
netic force microscopy (MFM) data. The method uses a medium ity dinal media are well modeled by a Voronoi tessellation

model described by a Voronoi tessellation of the film plane. The . .
magnetization lies in that plane, has constant magnitude, and is of the film plane, wheré(«, ) has a constant magnitude and

uniform within each convex region, or grain, of the tessellation. IS uniform within the tessellation grains [1], then estimating
The effect of a single grain on the MFM simulation is isolated by M“(x, z) becomes more feasible. The restrictions placed on

considering the difference between the MFM images before and M(z, z) by this model and by most conventional micromag-

after that grain undergoes a 180 magnetization reversal. Using netic models provide an advantage that will be illustrated with
this difference image, the complete magnetization of the grain and simulations

the grain’s boundaries are estimated. By isolating each grain in
turn, as if a series of incremental applied fields had been applied,
the magnetization for the whole pattern is estimated.

d
Index Terms—irrotational and solenoidal components, magne- IIl. MFM I MAGE SIMULATION AND M*(, ) RECONSTRUCTION

tization reversal, magnetic force microscopy (MFM), Voronoi tes-

sellation. Consider MFM images gathered in the resonant detection

mode with a perpendicularly magnetized tip. Such measure-
ments are roughly proportional to the second derivative with re-
. INTRODUCTION spect toy of H,(z,y, z), the component of magnetic field per-
THOROUGH understanding of the storage capacity argfndicul_ar to the fiIm. plane [2]. As _the MFM tip scans across
environmental and temporal stability of thin-film longitu-the medium surface, it maps out an image of this second deriva-
dinal magnetic storage media requires knowledge of their phyi€ at a fixed height;;, above the medium. Modeling MFM
ical and magnetic microstructure, most importantly a detailétpta therefore involves calculatidg), (, .y, z) from some un-
map of the magnetization. This mapping can be carried out usf#gfying magnetizatiod (z, »). Consider a magnetic film of
electron microscopy, but this method requires elaborate samfpliknesss lying between the planes defined py= +6/2. If
preparation and a vacuum. It would be much more convenielk(=, z) for the film has noy component and is invariant in the
to use magnetic force microscopy (MFM) images to estimatedirection, then [3]
the magnetizatiodM (x, z), wherez and z are the film plane
variables and the magnetization is assumed to lie in this plarzﬁ.Hy (K, yeip > 6/2)

MFM offers the advantages of easy sample preparation, a mea- Iy
surement under ambient conditions, high resolution, and simul- KS ’
taneous topographic mapping. The problem with reconstructing = —¢K sinh <7> e Kuir (K. M(K)) (1)

M(z,z) from MFM data is that MFM measurements only de-

pend upon part of the magnetization. The Helmholtz theorem

allows M (z, =) to be decomposed into the sum of an irrotationa¥here the left side is the second derivative with respegtdé
componentM*(z, z) and a solenoidal componeM*(z, z), the two—dimensional (2-D) Fourier transformf, (x, y:ip, 2)-

where The transform is with respect to the in-plane coordinatasd
z. The vectoK is defined a¥ = zk,, +2k., wherex andz are

V- -M(z,2) =V -M%z,z) unit vectors and:,, andk. are the spatial frequency variables.
VX M(z,z) =V x M(z,2) K = |K|,andM(K) is the 2-D Fourier transform a¥f(z, z).

SinceiK - M(K) is the 2-D transform oW - M(z, z), (1) il-
lustrates that MFM images depend only umzﬁ‘f(x, z).
The reconstruction aM*(z, z) from an MFM image is ob-

An MFM image alone cannot give any information abod@inéd from the inverse 2-D Fourier transform of [3]
M*(z, z) because this component of the magnetization creates

and
V x M%(z,2) =V - M®(z,2) = 0.

MoKy = K H (K iy > 0/2)
Manuscript received February 15, 2001; revised May 28, 2002. This work K3sinh (%) 8y2
was supported in part by the National Science Foundation inder Grants ECS-
0000434 and ECS-9900159.

The authors are with the Magnetics and Information Science Center, Depap:}g_ 1 illustrates the use of (1) for the simulation of an MFM
ment of Electrical Engineering, Washington University, St. Louis, MO 63130 fromM d (2) for th . Md
USA (email: rsi@ee.wustl.edu). Image fro (z, z) and (2) for the reconstruction (z,2)

Digital Object Identifier 10.1109/TMAG.2002.803586. from the simulated MFM image.

- @

0018-9464/02$17.00 © 2002 IEEE



HSU et al. MAGNETIZATION ESTIMATION FROM MFM IMAGES 2445

Fig. 1. lllustration of MFM simulation and reconstruction 8¢ (z, z). e 1‘1"-, s = e S L
(a) Simulated 0.9m x 0.9 gm magnetization pattern with = 50 nm. (b) O =iy i ity a
Corresponding MFM image generated according to (1), with = 200 nm. e

(c) Reconstruction aM¢(x, =) according to (2).

I1l. CONSTRAINED RECONSTRUCTION OFM “(z, ) (b)

Let a single grain in j[he pattern reverse its magne_tlzanqz%_ 2. (a) Difference between MFM image simulations taken before and
180)! and capture MFM images befo_re and ‘_’"fter this flip. Thger a single grain flips its magnetization. (b) Reconstruction applied to the
difference between these two MFM images isolates the effedtiference image, resulting in the partf ¢ associated with the flipped grain.
of the flipped grain [4], [5]. Applying the reconstruction algo-

rithm to the difference MFM image results in the irrotational . ) o N
field associated with the flipped grain only. This procedure Is purely a rotational field. This is done by substituting it into (1)

S' )

. e . ) X , I he MFM’ h . Ifth

illustrated in Fig. 2. Fig. 2(b) shows the irrotational field assoct[puzgl;?ttﬁ;mea neti;a:ieosnp\?vr;zeatcifjthzsjt;frgat;dsgg[;%igal the

ated with the single flipped grain along with that grain’s bound= . 9 . w0

aries. Let this field now ba®. and letM now refer to the iso- and th.e 5|mulatec_i .output image has very little contrgst because

Iated- rain's complete unknc;wn maanetization DecomMseMFM is not sensitive to solenoidal patterns. If the image has

into tr?e sum otM~p anéM M. eg alsM 'ns'.de the arain & lot of contrastM, is not solenoidal and another guess is

i';md i zeruo outsiértle WhiIMOUt. e lljlalgl\lj[ outsilje Ithe rai% alnd made atM . An iterative procedure finds th&f that minimizes

is 7ero inside WritéM- as(ilrl]te squm oM andM® zgnd Sim- the amount of energy, defined as the sum of the squared pixel
' m in in’ values, in the simulated MFM image M., .

:Larzlzrfgr f_‘({) ‘x;&gfﬁuseaﬁdsgﬁle g;inngis’zgfoen';ﬁgl?g?%at This estimation process can be carried out grain by grain in
' out out ‘ order to estimate the magnetization of the entire region. The

d c c d
Mo, = M., J.FMC‘"“' = OleadstaM,,,,, = —M.,;. Theonly iy ates for the individual grains are simply summed.
missing piece iM;,,.

The model constrains the magnetization within a grain to be
a uniform vector fieldM in the z— plane. The procedure for
finding M}, begins with making a guess M, called M ;. In order to apply this approach, knowledge of grain bound-
The estimate folM:, is then M, ., = My — M¢  and aries is required. The grain boundaries are estimated using the

ines in?

M, =M, .+ M, . M., istested to see whether or not itdivergence ofM* associated with a single flipped grain. Since

1nest out”

IV. ESTIMATING GRAIN BOUNDARIES
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boundaries are used in the reconstruction process described in
Section ll, resulting in Fig. 3(c).

V. DiscussiON ANDCONCLUSION

In 1989, Beardsley showed how to reconstruct the irrotational
component of the magnetization in thin-film longitudinal media
from external field measurements such as those obtained by
recording or MFM measurements. Similar experimental recon-
structions have been made by treating an MFM image as the
convolution of a tip dipole response function with a magnetiza-
tion pattern. Measured dipole response functions can then be
used to reconstruct the irrotational component of magnetiza-
tion from the MFM image [6]. In order to reconstruct the en-
tire magnetization, additional information about or constraints
on the magnetization must be available. We describe a novel
method for reconstructing the complete magnetization for a lon-
gitudinal recording medium by imposing constraints on it. First,
the magnetization lies in the plane of the film and its magnitude
is the same at every pointin the film. Second, the magnetization
is uniform within individual grains that form a tessellation of
the film plane. Third, the individual grains sequentially reverse
their magnetization. Using these constraints and a model for the
MFM, the tessellation and magnetization are estimated.

While grains in real thin-film longitudinal media may not be-
have in the orderly fashion that simplifies the reconstruction
process demonstrated here, it is possible to use MFM to observe
granular switching behavior [2], [4], [5]. This is accomplished
by making MFM images of the same region at different rema-
nent states. The difference between the images of nearby rema-

) e boundari d ib e di fnent states will highlight those clumps of grains whose magneti-
e marechal ot ) o s bl e, S e, 28tions have fipped. Our pla s to further develop the method:
detected grain boundary. (c) The complete reconstruction performed with@IPgY described here and apply it to these difference images to
using knowledge of the grain boundaries. enable full magnetization estimation from real MFM measure-

ments.
V-M =V -M*% andM consists of uniformly magnetized

grains, we expect large values of- Mo correspond to the
discontinuities in the magnetization at grain edges. Fig. 3(a) is
a gray scale image of the divergence of the pattern shown ir1] D. G. Porteret al, “Irregular grain structure in micromagnetic simula-
Fig. 2(b) and the edges of the grain are outlined. tion,” J. Appl. Phys.vol. 79, no. 8, April 15, 1996. .
. . . . [2] A. Jander, “Texture induced variations in switching fields of hard disk
In order to automatically find grain boundaries from an

1 1]

ich
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