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Analysis of the coercivity mechanism of YIG based on the extended Landau
free energy model
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We propose an "extended Landau free energy model", which can deal with the complex microstructure of magnetic
domain structure and explain the magnetization reversal process using modern data science. The energy landscape is
newly drawn in the information space by persistent homology (PH), principal component analysis (PCA), and Ising
model for the magnetic domain structure big data of YIG. The PH and PCA analyses yielded high-quality features that
explain the microstructure of the magnetic domain structure and magnetization. The energy landscape shows that the
mode of domain formation changes sequentially with the energy gradient: nucleation, elongation, branching and
widening of magnetic domain. In addition, small energy barriers were visualized, suggesting the extraction of hidden
features difficult to recognize by human eyes. This model allows us to establish a relationship between the
microstructure of the magnetic domain and the magnetization reversal process based on the energy.
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Fig. 1 Schematic sequence of Persistent Homology (PH) analysis.

(a) Analyze the Manhattan distance from the boundary in the binarized black-white image, and index them to each

pixel. (b) Fatting/thinning process in PH. Increase/decrease the threshold and record the birth and death of holes.

(c) Plot the recorded birth-death pairs as a two-dimensional map and create a persistent diagram (PD). (d) Typical

correspondence between PD and the original image, where information of PD can be a useful feature of the

microstructure.
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Fig. 2 Schematic diagram of the Kerr microscope
measurement system.

The magnetic domain structure was acquired with
linearly polarized LED light in a polar Kerr
configuration. The magnetic field was applied
perpendicular to the sample surface. The CCD
camera and the electromagnet were linked by PC
control. Image acquisition and magnetic field
scanning were carried out automatically to obtain
big data of the magnetic domain structures.
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Fig. 3 Magnetic domains (a) - (§) and PDs (k) - (t) with a variation of external magnetic field.
(a) - §): Magnetic domain structures continuously changes according to the external magnetic field. (k) - (t): PDs
also continuously change according to the change of the magnetic domain structure, and quantifying microstructure

of magnetic domain. PDs were used as input for machine learning.
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Fig. 4 (a) Magnetic hysteresis curve of a YIG thin film (t = 475 um). (b) Classical energy landscape of pseudo-
exchange energy. The coercivity region is located almost at the top of the energy landscape.
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Fig. 5 Extended Landau free energy landscape drawn
by PH and PCA.

Extended Landau free energy model is the energy
landscape drawn in the information space, with the
features generated by PH and PCA as explanatory
variables. The relationship between the magnetic
domain structure and the magnetization reversal
process is connected through energy. PC1 and PC2 are
the eigenvectors obtained by PCA, and the colour is the
pseudo-exchange energies. Red arrow shows the
magnetization reversal path from saturation to

coercivity to saturation.
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Fig. 6 Thickness variation of the extended Landau
free energy landscape. A continuous and common

energy landscape is drawn.
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Fig.7. Correlation between PC1 and magnetization.
Eigenvalue of PC1 can be regressed by a simple

second-order curve of magnetization (red curve)
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Fig. 8 Energy landscape respect to PC1. (a) Energy landscape drawn from the two - loop dataset. (b) Selected

quarter — loop data. The pseudo-exchange energy increases with magnetization reversal from saturation to

coercivity, where the coercivity region corresponds to the maximum (saddle point) of the energy landscape. (c)

Magnetic domains (a) - (e), they are same pictures as Fig.3 (a) - (e).
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Fig. 9 Detailed analysis of the extended energy landscape. The gradient of the pseudo-exchange energy for PC1 is

used to analyze the energy barrier. Clear maxima are observed in regions (I) and (II) where the mode of domain

formation changes. It suggests that the change of the domain formation requires the consumption of exchange

energy. We could also visualize the small energy barriers (III) and (IV). It is suggesting as a hidden feature that

was not recognized by human eye.
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