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Reconstruction of in-plane magnetization distributions
from magnetic force microscope images

T. Zhao,a) H. Fujiwara, G. J. Mankey, C. Hou, and M. Sun
MINT Center, University of Alabama, Tuscaloosa, Alabama 35487-0209

A three-step method is proposed for reconstructing the in-plane magnetization distribution from a
magnetic force microscope~MFM! image. The magnetization distribution is initialized using some
assumptions based on our knowledge about domain structures and MFM contrast mechanisms. Then
the high-energy moment configurations, which are initialized based on linear variation assumption,
are relaxed by performing a micromagnetic calculation using experimentally measured magnetic
parameters. A section of a 360° wall in a NiFe/NiO bilayer has been selected to illustrate the
reconstruction procedures. It is shown that the method is effective in revealing the wall structure
related to the MFM contrast. This method avoids problems caused by noise and nonunique solutions
of the micromagnetic equations. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1355338#

I. INTRODUCTION

Magnetic force microscopy~MFM! is a powerful tool
for probing the micromagnetic structure down to submicron
scale. Simple and nondestructive sample preparation and
high resolution highlight advantages over other magnetic im-
aging methods. These advantages resulted in a quick expan-
sion of its application. The shape of domain walls can be
directly identified from the contrast in MFM images. How-
ever, for studying the internal wall structure, information
about the magnetization distribution is essential. Consider-
able progresses has been made in developing transformation
methods from MFM signal to magnetic field or surface
charges.1–5 For these analyses, the necessary inputs are the
accurate information about the magnetization distribution of
the MFM tip, which may be different from tip to tip, and the
force gradient signal which can be obtained by transforming
the measured phase signal of the MFM. In addition, some
work has focused on quantifying phase—force gradient func-
tion to measure the effective moment of the tip.6,7 These
methods make the analysis more viable. One should be
aware that the real MFM signals are always disturbed by
surface roughness~even when working in lift mode™! and
other instrumental noise~such as scan lines and background
drift!. The noisy image can be smoothed using image pro-
cessing functions provided with a commercial MFM, such as
‘‘flattening’’ and ‘‘erase scan line,’’8 at the expense of los-
ing the real contrast. The tip–sample interaction may also
affect the MFM contrast of soft-magnetic materials.9 These
limitations make it difficult to obtain correctly quantified in-
formation from the noisy signal using direct transformation
methods even when all the information about the tip and the
MFM signal transformation function is known. Furthermore,
the stray field or surface charge distribution does not corre-
spond to a unique magnetization distribution.10 All those ob-
stacles described above have greatly hindered the develop-
ment of quantitative signal transformation methods for

MFM. We have developed a practical way of extracting use-
ful information from noisy MFM images with the help of
knowledge about the material and domain structure. In this
article, a method to reconstruct the in-plane magnetization
distribution of a thin magnetic film sample from the MFM
image with the aid of computer simulation is presented. The
results are semiquantitative, but effective in demonstrating
the magnetization distribution related to the MFM contrast.

II. EXPERIMENTS

The MFM image used in the analysis is taken from a
NiFe ~12 nm!/NiO~6 nm! bilayer sample, which was pro-
duced by rf/dc magnetron sputtering in an argon atmosphere
of 5 mTorr. The magnetic properties of this sample were
characterized by a vibrating sample magnetometer~VSM!
and a torque meter.

The magnetic structures on the surface were studied us-
ing Tappingmode™ AFM and Liftmode™ MFM with a Di-
mension 3000 microscope, Digital Instruments. The MFM
tip ~model MESP! was magnetized by a permanent magnet
so that the north pole points towards the sample surface. The
lift height for the MFM measurement was 60 nm, scan fre-
quency 2 Hz, and image size 512 pixel3512 pixel.

III. RESULTS AND DISCUSSION

According to the hysteresis loop and torque measure-
ments, the sample has an in-plane uniaxial anisotropy with
its easy magnetization direction~EMD! along the direction
of the field applied during the sputtering propess. The
squareness (Mr /Ms) of the easy-axis loop is about 0.98.
Before the MFM measurement, the sample has been exposed
to an ac magnetic field in a loop tracer, under which 360°
walls11,12 were generated, then magnetized to saturation
along its EMD. Figure 1 shows 360° walls measured in the
easy-axis remanent state, part of which is taken as an ex-
ample to illustrate the procedures of reconstruction of the
magnetization distribution from a MFM image.a!Electronic mail: ztong@bama.ua.edu

JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 11 1 JUNE 2001

72300021-8979/2001/89(11)/7230/3/$18.00 © 2001 American Institute of Physics



The MFM signal represents the force gradient exerted by
the stray field from magnetic charges of the sample on the
magnetic tip. By scanning the MFM tip, the spatial depen-
dence of the force gradient across the sample surface is mea-
sured. In our case, a north-pole hard-magnet tip being used,
north-pole charges on the sample cause the bright contrast
and south-pole charges the dark contrast. Although the image
seems rather noisy with scan lines, local background drift
and some noises from the surface roughness, the boundary
between bright and dark contrast and that between back-
ground and the area with magnetic charges are recognizable,
from which one can identify the domain walls by eye. The
magnetic charge comes from the divergence of the magneti-
zation in an in-plane distribution. Larger divergence gives
larger charge density and different signs of divergence gives
different types of charges. According to our knowledge
about the domain wall structures, we assumed that the local
moments along the boundary of bright and dark contrasts are
perpendicular to the boundary pointing from dark to bright.
Figure 2 illustrates that this assumption holds for different
types of in-plane~Néel-type! domain wall structures. The
magnetic moments at the area with the same contrast as the
background can be assumed to be parallel to the EMD since
the easy-axis loop has a large squareness. In step I of the
reconstruction, a computer program is employed to trace the
boundary lines and to initialize the magnetization distribu-
tion based on the above assumptions. For the computer to
recognize the contrast boundaries, the noise has to be sup-
pressed before the tracing process. A 333 square median
filter13 has been applied to suppress the noise while keeping
the contrast boundary relatively sharp. Besides the noise, the
sharpness of the tip~30–50 nm! and the lift height~60 nm!
of the tip may also limit the resolution of MFM image~;100

nm!. The boundary line between the dark and bright contrast
is not affected although the contrast on both sides is blurred.
However, the boundary line for the background contrast may
move towards the background side causing the wall image to
be wider than the real one. This error can be compensated to
some extent in step III by relaxing the moments to the equi-
librium state. Figure 3~a!shows the magnetization distribu-
tion initialized in step I.

After step I, the magnetization distributions in the inter-
mediate regions are still not initialized. In those regions, the
gradual contrast change caused by the magnetic signal and
noisy contrast are almost indistinguishable. We are not able
to get quantitative information from the MFM contrast so, in
step II, the directions of the magnetic moments are assumed
to vary linearly in those regions. Linear variation means that
each local moment is initialized so that its direction is the
average of those of its eight nearest-neighboring moments.
This is realized by varying each moment direction to fit the
linear variation assumption in repeated iterations across the
intermediate regions. To get a unique distribution, before the
automatic iterative averaging process, the magnetic moments
were initialized according to the following principles:~1!
The directions of the moments are varied in a way that the
smallest deviation between the neighboring moments are ob-
tained.~2! From one side of a domain wall to the other side,
the magnetic moments rotate with a same chirality~clock-
wise or counterclockwise!. After step II, the magnetization
distribution in the whole image area is initialized as shown in
Fig. 3~b!.

Although the assumptions in step I are usually valid, the
linear variation of the moment orientations may give rise to a
high-energy state. For step III, a micromagnetic simulation,
starting from the initial magnetization distribution obtained
in step II, was employed to relax this high-energy configu-

FIG. 1. MFM image of 360° walls, part of which~bordered with white line!
is taken as an example to illustrate the reconstruction.

FIG. 2. Illustration of the magnetization orientation at the boundary of the
dark~south-pole charge! and bright~north-pole charge! for different types of
domain walls:~a! 180° wall parallel to its easy direction,~b! 180° wall
forming an angle with its easy direction, and~c! a 360° wall.

FIG. 3. ~a! Magnetization distributions initialized in step I.~b! magnetiza-
tion distributions after step II. The black arrows are magnetization whose
directions were initialized in step II.~c! The magnetization distribution after
step III. The background of~a! is the measured MFM signal while the
background of~c! and ~d! is the calculated MFM signal.
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ration using the magnetic parameters obtained from magnetic
measurements. The film is assumed to have uniaxial anisot-
ropy with K153.03104 erg/cm3 extracted from the torque
measurement. The exchange stiffness is about 1.0
31026 erg/cm for permalloy. The cell size used in the cal-
culation is 10 nm, which is about 1/50 of the observed do-
main wall width. Noting that the domain walls are usually
stabilized by local defects that cannot be exactly simulated,
the general features of magnetization distribution may also
be lost when the high-energy configuration is relaxed. To
avoid this, we need to partially constrain the moment distri-
bution determined in step I~type I moments!while fully
relaxing the moment distribution determined in step II~type
II moment!. The partial constraint is realized by setting dif-
ferent time steps for different types of moments during the
iteration. In the calculation, we set the time step for type I
moments being 1/50 of that for type II moments. The relax-
ation process is stopped when the average change of the
directions of the type II moments during each iteration de-
creases to 1/10 of that during the initial iteration. At that
time, the directions of type II moments are largely relaxed
while the moments of type I deviate slightly from their ini-
tialized directions due to the relatively small time step. The
reconstructed magnetization distribution and the calculated
MFM image are shown in Fig. 3~c!. The wall structure and

the relation between magnetization distribution and MFM
contrast are clearly revealed. Figure 4 shows the area with
contrast different from that of the background where the
magnetization deviation causing the contrast has not been
determined. Some of those signals may correspond to the
fine domain structures caused by local variation of magnetic
properties. More efforts will be made to develop a method
for separating the magnetic signal and noise.

IV. CONCLUSION

A three-step method for reconstructing in-plane magne-
tization distributions from MFM images with the aid of com-
puter simulation is presented using some assumptions based
on the knowledge about domain structures and MFM con-
trast mechanism. Although it takes a considerable effort in
programming to realize the method, it is rather effective in
demonstrating the wall structure by extracting information
from MFM images when fully quantitative analysis is
impossible.
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7232 J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Zhao et al.

....... :..◄ ,.)' 
- •• • ··~.14 

\.. ·• ; .. • - 9' ... , ... ., ...... 
... .. -:. i 

• . • • ,- I '~ .,_\., ., ~ .,. · ~ . ... .. 
~----· -~ •r,. - . • l I :- •_,_ ! • -

--~- . :::· -~ 
--~-.·~:\ ... . . . . . 

..,. ... i-........_ .. . 
.... ♦• .. 


