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Magnetization modeling of silicon steel using a simplified domain
structure model

M. Sudo and T. Matsuoa)

Graduate School of Engineering, Kyoto University, Kyotodaigaku-katsura, Nishikyo-ku, Kyoto, 615-8510,
Japan

(Presented 3 November 2011; received 23 September 2011; accepted 23 October 2011; published

online 22 February 2012)

A simplified domain structure model with shape anisotropy and cubic crystalline anisotropy is

applied to the analysis of the mesoscopic magnetization of silicon steel sheets. Alternating

magnetization is analytically described by the transition among several magnetization states, such

as the single-domain, 180� domain-wall-motion, and magnetization-rotation types. The magnetic field

vector is calculated from a given average magnetization vector under the rotational magnetization

condition. The loci of the magnetic field vector qualitatively reconstruct the rotational magnetization

properties of non-oriented and grain-oriented silicon steel sheets. VC 2012 American Institute of
Physics. [doi:10.1063/1.3672073]

I. INTRODUCTION

To represent vector hysteretic magnetization, many vec-

tor hysteresis models consist of an assembly of vector hyster-

esis units called hysterons.1,2 The hysteron is often assumed

to be a single-magnetic-domain particle. However, meso-

scopic or macroscopic magnetization is usually governed by

multi-domain structures. As a result, many hysterons are

required to simulate domain-wall motion.

As a mesoscopic magnetic model, the domain-structure

model (DSM)3–5 has been proposed and successfully applied

to the analysis of magnetic thin films. A simplified version

of the DSM6 reveals the basic mechanisms of mesoscopic

magnetization including domain-wall motion and magnetiza-

tion rotation. Accordingly, the assembly of the simplified

DSM (SDSM) is expected to constitute an efficient physical

macroscopic magnetization model.

This paper applies the SDSM to the analysis of the mag-

netization of silicon steel sheets. To examine the possibility

of the SDSM being a building block of a macroscopic mag-

netization model, the magnetization of a grain-oriented steel

sheet is analyzed, which is difficult to do with vector hystere-

sis models because of strong anisotropy.

II. SIMPLIFIED DOMAIN STRUCTURE MODEL

An SDSM6 with two domains is examined in analyzing

a grain-oriented silicon steel sheet. The rolling and trans-

verse directions (RD and TD) are along the x- and y- direc-

tions, respectively. Each domain i (i¼ 1,2) has uniform

magnetization; the normalized magnetization vector is given

by mi ¼ ðsin hi cos /i; sin hi sin /i; cos hiÞ.
The total magnetic energy to be minimized is normal-

ized by the crystalline anisotropic energy. The normalized

total energy, e, is given as,

e ¼ eap þ ean þ ew þ est; (1)

where eap is the Zeeman energy, ean is the anisotropic

energy, ew is the domain-wall energy, and est is the magneto-

static energy.

Similar to the case for the grain-oriented silicon steel

sheet, the three axes of easy magnetization are set along the

(1,0,0), (0,1,1), and (0,�1,1) directions. Thus, the normal-

ized cubic crystalline anisotropic energy is given as,

ean ¼
X2

i¼1

ki½sin2 hi cos2 /ið1� cos2 /i sin2 hiÞ

þ 1

4
ðcos2 hi � sin2 hi sin2 /iÞ2�; (2)

where k1 and k2 ¼ 1�k1 are the volume ratios of domains

1 and 2, respectively.

The Zeeman energy due to the normalized applied field,

h ¼ hðcos /H; sin /H; 0Þ is given as,

eap ¼ �2h � ðk1m1 þ k2m2Þ; (3)

where h ¼ Hap=jMs;Hap is the magnitude of the applied

magnetic field, Ms is the magnitude of spontaneous magnet-

ization, j ¼ 2K1=ðl0M2
s Þ, and K1 is the anisotropy constant.

A simple Bloch wall model gives the domain-wall

energy as,

ew ¼
w

2
ð1�m1 �m2Þ; (4)

where w ¼ 4lk=D, lk ¼
ffiffiffiffiffiffiffiffiffiffiffi
A=K1

p
, and D is the width of the

two domains. The parameter, w, represents the energy cost to

have a domain wall.

The SDSM assumes that the demagnetization field is

uniformly given by the multiplication of demagnetizing fac-

tors and the average magnetization. The magnetostatic

energy is given as,

est ¼ sxm2
x þ sym2

y þ szm
2
z ; (5)a)Electronic mail: tmatsuo@kuee.kyoto-u.ac.jp.
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ðmx;my;mzÞ ¼ k1m1 þ k2m2; (6)

where sx ¼ kx=j, sy ¼ ky=j; and sz ¼ kz=j: kx; ky; and kz are

the demagnetizing factors. Because of the sheet structure, sz

is assumed very large compared with sx and sy.

The magnetization is determined by finding

X¼ðh1;/1; h2;/2; k1Þ that locally minimizes the total

energy, e. The total energy becomes a local extremum when

@e=@X ¼ 0: (7)

The solution to Eq. (7) gives a local minimum when all

eigenvalues of the Hessian matrix, @2e=@X2, are positive.

III. MAGNETIZATION ANALYSIS FOR AN
ALTERNATING MAGNETIC FIELD

A. Magnetization along the rolling direction

The magnetization process along the RD is examined

with /H ¼ 0. Figure 1 shows the magnetization curves along

the RD with w ¼ 0:01 and ðsx; sy; szÞ ¼ ð5; 5; 100Þ;
ð0:5; 5; 100Þ, where mx, given by Eq. (6), is plotted. The

dominant stable solutions are classified into two types:

S is the single-domain type, where h1 ¼ h2 ¼ p=2,

/1 ¼ /2, and k1¼ 1/2; and

WM is the 180� domain-wall motion type, where

h1 ¼ h2 ¼ p=2 and ð/1;/2Þ¼ ð0; pÞ or ðp; 0Þ.
Stable solutions in Fig. 1 have the labels “S” and

“WM,” corresponding to the preceding classification.

When /H ¼ 0, Eq. (7) has an S-type solution of

X ¼ ðp=2; 0; p=2; 0; 1=2Þ, that yields @e2=@2X eigenvalues

of 1þ h� sx þ sy; 1þ h� sx þ sz; and1þ h� sx þ w. Con-

sequently, the S-type solution is stable when,

h > hs ¼ maxðsx � sy � 1; sx � sz � 1; sx � w� 1Þ; (8)

which agrees with the S-type solutions in Fig. 1. When

/H ¼ 0, Eq. (7) has a WM-type solution, X ¼ ðp=2; 0;
p=2; p; h=2sx þ 1=2Þ, that yields the linear magnetization,

mx ¼ h=sx: (9)

The WM-type solution is stable when

jhj < hWM � min sx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sy � w

1þ sy þ syw

s
; sx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sz � w

1þ sz þ szw

r !
:

(10)

B. Magnetization along the transverse direction

The magnetization process along the TD is examined

with /H ¼ p=2. Figure 2 shows the magnetization curves

along the TD with w ¼ 0:01 and ðsx; sy; szÞ ¼ ð0:5; 5; 100Þ
where my, given by Eq. (7), is plotted. When /H ¼ p=2, two

types of magnetization rotation are dominantly observed:

R1: h1 ¼ h2 ¼ p=2, /2 ¼ p� /1, and k1 ¼ 1=2 when h
is small; and

R2: h2 ¼ p� h1, /1 ¼ /2 ¼ 6p=2, and k1 ¼ 1=2 after

the R1 solution becomes unstable owing to the large value

of h.

Stable solutions in Fig. 2 have the labels “R1” and “R2,”

corresponding to the preceding classification.

The R1-type solution satisfies

h ¼ � 3

2
m2

y þ 1þ sy � w

� �
my: (11)

The R2-type solution satisfies

h ¼ ð2m2
y � 1þ sy � wÞmy: (12)

IV. ANALYSIS OF ROTATIONAL MAGNETIZATION

The silicon steel sheet is often excited with sinusoidal

magnetic flux density but not with a sinusoidal magnetic

field, which largely means that the average magnetization

FIG. 1. (Color online) Magnetization curves along the RD with w ¼ 0:01

and sz ¼ 100 (solid lines: stable; dashed lines: unstable): (a) (sx; sy)¼ (5,5),

and (b) (sx; sy)¼ (0.5,5).

FIG. 2. (Color online) Magnetization curve along the TD with w ¼ 0:01

and (sx; sy; sz)¼ (0.5,5, 100) (solid lines: stable; dashed lines: unstable).

FIG. 3. (Color online) Loci of ðhx; hyÞ under the rotational magnetization

conditions with m0¼ 0.8 (lower), 0.9 (upper): (a) (sx; sy)¼ (0.5,0.5), and (b)

(sx; sy)¼ (0.1,0.5).
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sinusoidally changes and that h and /H are unknowns for the

DSM. When the normalized rotational magnetization is

given by m0ðcos /M; sin /M; 0Þ, the equations to be solved

are,

f ðX; h;/HÞ

¼

@e=@X

k1 sin h1 cos /1 þ k2 sin h2 cos /2 � m0 cos /M

k1 sin h1 sin /1 þ k2 sin h2 sin /2 � m0 sin /M

k1 cos h1 þ k2 cos h2;

0
BBB@

1
CCCA ¼ 0;

(13)

where m0 and /M are given parameters. Figure 3 portrays the

loci of ðhx; hyÞ¼ ðh cos /H; h sin /HÞ under the rotational

magnetization condition when ðw; szÞ ¼ ð0:01; 100Þ;
m0 ¼ 0:8; 0:9; and

(a) there is no shape anisotropy: ðsx; syÞ ¼ ð0:5; 0:5Þ; and

(b) there is shape anisotropy: ðsx; syÞ ¼ ð0:1; 0:5Þ.

The effect of cubic crystalline anisotropy becomes large

for large m0. The cubic anisotropy results in a strong applied

magnetic field, h, along the directions of 655� and 6125�.
The shape anisotropy requires high h along the y-direction.

Figure 4 portrays the loci of the measured magnetic field

vectors of non-oriented and grain-oriented silicon steel

sheets under a condition of rotational magnetic flux. The loci

in Fig. 3(a) are similar to those in Fig. 4(a), which suggests

that the angular dependence in the crystal grain distribution

is not weak in the non-oriented silicon steel sheet. The loci

in Fig. 3(b) are similar to those in Fig. 4(b), which means

that the strong anisotropy of the grain-oriented steel sheet is

due to not only the crystalline anisotropy, but also the shape

anisotropy resulting from the anisotropic crystal grain shape.

This qualitative agreement suggests that the SDSM can be

used as a building block of a more macroscopic magnetiza-

tion model. However, the anisotropy of the grain-oriented

steel sheet may be due to the magnetoelastic energy, which

will be reported upon in the near future.

V. CONCLUSION

The SDSM qualitatively represents the alternating mag-

netization of a grain-oriented silicon steel sheet. The analyti-

cally obtained magnetization curves show that the

magnetization along the RD is dominated by 180� domain-

wall motion and single-domain types, whereas two types of

magnetization rotation are dominant along the TD.

The magnetic field vector computationally obtained

under a rotational magnetization condition qualitatively

reconstructs the rotational magnetization properties of non-

oriented and grain-oriented silicon steel sheets. This suggests

that the SDSM can be used as a building block of a more

macroscopic magnetization model.

Future work remains to introduce the magnetoelastic

energy and domain-wall pinning for a more realistic repre-

sentation of the magnetization.
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FIG. 4. (Color online) Loci of the measured magnetic field vector of silicon

steel sheets under a condition of rotational magnetic flux: (a) non-oriented

silicon steel sheet, and (b) grain-oriented silicon steel sheet.
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