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Magnetic imaging techniques visualize magnetization states in detail, including magnetization direc-
tions and magnetic domains. Generally, such imaging methods determine only the relative magnetization,
while the absolute value of magnetization remains unknown. Measuring absolute magnetization requires
the separate measurement of a reference material, but for samples with just a few ferromagnetic layers,
these techniques can no longer be applied. We show a simple magneto-optical imaging method for obtain-
ing the absolute value of magnetization using the parallel stripe domains formed by an electric current
in thin films. The parallel stripes in the films consist of repeating up- and down-magnetized domains
with a certain periodicity. In the absence of an external magnetic field, the normalized areas of up and
down domains are equal. However, application of an external perpendicular magnetic field can change
these normalized areas of each domain because the magnetic field prefers only one domain depending
on the direction. Measuring these normalized areas and the stripe periodicity using conventional imaging
techniques is sufficient to determine the absolute value of magnetization.

DOI: 10.1103/PhysRevApplied.12.034030

I. INTRODUCTION

The phenomena of stripe formation have drawn much
attention for several decades [1,2]. The physics of stripe
pattern formation has shown a universal behavior [3], with
numerous phenomena [4–10] that appear to be different
being describable by similar forms of the Hamiltonian
including short-range attractive and long-range repul-
sive interactions. In magnetic films, stripe patterns are
usually observed in the domain structure [11–19]. The
repeated magnetization states prefer half-up and half-down
magnetization to minimize the magnetic dipolar energy.
The relationship between the periodicity and the energy
minimization process based on magnetic parameters [12–
14,18–23] has especially been studied. Recently, such
stripe-domain states have drawn a lot of attention because
stripe domains are a precursor of magnetic skyrmion states
[11,16,17].

The most fundamental parameter of magnetic materi-
als is magnetization, that is, the magnetic moment per
unit volume, which is a vector quantity. Magnetic imag-
ing techniques [24–30] visualize magnetization states in
detail, including magnetization directions and magnetic
domains. Generally, such imaging methods determine
only the relative magnetization, while the absolute value
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of magnetization remains unknown. Measuring absolute
magnetization requires a separate measurement [31,32]
such as vibrating sample magnetometer (VSM) or super-
conducting quantum interference device (SQUID). For
samples with just a few atomic layers in depth or a few µm
in lateral size, these techniques can no longer be applied
since the magnetic flux from these small samples can-
not reach the detection limit. In this paper, we show a
simple magneto-optical imaging method for obtaining the
absolute value of magnetization using the parallel stripe
domains [12–14] formed by an electric current [17] in thin
magnetic films.

II. PAPALLEL STRIPE DOMAIN STATE

A schematic of parallel stripe domains in a thin film
with perpendicular magnetic anisotropy (PMA) is shown
in Fig. 1(a). Because of the PMA, up domains (+z magne-
tization, light gray) and down domains (−z magnetization,
dark gray) are repeated along the x direction with a rep-
etition number N. Such magnetization states are extended
in the y direction with length L and in the z direction with
thickness d. Following the definitions used in Ref. [14], the
structure parameters are: W, the width of one of the up or
down domains, and λ, the periodicity of the up and down
domains. Between the up and down domains, the magne-
tization rotates in space from either +z or −z toward the
x-y plane, becomes purely in-plane at the rotation center,
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FIG. 1. Parallel stripe domains. (a) Schematic of stripe
domains. Light (dark) gray indicates up (down) magnetization.
Pink arrows represent magnetization vectors. (b) Cross section
of stripe domains. Green arrows show the dipolar fields from
the domains. The lower image represents the dipolar field pro-
duced by uncompensated parts of the up domains at the center of
an arbitrary domain wall (dashed green line). (c) Dipolar fields
generated by the domain walls. (d) Normalized H dip,domain as a
function of N and L. (e) Simulation of (λ− 2W)/λ (=R) varia-
tion with respect to Hz . The inset shows the initial magnetization
state for the simulation with the PBC.

and then rotates to either −z or +z, respectively, starting a
new domain. These x-y aligned bands form the magnetic
domain walls, which are described by a normalized mag-
netization m = (mx, my , mz) when the wall center is x = 0
such as

mx(x) = sin(ψ)sech(x/�), (1)

my(x) = cos(ψ)sech(x/�), (2)

mz(x) = tanh(x/�), (3)

where � is the domain wall width and ψ is the in-
plane angle of the domain wall magnetization [13,14]. We
assume that the domain walls have chirality [33–36], that
is, the magnetization directions of the domain walls alter-
nate such that each is antiparallel to that of the nearest
neighboring domain wall on either side [Fig. 1(a)].

The application of an external magnetic field Hz in the
+z direction can change the magnetization states because
+Hz energetically prefers the up domains, leading them to
expand. Such expansions of the up domains are accompa-
nied by motion in the domain walls as is well known: a
nonzero perpendicular magnetic field induces domain wall
motion in PMA films [33,34]. To stop this domain wall

motion, this external Hz should be cancelled at the domain
wall by the dipolar field of the magnetization pattern.

III. STRIPE DOMAIN AND MAGNETIZATION

Now we consider the generation of this cancellation
field. The cancellation field can be generated by the dipo-
lar field of the up and down domains. To simplify this
problem, we change the continuous magnetization model
into a discrete model. A cross section of simplified stripe
domains is shown in Fig. 1(b) in which the domains and
domain walls are replaced with bar magnets. The width of
the domain wall bar magnet is π� because the integration
of cosh−1(x/�) from −∞ to +∞ yields π�. At the cen-
ter of a domain wall [dashed green line in Fig. 1(b)], the
up- and down-domain bar magnets generate dipolar fields
[hdip,domain, green arrows in Fig. 1(b)] in the z direction.
The dipolar fields of individual up and down bar magnets
have opposite signs and will cancel each other out, so the
remaining dipolar field (H dip,domain) at the domain wall cen-
ter is due to the excess of up-domain bar magnets over
down-domain bar magnets (caused by the energetic prefer-
ence for +z magnetization created by Hz). It can, therefore,
be expressed as the sum of the dipolar fields generated by
an array of these uncompensated +z bar magnets of width
λ–2W [Fig. 1(b), bottom]. In addition to H dip,domain, the
array of domain walls generates a dipolar field [hdip,wall,
green arrows in Fig. 1(c)] that prefer W = λ/2.

After some calculations (see Appendix A), we obtain the
following equation at the center of the domain wall.

μ0MS = 2λ
πd

Hz

R

/ [
sec2

(
π2�

2λ

)
+ π4

2

(
� sinψ
λ

)2
]

(for ψ �= 0, N → ∞, L/λ → ∞). (4)

Here, MS is the saturation magnetization and the unit is
A/m, μ0 = 4π × 10−7 T m/A, and Hz is the perpendicu-
lar magnetic field and the unit is T. In addition, in typical
PMA films,� (approximately 10 nm) is much smaller than
λ(� 200 nm) [15–17]. Thus, the simplest equation is

μ0MS = 2λ
πd

Hz

R
(for N → ∞, L/λ → ∞,�/λ → 0).

(5)

Here, R is (λ–2W)/λ. R represents a normalized area of
the uncompensated domain; R = +1 (W = 0) means a uni-
form magnetization state in the +z direction while R =−1
(W = λ) means a uniform magnetization state in the −z
direction. It is notable that the original form of Eq. (5)
can be found in previous studies [13,14,20–23]. How-
ever, these previous results use many normalized variables
that hide the important meaning of Eq. (5), which is
that imaging techniques can measure the absolute value
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of the magnetization because the techniques are already
appropriate for measuring λ and R.

It is also important that Eq. (5) implies that the problem
of measuring magnetization can be converted into measur-
ing two fundamental values in the International System of
Units (SI) [37]. If we use a well-defined coil structure with-
out a magnetic core to generate the magnetic field, then
only the geometry information of the coil (defined with
lengths) and the electric current in the coil determine the
magnetic field. As a result, only two fundamental values
of SI base units (ampere and meter) are required for mea-
suring MS. This differs from previous measurements such
as the VSM and the SQUID that require calibration with a
reference sample.

IV. APPLICATION LIMIT OF MS MEASUREMENT

We check the dependence of H dip,domain on the sam-
ple size because real samples are not infinite, unlike our
model (N , L/λ → ∞). Figure 1(d) presents the normal-
ized H dip,domain at the wall center obtained as a function
of N and L [see Eqs. (A1) and (A2) in Appendix A]. When
L/λ= N = 6, the stripe domain structure generates 90% of
Hdip,domain(N , L/λ → ∞). To generate 95% of the field, the
values of L/λ and N should be 12; for 98%, both values
should be 29.

We confirm these predictions by numerical simula-
tions using MUMAX3 micromagnetic software [38]. By
using the periodic boundary conditions (PBC), λ is fixed
(=1000 nm) (see Appendix B). The change in (λ–2W)/λ
(=R) with respect to Hz is presented in Fig. 1(e). The sim-
ulated graph is linear where |(λ–2W)/λ|< 0.2, and from
the linear relation we can obtain the slope (S): S = R/Hz.
This slope is in accordance with Eq. (5). Note that Eq. (5)
explains only the first-order dependence of R and Hz, but
Eq. (A11) in Appendix A includes the higher-order terms.

(a) (b)

FIG. 2. Simulation results for the expected MS . (a) 2λ/(πSd) as
a function of λ.μ0MS is depicted as a dashed line. (b) Normalized
S as a function of �/λ. λ is fixed to 100 nm and A is varied to
obtain different � values. The inset shows mz over one period of
the stripe pattern with �/λ= 0.1. The green line represents the
simple model of sine function mz .

The simulation results for the expected MS as a func-
tion of λ are shown in Fig. 2(a) (see Appendix B).
When λ≥ 300 nm, the ratio 2λ/(πSd) obtained from
the simulation result matches the value of μ0MS pre-
dicted by Eq. (5). If λ is small (≤200 nm), there is a
large difference between 2λ/(πSd) and μ0MS. Figure 2(b)
shows the normalized value of S as a function of �/λ,
when λ= 100 nm. The exchange stiffness constant A is
varied from 0.2 × 10−11 to 14.0 × 10−11 J/m to obtain
various � values. To measure the � values, we fit
Eq. (3) to mz. When �/λ is small (<0.03), Eq. (4)
describes the simulation results well (orange lines). How-
ever, when �/λ increases, S decreases significantly. This
means that there is an additional strong stabilizing force,
which is mainly generated by the exchange interaction.
The inset of Fig. 2(b) shows mz as a function of x
for one period of the stripe of �/λ= 0.1. We see that
mz is similar to mz(x) = −sin[πx/W] for 0 ≤ x ≤ W and
mz(x) = +sin[π (x–W)/(λ–W)] for W ≤ x ≤ λ. This assump-
tion leads to S ≈ (λ2M S)/(4π3A), and this S is represented
by the green line in Fig. 2(b).

V. PARALLEL STRIPE DOMAIN BY ELECTRICAL
CURRENT AND MOKE MEASUREMENT

We confirm our predictions experimentally using a
magneto-optical-Kerr-effect (MOKE) microscope [24].
MOKE microscopes are suitable for applying Eq. (5)
experimentally because the spatial resolution is limited to
approximately 500 nm. We fabricate Sub/Ta/Pt/Co40Fe40
B20/MgO/Ta PMA thin films with electrodes (see
Appendix C). Without the electric current, the sam-
ple shows a random labyrinthine domain configuration
[Fig. 3(a)] at zero Hz. Such a labyrinthine state can be
changed to the parallel stripe state [Figs. 3(b) and 3(c)]
by applying an electric current, because the parallel stripe
configuration originates from minimizing the spin torques
[15,39,40]. The parallel stripe formation is not easy for
a material with strong perpendicular magnetic anisotropy.
But the enhancement of the spin torque is favored in the
area of magnetization switching and domain wall motion,
which results in easier formation of the stripe domain.
Such a parallel stripe configuration should be described
well by our simple stripe domain model and is, there-
fore, useful for showing the change in W depending on Hz.
The current exerts a force that tilts the domain magneti-
zation from the z axis [34], in deviation from our model,
and such tilting reduces H dip,domain. However, the expected
tilting (approximately 1°) is sufficiently small that it can
be ignored. From the images, we measure W and λ as a
function of Hz. Figure 3(d) plots R [=(λ–2W)/λ] vs Hz to
find S. We fit the data within the range |(λ–2W)/λ|< 0.2
and obtain S = 4.23 ± 0.08 mT−1. This graph is almost the
same as a normalized hysteresis curve. Figure 3(e) plots
the variation in λ with Hz, and shows an almost constant
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FIG. 3. MOKE image of stripe domains. The sample is Si −
(SiO)2 − Ta (3 nm)–Pt (3 nm)–Co40Fe40B20 (0.8 nm)–MgO
(1.5 nm)–Ta (2 nm) PMA film. (a) Demagnetization state with
Hz = 0. Light (dark) gray represents up (down) magnetization.
(b),(c) Demagnetization states with nonzero Hz and nonzero elec-
tric current (I ). |Hz| = 0.04 mT and I = 0.11 A. Assuming that
the current does not flow into the MgO layer but flows uniformly
to the rest of the layer, the current density is 4.2 × 109 A/m2. (d)
(λ–2W)/λ (=R) with respect to Hz . The green line is a linear fit.
(e) λ as a function of Hz . The green line represents λ= 5.65 µm.
The error bars are obtained from the entire image.

λ (=5.65 ± 0.12 µm) where |Hz|< 0.02 mT. Therefore,
the obtained MS is 0.85 ± 0.04 MA/m, which is similar to
that of the Pt − Co40Fe40B20 − MgO structure (0.9 MA/m)
measured by VSM [17,31].

VI. EXPERIMENTS AND IMAGE PROCESSES

Here, we explain some tips for the experiments. First
of all, the magnetization image should be captured in the
local energy minimum state (or stabilized state) for each
Hz value. Applying a constant Hz will eventually result
in a stabilized state, but may take a relatively long time.
To reduce the time of the experiments, we can quickly
change the magnetization state by applying an additional
oscillating magnetic field of small amplitude.

After capturing the magnetic image, λ can be obtained.
The raw magnetic image (I) contains intensity data as a
matrix with index (i,j ), where i and j are the position
indices on the x and y axes, respectively. Ii,j is the intensity
at (i,j ). It is easy to measure λwhen the current leads to the
parallel stripe state because we can fix j and scan Ii,j along
i to count the number of times the Ii,j value is reversed. If
no current is available and a randomly mixed stripe state
is formed, then λ can be obtained using the Fourier trans-
forms [13] because the randomness has little effect on the
overall results [41].

The basic method of determining R is to measure the
normalized hysteresis loop for Hz. We know that this is
a well-known method of imaging tools [14,23,24], and
therefore, most imaging tools are ready to measure the
magnetization. The loop signal is obtained from the sum
of all intensity data

∑
i,j

Ii,j in the image. If Hz is large

enough, the magnetization is in the saturated state in the
+z or −z direction, which also results in saturation of
the loop signal. Using these saturation values, R can be
obtained by normalizing

∑
i,j

Ii,j . Because of the effect of

a nonzero �, a correction factor is required for the value
obtained in the loop to be a valid R. However, the correc-
tion is negligible when λ � 10� (see Appendix D). This
basic method is useful when the resolution of the imag-
ing tool is not sufficient to distinguish the detailed stripe
structure.

When the resolution of the imaging tool is sufficient
to observe the detailed magnetization states, it is possi-
ble to obtain R from I using two intensity images (I+ and
I−). A sufficient Hz can produce I+ and I−. I+ (I−) is
the intensity data of the uniform + z (−z) magnetization.
Then, we compare I and (I+ + I−)/2 at each position (i,j )
to determine the local value of R: Ri,j. For example, when
I+
i, j> I−

i, j , Ii, j > (I+
i, j + I−

i, j )/2, this means Ri,j =+1 and
when Ii, j < (I+

i, j + I−
i, j )/2, it means Ri,j =−1. The average

of all Ri,j will give the R in Eq. (5).
Although this method is conceptually simple, the actual

situation can have some distortion in the raw image due to
sample drift and intensity fluctuations in the light source.
Among these, the change in the light source intensity
over time is more important because the magnetic signal
depends directly on the latter. Figure 4(a) shows exam-
ples of intensity data (I+, I−, and I) along the red line
in Fig. 3(b). We can see that most values of I exceed
(I+ + I−)/2 (black dashed line) and this results in an invalid
R value. Assuming that this is due to the intensity of
the light source varying with time, a correction factor (η)
can be introduced. Simply, this changes I to ηI. Then, a
test function (f ) can be introduced. This function quan-
titatively shows how different Ii, j is from I+

i, j and I−
i, j

in the entire image: f (η) = ∑
i,j

[(I+
i, j −ηIi, j )

2
(I−

i, j −ηIi, j )
2].

The function f (η) is always positive and equals 0 only
when all Ii, j values are equal to either I+

i, j or I−
i, j for

all (i, j ). If Ii, j are far from I+
i, j or I−

i, j , f (η) increases.
Therefore, a suitable η can be found to minimize f (η).
Figure 4(b) shows f (η) as a function of η and the
best value of η is indicated by the black arrow. This
η also modifies I properly [Fig. 4(a), black solid line].
We call this process Method 1 and this method is used
in Fig. 3(d).

In some experimental situations, it is impossible to
obtain I+ and I− because a large Hz is not possible. Then, I
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FIG. 4. Image processes. (a) Intensity data of the red line
in Fig. 3(b). (b) Values of f (η) as a function of η. (c)
Obtained R of Fig. 3(b) and comparison between Method 1
and Method 2 with respect to lc. (d) The effect of the lin-
ear slope in intensity. Black lines represent intensity signals.
Red dots show the position where local Ri ,j = 0. Red dashed
lines represent maximum and minimum values of the inten-
sity in the red boxed area with R = 0. Blue dashed lines
show the maximum and minimum intensities with R> 0. Green
lines are the averaged values of maximum and minimum
values.

has to get R on its own. In this situation, Ii,j should be com-
pared with neighboring data. We call this process Method
2. For example, if we select the position in Fig. 3(b)
marked with a red dot, we can cut the red box area to the
size of lc × lc. The red dot is placed in the center of the box.
In this boxed area, the maximum value (Imax) and the min-
imum value (Imin) can be found and (Imax + Imin)/2 can
determine the value of Ri,j at the red point. We can expect
this method to be valid when lc>λ. However, λ varies
depending on the location, so a larger lc is required to
obtain the correct R at the position with a larger λ. There-
fore, for R to have the correct value in the whole image,
lc has to be larger than the maximum value of the local λ
(λmax) [Fig. 4(c)]. An additional increase in lc from λmax
results in noise reduction, which makes the value of R
more accurate. The R obtained by Method 2 for lc ≈ 7λ
is nearly consistent with the value in Method 1. How-
ever, any further increase in lc reduces this consistency.
We think this is because the light source intensity varies
from position to position in the image. The distribution of
this intensity would be a function that varies slowly with

location and generates a background signal in I. The effect
of an additional linear variation in I is shown in Fig. 4(d).
The red dots indicate the positions where Ri,j is exactly 0.
When R = 0, the linear slope in I causes opposite offsets
to Imax and Imin, and consequently (Imax + Imin)/2 does not
change. Therefore, Ri,j at the red dot becomes 0. However,
when R> 0, the offsets of Imax and Imin do not cancel each
other in (Imax + Imin)/2, and Ri,j becomes −1. This will
reduce the measured R. When the background intensity has
higher-order terms such as x3, the effect of the background
intensity increases with lc.

VII. CONCLUSION

In conclusion, we show the feasibility of characteriz-
ing the absolute value of magnetization of ultrathin PMA
films by imaging stripe domains. Magnetic dipolar fields
from the magnetic domains are the main origin of stripe
formation, and an unequal ratio of up domains to down
domains generates an uncompensated dipolar field on the
magnetic domain walls. If we apply an external mag-
netic field to cancel the dipolar field, we can change
the ratio of up domains to down domains. In addition,
applying an electric current encourages stripe domains
parallel to the current direction, which makes it easy
to measure the periodicity of the stripes and the stripe
width. As a result, we can measure the absolute value
of magnetization by the simple observation of domain
images. This type of external parameter-induced change
in the ratio of stripe patterns could be applied to other
physical systems to measure the absolute value of order
parameters.
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APPENDIX A: DERIVATION OF ANALYTIC
EQUATIONS

If we assume that the distance from the domain wall to
the uncompensated bar magnet is much larger than λ–2W,
then the bar magnet can be treated as a line dipole. There-
fore, the total dipolar field, H dip,domain (in T), in the z
direction at the domain wall center is

Hdip,domain = −πμ0MS(λ− 2W)d
2λ2 F

(
N ,

L
λ

,
π�

2λ

)
,

(A1)
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F(N , l, δ)

= 1
π2

⎡
⎣(N−1)/2∑

n=0

l

(n + 1/2 − δ)2
√

l2 + 4(n + 1/2 − δ)2

+
(N−2)/2∑

n=0

l

(n + 1/2 + δ)2
√

l2 + 4(n + 1/2 + δ)2

⎤
⎦ .

(A2)

Here, MS is the saturation magnetization and μ0 =
4π × 10−7 T m/A. When N,l → ∞, F(N , l, δ) → sec2

(πδ), so the assumption that the stripe domain pattern
continues to infinity in both directions results in

Hdip,domain (N , L/λ → ∞)

= −πμ0MS(λ− 2W)d
2λ2 sec2

(
π2�

2λ

)
. (A3)

Now, we consider H dip,domain + Hz = 0 as the cancellation
condition, and then we obtain

μ0MS = 2λ
πd

Hz

R
/sec2

(
π2�

2λ

)
(for ψ = 0, N → ∞, L/λ → ∞). (A4)

Here, R is (λ− 2W)/λ.
In addition to H dip,domain, the array of domain walls also

generates a dipolar field in the x direction. Figure 1(c)
shows the dipolar fields (green arrows, hdip,wall) generated
by the domain walls. At the center of a certain domain
wall (dashed green line), the sum of these dipolar fields
generated by the infinite stripes, H dip,wall, can be writ-
ten as follows using the line dipole assumption (L/λ →
∞, �/λ → 0)

Hdip,wall = sinψ
μ0MSd�

2

×
[N/2∑

n=1

(
1

(nλ+ W − λ)2
+ 1
(nλ− W)2

)

−
(N−1)/2∑

n=1

2
(nλ)2

]
. (A5)

Inserting N → ∞ yields

Hdip,wall = sinψ
π2μ0MSd�

2λ2

(
csc2

(
πW
λ

)
− 1

3

)
,

= sinψ
π2μ0MSd�

2λ2

(
sec2

(
πR
2

)
− 1

3

)
. (A6)

Under this H dip,wall, a unit domain wall energy (edip,wall) as
a function of R is

edip,wall = π�d sinψMSHdip,wall

= sin2ψ
π3μ0MS

2d2�2

2λ2

[
sec2

(
πR
2

)
− 1

3

]
.

(A7)

Differentiation of this energy by R gives an effective
stabilizing force to make R = 0.

−∂edip,wall

∂R
= −

(
� sinψ
λ

)2
π5μ0MS

2d2

4
R + O(R3).

(A8)

We can convert such a stabilizing force into an effective H z
because stabilizing motion always occurs along the x direc-
tion likely by H z-induced domain wall motions. The other
energy by H z is −MSHzdλR = eHz and differentiation by
R produces the force induced by H z.

−∂eHz

∂R
= −∂(−MSHzdλR)

∂R
= MSHzdλ. (A9)

We can think about the compensation condition of these
two forces to stop the wall motion. Taking up to the first
order of R in the above two equations gives

Hz =
(
� sinψ
λ

)2
π5μ0MSd

4λ
R

= μ0MS
πd
2λ

[
π4

2

(
� sinψ
λ

)2
]

R. (A10)

This shows the pure contribution of H dip,wall in Eq. (4).
The relative magnitude of this effect compared with
that of H dip,domain is (π4/2)(� sinψ/λ)2, which modifies
Eq. (A4) to Eq. (4). Of course, the energy minimiza-
tion by using ∂(edip,domain + eHz + edip,wall)/∂R = 0 with
edip,domain = −MSHdip,domaindλR also yields Eq. (4). Note
that if we assume the magnetizations of all domain walls
become parallel by applying a sufficient in-plane (x-y
plane) magnetic field that reverses the sign of the left-hand
side of Eq. (A10), this means H dip,wall produces a destabi-
lizing force on the domain wall. For example, if we assume
that all domain wall magnetization directions are +x,
Hdip,wall becomes (π2μ0MSd�/2λ2)[sec2(πR/2)+ (1/3)].
As a result, edip,wall = −(π3μ0MS

2d2�2/2λ2)[sec2(πR/2)
+ (1/3)] and this reverses the sign of the coefficient of R
in Eq. (A10).

It is also notable that Eq. (5) contains only the first-order
contribution of R on Hz. This result mainly comes from the
line charge assumption. Higher-order terms of R can be
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obtained by the integration of H dip,domain over the x direc-
tion because an uncompensated domain has the finite width
of λ–2W [Fig. 1(b)]. The result is

μ0MS = λ

d
Hz

tan(πR/2)

(for N → ∞, L/λ → ∞,�/λ → 0). (A11)

This equation explains the simulation data in Fig. 1(e)
(green dots) very well.

APPENDIX B: MICROMAGNETIC SIMULATIONS

We use MUMAX3 micromagnetic software [38]. For
Fig. 1(e), the material parameters are: saturation magne-
tization (MS), 800 × 103 A/m; exchange stiffness constant
(A), 1.5 × 10−11 J/m; perpendicular anisotropy constant
(K), 0.8 × 106 J/m3; thickness (d), 1 nm; structure size (lx,
ly , lz), 1000 × 100 nm2 × d; cell size for micromagnetic
simulation, 2 × 100 nm2 × d; repetition numbers for the
PBC, (400, 4000, 0). The initial magnetization state is set
to half-up and half-down with λ= lx [inset of Fig. 1(e)].
Because of the PBC, λ is fixed to lx for the duration
of the simulation. For Fig. 2(a), λ is imposed by a dif-
ferent lx. A different ψ can be achieved by setting the
interfacial Dzyaloshinskii-Moriya interaction D as 0 (for
ψ = 0°) or 1 mJ/m2 (for ψ = 90°) [33–35]. For Fig. 2(b),
λ= lx = 100 nm and A is changed to obtain different values
of �.

APPENDIX C: SAMPLES AND MOKE
MEASUREMENTS

Conventional sputtering systems and photolithography
processes are used to produce Si − (SiO)2−Ta (3 nm)–Pt
(3 nm)–Co40Fe40B20 (0.8 nm)–MgO (1.5 nm)–Ta (2 nm)
PMA films that are 3-mm wide and 600-µm long. Two
Au electrodes are deposited at each end of the magnet to
allow the flow of an electric current in the length direction.
Figures 3(a)–3(c) show MOKE images. The background
image with −z magnetization is subtracted. Light (dark)
gray represents +z (−z) magnetization.

APPENDIX D: CORRECTION FACTOR FOR RLOOP

The simplest expression of normalized perpendicular
magnetization in one period of the stipe is

mz = − tanh
( x
�

)
+ tanh

(
x − W
�

)
− tanh

(
x − λ

�

)
(for 0 ≤ x ≤ λ). (D1)

The integration of mz/λ in 0 ≤ x ≤ λ yields Rloop (R from
the normalized hysteresis loop).

Rloop = 1
λ

∫ λ

0
mzdx = �

λ
ln

[
cosh

(
W − λ

�

)
sech

(
W
�

)]
.

(D2)

The Taylor expansion of Rloop near W = λ/2 with
R = 1 − 2W/λ results in

Rloop = R tanh
(
λ

2�

)
− R3

3

(
λ

2�

)2

sech2
(
λ

2�

)
tanh

×
(
λ

2�

)
+ O(R5). (D3)

When λ/(2�)→∞, tanh(λ/2�) → 1, (1/3)(λ/2�)2sech2

(λ/2�) tanh(λ/2�) → 0, and Rloop → R. In detail, when
λ= 10�, tanh(λ/2�) = 0.99991 and (1/3)(λ/2�)2sech2

(λ/2�) tanh(λ/2�) = 0.00151.
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