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In this work, a signal transformation method to quantitatively analyze fine magnetic structures in nanometer length scales
measured by magnetic force microscopy has been developed. Nanosized magnetic domains, magnetic charges with recon-
structed polarity as well as quantified magnetic field contours of samples (such as ordered FePt dot arrays, hard magnetic thin
films and polycrystalline Lag7Srg3MnO3z (LSMO) films ) were investigated based on the basic principles of deconvolution
and micromagnetics. The present technique is crucial for the analysis of fine magnetic structures, and is important for the

development of next generation magnetic recording industry.
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1. Introduction

Recently, understanding the nature of nanoscale
magnetic domain structures and applying their
unique magnetic properties in a wide range of mag-
netic commercial products, such as hard disk drives
(HDD), spin based devices and so on, underpins the
development of next generation magnetic storage
technologies [1-4]. As the magnetic recording den-
sity further increases (future ultrahigh density tar-
get is of 100 TB/in?), the typical bit size will be re-
duced to several nanometers. Therefore, the under-
standing and quantifying the fine magnetic struc-
tures in nanometer length scales is of great impor-
tance for the development of the next generation
magnetic commercial products.

Magnetic force microscopy (MFM) is a state-
of-the-art tool used to image the nanoscale mag-
netic domains in a wide range of magnetic
nanostructures [5, 6]. For investigating the sur-
face of fine magnetic structures in magnetic
nanostructures, the conventional MFM can only
qualitatively explain the magnetic stray field
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originating from the sample surface. How to quan-
tify the MFM images and discover the detailed
magnetic moments distributions in samples, has
been considered as an urgent problem raised in
MEM techniques due to its potential applications
in a wide range of areas, such as data storage,
biomedicine, and so on.

In this work, a singnal transformation algorithm
to quantify magnetic domains in ordered FePt dot
arrays, hard magnetic thin films (CoCrPt) and poly-
crystalline Lag 7Srg 3MnO3 (LSMO) films was de-
veloped. The nanosized magnetic domains, the re-
lated magnetic charge distribution, as well as the
magnetic field contours of the samples have been
investigated based on the basic principles of decon-
volution and micromagnetics. The good agreement
between the simulated and experimental results re-
veals that the present method is effective for ana-
lyzing the microscopic magnetic domain states in a
variety of magnetic materials.

2. Experimental

The microscopic magnetic domain configu-
rations of the samples were imaged by using
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a conventional MFM system in air atmosphere.
The lift height of the MFM tip was varied from
20 nm to 40 nm. The resonant frequency of the
tip was approximately 256 kHz. The samples were
the ordered FePt dot arrays, hard magnetic thin
films (CoCrPt) and polycrystalline Lag 7Srg 3MnO3
(LSMO) films. The measurements were imple-
mented using an ultra sharp and high coercivity
FePt tip. For the analysis of the fine magnetic struc-
tures, the high coercivity FePt tip was optimized
and magnetized perpendicular to the sample sur-
face. The MFM tip behavior was assumed as a
magnetic monopole.

3. Theory

The MFM phase signal can be actually consid-
ered as a convolution of surface magnetic charge
and magnetic field from the MFM probe tip:
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where F,(r) is the magnetic force gradient perpen-
dicular to sample surface, o(r') is the surface mag-
netic charge distribution, Ty (r —1’) is the transfor-
mation function of the tip corresponding to a point
magnetic charge.

Since the MFM tip behavior can be assumed
as a magnetic monopole, and assuming that the
tip-to-sample distance is constant during the scan-
ning process, the transformation function of the as-
sumed monopole tip can be analytically obtained in
the Fourier space [7]:
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where T, (ky,ky,z) represents the tip transforma-
tion function in the Fourier domain, L is the per-
meability of vacuum, q; is the magnetic charge of a
monopole type tip.

Tp (kx, ky, Z) =

Based on equation 1, the magnetic charge distri-
bution can be obtained based on the principle of de-
convolution:

e Ek)
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where: F,(k;) is the magnetic force gradient in the
Fourier space, Opax is the maximum charge density
at the sample surface, o; denotes the normalized
surface magnetic charge distribution. py.x can be
obtained by using the measured M-H loop of the
samples.

In the micromagnetic modeling (the simula-
tion program was developed by our research group
using FORTRAN language), the total energy in
each grid includes the Zeeman energy, crystalline
anisotropy energy, shape anisotropy energy, ex-
change interaction, and the magnetostatic interac-
tion [8]. In the micromagnetic simulation, the re-
constructed surface magnetic charge can be used
as the input parameter to drive the magnetic do-
main reversal. The fine magnetic domain structures
and their related magnetization reversal process can
be evaluated based on the principles of Landau-
Lifshitz-Gilbert (LLG) equations.

4. Results and discussion

Fig. 1 shows (a) the AFM image, (b) the MFM
phase image, and (c) the quantified magnetic field
distributions of the triangular shaped FePt pad with
in-plane magnetization. The lift height of the tip is
20 nm. Fig. 1a clearly shows the AFM morphol-
ogy of the individual dots within the array. Fig. 1b
shows the MFM phase image for the longitudinally
oriented FePt dot arrows. Based on Fig. 1b, it can
be observed that the highest intensity is captured at
the edge, or near the vertex of the triangular shape.
The MFM phase image clearly shows a character-
istic pattern with dark-bright dipole MFM contrast,
indicating that the dot arrays should be in a sin-
gle or multiple domain state with magnetization
parallel to one edge of the triangular dot. Fig. lc
shows quantified magnetic field contours of the tri-
angular shaped FePt pad obtained by using the de-
veloped signal transformation algorithm on the de-
tected MFM signal (Fig. 1b). Based on the results
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of Fig. 1, we can clearly observe the distribution
of magnetic field (Fig. 1c) as well as the magnetic
field gradient (Fig. 1b) emanated from the dot ar-
rays, both of which are of great importance for de-
signing the magnetic nanostructures.

(a) (b) (c)

-13.526 (deg) 26.381

Fig. 1. (a) the AFM image, (b) the MFM phase image,
and (c) the quantified magnetic field distribution
of the triangular shaped FePt pad with in-plane
magnetization.

Fig. 2a shows the MFM phase image for a per-
pendicular magnetic recording media. The MFM
phase image shows characteristic stripes with dark-
bright MFM contrast, and the recorded bits can be
clearly distinguished by the two-valued contrast.
Fig. 2b shows the quantified in-plane and out-of-
plane magnetic field distributions near the sample
surface. The magnetic field can be obtained from
the dependence:
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The color in Fig. 2b shows the magnitude and di-
rection of the perpendicular component (z compo-
nent, H,) of magnetic field, while the vectors rep-
resent the direction and value of in-plane compo-
nents of surface magnetic field (the value varies
between 0 to 7162 A/m). From the results it is
clearly seen that the features of quantified mag-
netic field distributions (Fig. 2b) are totally differ-
ent from those of the measured MFM phase image
(Fig. 2a showing sharp edges). Because the MFM
phase image is proportional to the field gradients,
therefore, the big difference can be well charac-
terized as the z-component magnetic field contour
(Hz) with respect to its gradlent H, . Fig. 2¢c shows
the simulated MFM image based on the quantified
results of Fig. 2b. The reconstructed MFM image

can be obtained by calculating the field gradient
(%) from the film surface by using the micro-
magnetic method. It is found that the reconstructed
result agrees well with the measured MFM image
(Fig. 2a).
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Fig. 2. (a) The MFM phase image, (b) the quantified
perpendicular and in-plane magnetic field com-
ponents, (c) the simulated MFM image for the
perpendicular magnetic recording media.

Fig. 3 shows (a) MFM, (b) magnetic charge
distribution, (c¢) magnetization distribution and (d)
reconstructed magnetic field gradient (‘9HZ) of the
granular Lag7Srg3MnO3 (LSMO) thin film. The
sample is in the magnetized state, the magnetiza-
tion lies in the film plane. The phase detection im-
age (a) can be considered as the z-component mag-
netic field gradient above the film surface, and the
MFM image shows a characteristic pattern with
dark-bright features (marked by red circles) near
the grain boundaries with nonmagnetic phase. The
results reveal that the studied LSMO granular films
are magnetized parallel to the applied field direc-
tion, causing the surface magnetic charges to con-
centrate mainly at the nonmagnetic boundaries.
Fig. 3b shows the quantified magnetic charge dis-
tribution of the LSMO film based on the princi-
ples of deconvolution method. The result clearly
shows that the reconstructed magnetic charges fa-
vor to concentrate at the nonmagnetic boundaries,
which is consistent with the experimental analysis.
Fig. 3¢ shows the reconstructed magnetization dis-
tribution of the studied samples magnetized in the
film plane, based on the principles of the decon-
volution and micromagnetics. Based on Fig. 3a,
Fig. 3b and Fig. 3c, it can be deduced that the
single domain structure can be formed in most of
the grains with magnetization laying in the film
surface, causing the dark-bright dipole features in
the MFM image. Fig. 3d shows the reconstructed
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magnetic field gradient (aaHZZ ). The simulated results

agree well with the measured MFM image, indicat-
ing that the present method is applicable for design-
ing the nanoscale magnetic domain structures.

Reconstructed MFM | d

Fig. 3. (a) The MFM image, (b) the magnetic charge
distribution, (c) the magnetization distribution
and (d) the reconstructed MFM image for the
LSMO films.

5. Conclusions

A signal transformation method to quantita-
tively analyze the nanoscale magnetic domain
structures measured by magnetic force microscopy
has been developed. Firstly, based on the theoret-
ical analysis and experimental design, the mag-
netic nanostructures of ordered FePt dot arrays,
hard magnetic thin films, as well as polycrystalline
Lag7Sr93MnO3 (LSMO) films, have been quan-
tified and demonstrated based on the basic prin-
ciples of deconvolution and micromagnetics. The

simulated results agree well with the measured
MFM image, indicating that the present method
is suitable for analyzing the microscopic magnetic
domains states in a variety of magnetic materi-
als, which is of great importance for the develop-
ment of the next generation magnetic commercial
products.

Acknowledgements

This work was supported by the Natural Science Founda-
tion of Liaoning Province (Grant No. 2015020072), the 2013
Program for Liaoning Excellent Talents in University of China
(Grant No. LJQ2013129), the Fundamental Research Funds
for the Central Universities (Grant No. DC201502080303, No.
DC201501074, No. DC201501070, No. DC201502080411),
the Dr. Start-up Fund (Grant No. 0701110070), and the Tech-
nology Foundation for Selected Overseas Chinese.

References

[11 GENG Y., DAas H., Wysockl A.L., WANG X.,
CHEONG S.W., MosTovoy M., FENNIE C.J., WU W,
Nat. Mater., 13 (2014), 163.

[2] CAMBEL V., PRECNER M., FEDOR J., SoLTYs J.,
TOBIK J., SCEPKA T., KARAPETROV G., Appl. Phys.
Lett., 102 (2013), 062405.

[3] GuoF., BELOVA L. M., MCMICHAEL R.D., Phys. Rev.
Lett., 110 (2013), 017601.

[4] LAVRIUSEN R., LEE J.H., PACHECO A.F., PETIT
D.C.M.C., MANSELL R., COWBURN R.P., Nature, 493
(2013), 647.

[5] KOBLISCHKA M.R., WEI J.D., HARTMANN U., J.
Magn. Magn. Mater., 322 (2010), 1694.

[6] RAWLINGS C., DURKAN C., Nanotechnology, 23
(2012), 455701.

[71 ZHENGHUA L., FULIN W., SATORU Y., GUOQING L.,
HIDEFUMI A., HITOSHI S., Phys. Chem. Chem. Phys.,
15 (2013), 628.

[8] ZHENGHUA L., JIANGWEI C., FULIN W., KUN P,
SHENXIAN S., DAN W., J. Appl. Phys., 102 (2007),
113918.

Received 2016-06-22
Accepted 2016-10-30



	Introduction
	Experimental
	Theory
	Results and discussion
	Conclusions

