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We report on the controlled switching of domain-wall (DW) magnetization in aligned stripe-domain
structures, stabilized in [Co(0.44 nm)/Pt(0.7 nm)]X (X = 48, 100, 150) multilayers with perpendicular
magnetic anisotropy. The switching process, induced by an external magnetic field, is monitored by mea-
suring the evolution of the in-plane magnetization. We show that the remanent in-plane magnetization
originates from the polarization of the Bloch-type DWs. With micromagnetic simulations, we reveal that
the reversal of the DW polarization is the result of the emergence and collapse of horizontal Bloch lines
within the DWs at particular strengths of the external magnetic field, applied opposite to the DW polar-
ization. Our findings are relevant for DW-based magnonics and bubble-skyrmion applications in magnetic
multilayers.
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I. INTRODUCTION

Magnetic multilayers (MLs) with perpendicular mag-
netic anisotropy (PMA) are synthetic materials with highly
tunable properties. The accurate control of the magnetic
properties in these heterostructures is realized by adjust-
ing their design parameters, e.g., the ML periodicity, fer-
romagnetic sublayer thickness, and number of repeats.
Over the years, these materials have found wide use in
many fields, such as data-storage technology [1,2], non-
volatile logic [3], spintronics [4,5], magnonics [6–9], and
biotechnology [10].

There is particular interest concerning magnetic MLs
with a high quality factor, Q = Ku/Kd, which represents
the ratio between the PMA energy density at in-plane
saturation, Ku, and the magnetostatic energy density at
out-of-plane saturation, Kd = (1/2)μ0M 2

s , where μ0 is the
vacuum magnetic permeability and Ms is the saturation
magnetization. In MLs with Q � 1, the ground state is a
single-domain state with magnetization lying in the plane
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of the film. In the case of strong PMA (Q � 1), the compe-
tition between long-range magnetostatic interactions and
short-range exchange interactions results in the formation
of magnetic domains with “up” and “down” magnetiza-
tion, which can form labyrinth patterns, aligned stripe
domains, or cylindrical magnetic bubble domains [11,12].
The control of such magnetic states by external stimuli,
such as a magnetic field, an electric current, or tempera-
ture, offers vast perspectives for fundamental research and
applications.

MLs with PMA have been reconsidered recently as
host materials for bubble skyrmions, i.e., bubble domains
with defined domain-wall (DW) chirality in the presence
of interfacial Dzyaloshinskii-Moriya interaction (IDMI).
The IDMI is induced by asymmetric interfaces, such as
Ir/Fe/Co/Pt or Pt/Co/Ir [3,13].

The well-established MLs with symmetric interfaces,
such as Co/Pt or Co/Pd, still offer rich perspectives. A
high spin-orbit-torque efficiency in combination with the
robust thermal stability can be realized using metallic MLs
for spintronic applications [14–16]. On the other hand,
aligned stripe-domain structures stabilized in these MLs
have been suggested as media for spin-wave propagation
[6–9,17]. This opens up perspectives for current-controlled
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reconfigurable magnonic devices, operated at high fre-
quency and with low power consumption [17].

The direction of the domains can be reconfigured using
an external magnetic field or electric current [17–19].
Besides the stripe-domain direction, the magnetization ori-
entation inside the DWs can be another degree of freedom
to control the characteristics of the spin waves localized
in the DWs [6–9]. In this work, we investigate the con-
cept and report on internal switching of the DW polarity,
induced by in-plane magnetic fields, in Co/Pt MLs with
strong PMA. The switching is accompanied by the emer-
gence of horizontal Bloch lines (HBLs) inside the DWs
of aligned stripe domains. The concept of a HBL has been
well established for garnet films and other bubble materials
[20,21]; however, it has not yet been reported for magnetic
MLs.

Using vibrating-sample magnetometry (VSM), we study
the magnetization reversal inside the DWs by performing
in-plane minor-hysteresis-loop series with the field applied
parallel to the stripe-domain long axis. These measure-
ments reveal a cascade of transitions leading to a steplike
evolution of the in-plane remanent magnetization as a
function of the previously applied field. We argue that
the observed behavior in our system generally applies for
PMA MLs with symmetric interfaces. This argument is
supported by the reproducibility of such a cascade of tran-
sitions in a sample series with different thicknesses. Our
study further comprises experimental measurements with
magnetic force microscopy (MFM) and Lorentz transmis-
sion electron microscopy (LTEM), as well as micromag-
netic simulations, which allow us to reveal fine details
of the magnetization-reversal processes inside individual
domain walls.

The paper is organized as follows. We first outline the
sample preparation and experimental techniques, includ-
ing the method for the stripe-domain alignment. Then we
discuss the in-plane magnetization minor loops and the
remanent-magnetization behavior as a function of the pre-
viously applied field, along with supporting MFM and
LTEM images. Finally, we show the results of micromag-
netic simulations and provide a comprehensive picture of
the magnetization-reversal processes and the role of HBLs.
These results contribute to a fundamental understanding of
DW magnetic polarization and switching in PMA MLs,
inspiring their research and applications with symmetric
and asymmetric interfaces.

II. EXPERIMENTAL DETAILS

The [(Co(0.44 nm)/Pt(0.7 nm)]X , X = 48, 100, 150 ML
films are fabricated at room temperature by dc-magnetron
sputter deposition at 0.4 Pa Ar atmosphere in an ultrahigh-
vacuum system (ATC 2200, from AJA International Inc.).
We use Si substrates with a 100-nm-thick thermally oxi-
dized (SiO2) layer. Prior to the multilayer deposition, a

1.5-nm Ta layer is grown for adhesion purposes. A sub-
sequent 5-nm- or 20-nm-thick Pt buffer serves as a seed
layer for inducing a preferred (111) texture of the Co/Pt
MLs, which supports larger and more uniform PMA. The
ML samples are finally capped by 2-nm Pt to avoid surface
oxidation. Magnetic measurements are performed at ambi-
ent temperature on a commercial Microsense EZ7 vibrat-
ing sample vector magnetometer (VSM), equipped with
an electromagnet, and a goniometer for angle-dependent
measurements. For magnetic domain imaging, we use a
Bruker Dimension Icon magnetic force microscope. All
MFM images are recorded at room temperature and zero
magnetic field.

The DW-magnetization imaging is performed using
LTEM. For the LTEM experiments, the [(Co(0.44
nm)/Pt(0.7 nm)]48 ML is fabricated on a silicon nitride
TEM grid using a 5-nm Pt buffer layer in order to reduce
absorption. The LTEM investigation is performed with
a JEOL NEOARM TEM (JEM-ARM200F), operated at
200-keV beam energy, in the Lorentz mode. Images are
taken with a Gatan OneView camera. No further treatment
(such as plasma cleaning) is applied to the samples.

The aligned stripe-domain states in all the samples are
prepared using a specific ac-demagnetization (ACD) rou-
tine, namely by alternating the magnetic field direction
parallel to the sample surface, with subsequent reduction
of the field amplitude from 1600 mT down to 2 mT in 2%
steps. This routine brings the sample into a fully demagne-
tized state, which is characterized by zero remanence. The
saturation magnetization of all samples is measured using
the VSM and calculated to be Ms = 0.77 ± 0.07 MA/m.
The PMA constant is determined from the in-plane sat-
uration field of a ML with a structure identical to that
of the samples investigated here but with smaller X =
12 (yielding a square out-of-plane hysteresis). We obtain
Ku ≈ 0.6 MJ/m3, leading to the value Q ≈ 1.6; therefore,
the strong stripe-domain criteria are met for all samples
investigated here [20–23].

III. RESULTS

Before discussing our results in detail, we briefly recall
studies from the late 1980s, when the magnetic domain
structures in garnet films were intensively investigated for
magnetic bubble-memory applications [24–27]. Back then,
it was demonstrated that in high-Q films, the magneti-
zation inside the DWs between aligned stripe domains
can be switched by applying an in-plane magnetic field.
Moreover, it was shown that the switching of the DW
polarity does not affect the magnetic structure and stabil-
ity of the stripe domains [24–27]. Here, we show that a
similar switching process takes place in magnetic MLs.
However, the mechanism of the switching is different to
the one proposed in Refs. [24,25].
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Magnetic hysteresis loops for the [Co(0.44 nm)/Pt(0.7
nm)]X MLs are presented in Figs. 1(a) and 1(b) for X = 48
and X = 100, respectively. Both samples exhibit a simi-
lar magnetic response that is typical for MLs with PMA
[28–30]. The magnetization measured in the out-of-plane
geometry shows easy-axis behavior, as expected for MLs
with Q � 1. At remanence, the system evolves into a
labyrinth-type domain structure with almost equal widths
of “up” and “down” domains, shown in the top-left inset
of Fig. 1(a). In the in-plane geometry, the magnetization
shows hard-axis behavior, however, with nonzero rema-
nence [see the bottom-right insets in Figs. 1(a) and 1(b)].
There, the magnetic domains evolve to a mixed state
consisting of short and elongated stripe domains in com-
bination with some bubble domains [top-left inset of
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FIG. 1. Magnetic hysteresis loops measured with magnetic
field applied perpendicular (black circles) and parallel (blue cir-
cles) to the [Co(0.44 nm)/Pt(0.7 nm)]X multilayer surface for (a)
X = 48 and (b) X = 100. The bottom insets show an enlarged
view of the corresponding hysteresis loop at small magnetic
fields. The top insets are schematic illustrations adapted from
approximately 2μm × 2μm-sized MFM images for the multido-
main state at remanence, Hext = 0, after (a) out-of-plane and (b)
in-plane magnetic saturation.

TABLE I. The total magnetic film thickness t, the normal-
ized remanent magnetization, mr = Mr/Ms, the DW saturation
field, μ0Hcr1, the DW magnetic activation field, μ0Hcr2, the aver-
aged stripe-domain width, λ, and the effective DW width, �, for
[Co(0.44 nm)/Pt(0.7 nm)]X multilayers with X = 48, 100, and
150.

X = 48 X = 100 X = 150

t 55 nm 114 nm 171 nm
mr 0.135 0.12 0.09
μ0Hcr1 240 mT 200 mT 250 mT
μ0Hcr2 50 mT 40 mT 37 mT
λ 80 ± 5 nm 91 ± 5 nm 115 ± 5 nm
� 22 ± 2 nm 22 ± 2 nm 20 ± 2 nm

Fig. 1(b)], when the magnetic field is decreased from sat-
uration to zero. The normalized remanent magnetization
mr = Mr/Ms (Mr being the magnetization at zero field)
decreases slightly with X (see Table I), indicating a weak
dependence on the sample thickness.

In the following, we demonstrate that the remanent
magnetization measured parallel to the stripe-domain long
axis originates from the magnetization inside of Bloch-
type DWs. As shown in Fig. 2(a), after the ACD proto-
col, the samples exhibit parallel stripe domains aligned
along the magnetic field direction. In contrast to the case
where we reduce the in-plane field directly from satura-
tion to zero (Fig. 1), we now observe a vanishing remanent
magnetization [see the state marked by “(I)” in Fig. 2(d)].

The aligned stripe-domain structure in Fig. 2(a) exhibits
a domain period of 160 ± 10 nm. Figure 2(b) shows the
LTEM magnetic DW contrast for these stripe domains and
Fig. 2(c) is the corresponding fast Fourier transformation
(FFT). The irregular contrast of the LTEM image and the
broad peaks in the FFT indicate a random alignment of the
in-plane Bloch-wall component of different DWs (along
the two possible directions), which is expected after ACD.

In a second step, we then apply a moderate in-plane field
along the stripe-domain direction in order to align all the
Bloch components of the DWs into one of the two pos-
sible orientations and then reduce the field back to zero.
We now pick up a significant remanent in-plane moment
(mr = 0.135) along the stripe-domain direction, as is visi-
ble for state “(II)” in Fig. 2(d). The MFM image, shown in
Fig. 2(e), has not changed in any significant way and the
domains are still in a fully aligned state with the period of
160 ± 10 nm. However, the LTEM image [Fig. 2(f)] now
shows, at normal incidence of the electrons—where we are
only sensitive to the projected in-plane magnetic induction
and hence to in-plane Bloch-wall components—a much
narrower stripe pattern with a well-defined period of 75 ±
5 nm [Fig. 2(g)]. This confirms that all the Bloch compo-
nents of the DWs are now pointing in the same direction
and thus result in a period of 75 ± 5 nm, which coincides
with half of the domain-pattern period obtained from the
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FIG. 2. (a) A MFM image of the aligned stripe-domain state and (b) the LTEM magnetic contrast with a corresponding (c) FFT
of the magnetization inside the DWs in the [Co(0.44 nm)/Pt(0.7 nm)]48 sample. Initially, the sample is in an in-plane ACD state. (d)
Minor hysteresis loops up to 290 mT (red line) and 400 mT (blue line). The field is applied parallel to the stripe domains, starting
from the demagnetized state (I). The states (I) and (II) marked in the loops correspond to the domain states presented in (a) and (b)
and then (e) and (f), respectively. (e) A MFM image of stripe domains recorded at zero field after exposing the demagnetized sample
to a field of 300 mT, (f) the corresponding LTEM magnetic contrast of the DWs, and (g) its FFT. (i) The LTEM contrast and (j) the
corresponding FFT for a sample region inclined with respect to the normal incidence of the electrons. The tilt axis is schematically
depicted by the dashed line in (i). In that case, the LTEM contrast emerges from the out-of-plane domains and gets superimposed onto
the LTEM contrast from the DWs. (h) The intensity amplitudes of the LTEM contrasts in (f) (blue line) and in (i) (red line). All MFM
and LTEM images are recorded at zero magnetic field and at room temperature but at different locations on the sample.

MFM images (within the error bars determined by the FFT
peak broadening).

Figure 2(i) shows the magnetic contrast from an inclined
region of the membrane with respect to the electron beam.
In that case, electrons penetrate the sample with an angle
to the surface normal and thus experience some addi-
tional deflection due to the in-plane magnetic induction
components of the domains themselves. In such a geom-
etry, we now see both periods, the 150-nm period from
the domains superimposed on the 75-nm period from the
“artificially aligned” DWs [Fig. 2(j)]. This is also clearly
visible in the comparison of the LTEM image line pro-
files of normal incidence [Fig. 2(f), blue] versus inclined
incidence [Fig. 2(i), red] regions, displayed in Fig. 2(h).
Indeed, the red curve exhibits an additional sinusoidal
150-nm modulation as compared to the blue curve. The
original ac-demagnetized sample does not show any vis-
ible periodicity of 75 nm. As a result, we can conclude
that the nonzero remanent in-plane moment measured
along the stripe direction originates from the polarized DW
magnetization.

Having confirmed that the remanent in-plane magnetiza-
tion originates from the Bloch-type DW polarization, we
study the characteristics of the DW magnetic switching.
In the following, if not otherwise mentioned, we present
and discuss data for in-plane magnetic fields applied

parallel to the stripe-domain long axis. The minor-loop
series for MLs with X = 48, 100, and 150 are displayed
in Figs. 3(a)–3(c), respectively. With an increasing mag-
netic field, the magnetization increases and reveals a hys-
teretic behavior with an opening between ascending and
descending branches of the minor hysteresis loops. As
soon as the maximum magnetic field, Hm, in the minor-
loop series overcomes Hcr1 [μ0Hcr1 = 240 mT for X =
48; see Figs. 2(d) and 3(a)], the descending branch of
the loop shows constant remanence, which is indepen-
dent of Hm. The positive slope above Hcr1 results from
the continuous and reversible rotation of the magnetiza-
tion inside the domains toward the external magnetic field
direction [24,25,29,31,32]. All samples show switching
from a zero-point demagnetized state to a finite remanent-
magnetization state at Hm > Hcr1. The critical field Hcr1
and the remanent magnetization for all MLs are summa-
rized in Table I.

For small fields Hm ≤ Hcr2 (μ0Hcr2 = 50 mT for X =
48), on the other hand, the magnetization shows a lin-
ear and reversible response to the field. Accordingly,
the remanent moment remains zero, as is also visible in
Fig. 3(d), which presents the plot of mr as a function of
Hm. The remanent magnetization for all samples shows
a characteristic double-step behavior as a function of Hm
until Hm overcomes the critical field Hcr1 [see the plot in

034016-4



CONTROL OF STRIPE-DOMAIN-WALL MAGNETIZATION... PHYS. REV. APPLIED 16, 034016 (2021)

Maximal field µ0Hm  (mT) Sample angle ψ (deg) µ0Hm  (mT)

R
em

an
en

t m
ag

ne
tiz

at
io

n 
M

r/M
s

M
ag

ne
tiz

at
io

n 
M

/M
s

ψ

0 100 200 300 0 45 90 135 180 –250 –125 0 125 250

Magnetic field µ0Hext (mT)Magnetic field µ0Hext (mT)Magnetic field µ0Hext (mT)
–100 2001000–200 –100 2001000–200 –100 2001000–200

(a) (b) (c)

(d) (e) (f)

X = 48 X = 100 X = 150

0.0

0.2

0.4

–0.2

–0.4

0.00

0.05

0.10

–0.05

–0.10

–0.15

0.15

280
180
120
50

µ0Hm  (mT)
280
180
120
50

µ0Hm  (mT)
290
200
150
100

µ0Hm  (mT)

50

Hcr2

Hcr1

X = 48
X = 100
X = 150

X = 48
X = 100
X = 150Hm

Mr

Hm

Mr

µ0Hext (mT)

~0.09
~0.12~0.135

µ0Hext  (mT)
0 50 100

0.0

0.1

0.2

M
/M

s

0 50 100

0.0

0.1

0.2

M
/M

s

0 50 100

0.0

0.1

0.2

M
/M

s

Hcr1

Hcr1

Hcr2

Hcr2

µ0Hext  (mT)

FIG. 3. The magnetic minor-loop series with different maximum magnetic fields, Hm, for [Co(0.44 nm)/Pt(0.7 nm)]X multilayers
with (a) X = 48, (b) X = 100, and (c) X = 150. The field is applied parallel to the long axis of the stripe domains, which are created
by previous in-plane ACD. The insets in (a)–(c) present the DW-magnetization behavior as a function of the magnetic field varied
through the inflection point associated with the critical field Hcr2. Note that with increasing X , the minor loops exhibit an opening.
(d) The normalized remanent magnetization as a function of the previously applied field, μ0Hm, starting from the aligned stripe state
stabilized by ACD. The inset shows in detail the initial state after ACD (hollow circle), the state at maximum field (solid circle),
and the final state at remanence (triangle), which is displayed in the main plot of (d). (e) The angular dependence of the in-plane
remanent magnetization of the aligned stripe domains, where ψ = 0 corresponds to an angle to the direction parallel to the stripes. The
black arrow in the insets indicates the direction along which the remanent magnetization is measured. (f) The normalized remanent
magnetization as a function of the maximum applied magnetic field, μ0Hm, varied between +300 mT and −300 mT and back. In
contrast to (d), in these measurements, the initial state is an in-field state (see the hollow circle in the inset). Note that all data points in
(d), (e), and (f) are taken at zero magnetic field and that all three graphs have identical y-axis scales.

Fig. 3(d)]. Another plateau appears at Hcr2 < Hm < Hcr1
[Fig. 3(d)], corresponding to approximately 20%–30% of
the maximum remanent moment. This plateau represents
an intermediate stable DW-polarization remanent state.
The associated energy barriers for the DW-magnetization
reversal in the vicinity of Hcr1 and Hcr2 are modeled and
discussed below. Note that the irreversibility point in the
major in-plane magnetic hysteresis loops in Figs. 1(a)
and 1(b) occurs at a higher field of approximately 720 mT,
showing that domain deformation requires larger magnetic
field energies as compared to DW switching.

We further investigate the direction of the total net
in-plane remanent magnetization by measuring mr for
different in-plane angles ψ between the stripe-domain long
axis and the VSM pick-up coil axis [see Fig. 3(e)]. Prior

to this measurement, the sample is brought into a stripe-
domain state by ACD and then a field of 300 mT (which is
above Hcr1 for all samples) is applied along the stripe axis.
For ψ = 0◦, the moment is measured parallel to the previ-
ously applied field, which gives the maximum signal from
the polarized DWs. For ψ = 90◦, on the other hand, the
signal vanishes. This shows that the net in-plane moment
in our system is indeed parallel to the stripe DWs and can
be identified as the DW Bloch components polarized in one
direction by the previously applied magnetic field protocol.

So far, we have discussed the DW-magnetization behav-
ior starting from the fully demagnetized state after the
ACD protocol to the polarized state. Figure 3(f) plots
the remanent magnetization for μ0Hm varied between
−300 mT and +300 mT; thus the plot represents full
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magnetization reversal inside the DWs. The double-step
behavior is also evident, with critical fields (Hcr1 and Hcr2)
identical to those defined in Fig. 3(d) and given in Table I.
The DW magnetization changes sign and shows a plateau
at Hcr2 < Hm < Hcr1, however, this time the magnetic
polarization reaches about 40%–50% of its maximum.

The minor hysteresis loops for our ML series show
a systematic trend with the sample thicknesses (X ): the
loop opening in between the two critical field values Hcr2
and Hcr1 is narrowing down with increasing ML thick-
ness X , as seen when comparing minor-loop series for
X = 48, 100, and 150 in Figs. 3(a)–3(c). Furthermore, the
DW magnetization of X = 100 and 150 samples shows
partial exchange-springlike behavior until the magnetic
field exceeds Hcr1. The exchange-spring behavior has been
reported for two-dimensional domain walls in hard-soft
bilayer exchange-spring magnets [33–35], where the point
of irreversibility is only reached when the DW penetrates
into the hard layer. In thick (above-1-μm) garnet films, this
behavior has been clearly demonstrated and referred to as
a first jump in the double-jump magnetization reversal of
the stripe DWs [25].

Since the in-plane remanent magnetization is attributed
to the polarization of the DW Bloch component, it
becomes possible to estimate an effective DW width (cor-
responding to a linear Bloch DW profile without Néel
caps), �, for the aligned stripe-domain configuration. A
simple equation can be used [23,29]:

� = 2λmr. (1)

The stripe-domain width, λ, is determined from the MFM
images. The effective DW width, presented in Table I, is
independent of the ML thickness. This is expected from the
models for stripe domains in high-Q materials with thick-
nesses above the characteristic critical thickness [23,36].
Since the DW width does not change with the sample
thickness, magnetic MLs with a larger domain periodic-
ity should exhibit smaller remanent magnetization. This
explains why mr decreases with X in our sample series.

IV. MICROMAGNETIC SIMULATIONS

To explain the physical nature of the magnetization
curves and shed some light on the process taking place
inside the domain wall during the magnetization rever-
sal, we utilize micromagnetic simulations performed with
the MUMAX3 code [37]. The main results of the numeri-
cal simulations are summarized in Fig. 4. The simulated
domain has the shape of a cuboid with thickness Lz = 52.8
nm, which is approximately the magnetic thickness of the
sample with X = 48. In the x-y plane, the sample has
a rectangular shape with the size fitting the equilibrium
period of the stripe domains, Lx = Ly = 2λ, and contains
two DWs. We use periodic boundary conditions in the

x-y plane and assume that the magnetic field is paral-
lel to the x axis [see Fig. 4(a)]. In the simulations, we
use the experimentally estimated values for the saturation
magnetization, Ms = 0.775 MA/m, and the out-of-plane
anisotropy constant, Ku = 0.6 MJ/m3. We assume that the
exchange coupling between Co layers is weaker than the
direct exchange within the layer, such that the overall
Heisenberg exchange becomes anisotropic. In the micro-
magnetic approximation, the corresponding energy density
term can be written as

wex = A
∑

i

[(
∂mi

∂x

)2

+
(
∂mi

∂y

)2

+ kIEC

(
∂mi

∂z

)2
]

,

(2)

where the summation runs over i = x, y, z. The constant
A is the exchange stiffness in the plane of the film and
m = M/Ms is the magnetization unit-vector field. The
unitless constant kIEC in Eq. (2) defines the strength of the
exchange coupling between Co layers across the Pt lay-
ers. For exchange-decoupled layers, kIEC = 0, and in the
approximation of isotropic media, kIEC = 1. We estimate
the constants A and kIEC from the fit of the experimen-
tal data for the domain size and critical fields Hcr1 and
Hcr2. Figure 4(f) shows the dependence for the equilibrium
domain size, λ, as a function of the exchange stiffness,
A, calculated for two limiting cases kIEC = 0 and 1. We
find the best agreement with the experimentally estimated
λ = 80 nm for X = 48 at A = 8 pJ/m, which represents
a reasonable value for Co/Pt MLs [38]. The dependence
of λ on kIEC is too weak to allow for an estimation
of kIEC. Instead, we perform a series of simulations for
magnetization-reversal curves with different kIEC. The rep-
resentative magnetization curve for kIEC = 0.2 is shown in
Fig. 4(g). The profile of the magnetization inside the left
(L) and right (R) DWs across the thickness are depicted
in Figs. 4(b)–(e) for the different in-plane field values; the
corresponding states are also marked on the magnetization
curves [Fig. 4(g)]. In the initial demagnetized state, the two
DWs have opposite magnetization in the Bloch part of the
DW [Fig. 4(b)]. The averaged in-plane component of mag-
netization projected onto the x axis is zero in this case.
With increasing Hext, the magnetization inside the DW
is rotated, tending to be aligned with the field direction.
For small fields Hext < Hcr2, the profile of the magnetiza-
tion changes insignificantly and is not shown here. At the
external field approaching Hcr2, the magnetization profile
changes abruptly [Fig. 4(c)]. In the right DW (R), with the
magnetization in the middle plane pointing opposite to the
external field, we observe the formation of a well-localized
area with strongly twisted magnetization which we refer
to as a HBL [20]. The emergence of the HBL leads to an
abrupt increase of the magnetization in the direction of the
applied magnetic field, which results in the bending of the
magnetization curve at Hext = Hcr2. Since the state with
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FIG. 4. (a) The simulated domain and equilibrium magnetization distribution at zero external field for the X = 48 ML. The unit-
vector field for magnetization is represented with the color code displayed by the inset below. (b)–(e) The magnetization along the
thickness of the sample inside the left (L) and the right (R) domain walls [see (a)] at different external magnetic fields applied antiparal-
lel to the x axis. (f) The equilibrium stripe-domain width calculated for different values of exchange stiffness constant A and coefficient
of interlayer exchange coupling, kIEC [see Eq. (2)]. (g) The representative magnetization curve calculated on the domain shown in (a)
by energy minimization at each field. The green line is the virgin magnetization curve starting from the demagnetized state depicted
in (a). The blue and the red lines are the descending and ascending branches of the minor magnetization loop, respectively. The peaks
of the differential susceptibility ∂M/∂H shown for descending (blue) and ascending (red) branches indicate the two transitions. (h)
The dependence of the critical fields Hcr1 and Hcr2 on the interlayer exchange coupling. The vertical dashed line indicates the optimal
value, kIEC = 0.18, at which the theoretical fields match the experimental ones. The green curve shows a normal distribution for kIEC
with mean kIEC = 0.18 and assuming a variance σ 2 = 0.01.

the HBL has a strong magnetization gradient, its energy
is much higher than the energy of the DW with magne-
tization aligned with the field. There is always a critical
field Hcr1 above which the HBL abruptly switches to the
field-aligned state [Fig. 4(d)].

According to our observations, the switching occurs via
nucleation of a pair of singularities—Bloch points with
opposite index. The Bloch points run along the domain
wall in opposite directions, because the area between them
represents the field-aligned state with lower energy. The
switching process finishes when the Bloch points reach
the physical boundaries of the sample or meet other Bloch
points with opposite index and annihilate. The dynamics
of the Bloch points and the mechanism of their nucleation
and/or annihilation are beyond the scope of this work and
will be discussed elsewhere in more detail.

When the external field reaches the critical value Hcr1
and is then reduced to zero, the remanent magnetization
exhibits a nonzero value because both DWs are now mag-
netized in the same direction [Fig. 4(e)]. With an increas-
ing field in the opposite direction—see the blue curve in
Fig. 4(g) for negative Hext—the system undergoes the same
sequence of transitions: first into the state with HBL at
|Hext| = Hcr2 and after that into the field-aligned state at
|Hext| = Hcr1. Note that this time, the transitions take place
in both domain walls simultaneously. The two peaks in the
differential susceptibility, ∂M/∂Hext, allow us to identify
the exact values of the critical fields. The dependence of
Hcr1 and Hcr2 on the interlayer exchange coupling, kIEC,
is shown in Fig. 4(h). For kIEC = 0.18, the theoretically
determined Hcr1 and Hcr2 are maximally close to the exper-
imentally measured values. We therefore conclude that
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with A = 8 pJ/m and kIEC = 0.18, our theoretical model
describes the main features of the physical processes taking
place in the experiment.

The above theoretical model assumes a perfect crystal
structure without any defects, grain boundaries, and other
variations of the coupling constants that are inevitably
present in samples prepared by magnetron sputter depo-
sition. Because of that, the shapes of the theoretical and
experimental magnetization curves differ in some details.
For instance, the magnetization at Hcr1 in the theoret-
ical curve of Fig. 4(g) exhibits an abrupt jump while,
in the experimental curves, it shows a nearly continu-
ous transition. Moreover, the ideal crystal model cannot
explain the opening of minor magnetization loops seen in
Figs. 3(a)–3(c). Below, we show that these discrepancies
can be omitted at least on a qualitative level, assuming that
the multilayer has a certain distribution of the interlayer
exchange coupling, kIEC, over the film area. The green
curve, ϕ(kIEC), in Fig. 4(h) shows the probability density
function for a normal distribution with the mean μ = 0.18
and variance σ 2 = 0.01. The inset in Fig. 5 shows the prob-
ability P as a function of kIEC on a discrete mesh with
�kIEC = 0.02. The probability P here means the percent-
age of stripes that belong to the structural region with a
particular kIEC. For each value of kIEC with the step �kIEC,
we calculate two minor-loop magnetization curves with
the maximal fields μ0Hm = 0.3 T and 0.15 T. The aver-
aged magnetization at each value of the external field is
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FIG. 5. The minor-loop magnetization curve above (blue) and
below (red) the Hcr1, calculated assuming a normal distribution
of exchange coupling over the X = 48 sample. The top inset
shows an enlarged view of the magnetization curves near rema-
nence. The bottom inset displays the probability distribution for
the parameter kIEC, representing the interlayer exchange cou-
pling between adjacent Co layers. The mean of the distribution
corresponds to kIEC = 0.18.

calculated from

M (Hext) =
∑

i

PiMi(Hext), (3)

where the summation runs over all intervals of kIEC and
Pi denotes the probability for the ith interval. The aver-
aged magnetization curves are shown in Fig. 5. Since for
small kIEC the critical field Hcr1 is small and the prob-
ability for the transition into the field-aligned state is
nonzero, the resulting magnetization curves in both cases
for μ0Hm = 0.3 T and 0.15 T have nonzero remanent mag-
netization. For μ0Hm = 0.3 T, the magnetization curve
near Hcr1 has a quite smooth behavior and fits the shape of
the experimental curves better than the curve of Fig. 4(g).

Besides variations of interlayer exchange coupling in the
real samples, other parameters—such as, for instance, the
anisotropy strength and the anisotropy direction—might
have their own distributions. Because of that, the above
simulations do not provide an exact quantitative agreement
with the experimentally measured magnetization curves.
Nevertheless, these simulations clearly reveal that the pres-
ence of certain types of defects may trigger the transition
from a DW with HBL into a field-aligned state even at a
low magnetic field, Hext � Hcr1.

V. DISCUSSION

From the quantitative agreement of the critical fields
and the qualitative agreement of the experimental and the-
oretical magnetization curves, we conclude that the most
realistic picture of the physical processes taking place dur-
ing the application of in-plane magnetic fields along the
stripe domains looks as follows. The critical field Hcr1 cor-
responds to the transition of all DWs into the field-aligned
state. This explains the maximal remanent magnetization
after the application of an external field exceeding Hcr1.
However, the transition of some individual DWs into the
energetically favorable field-aligned state takes place even
at lower external fields. The defects distributed over the
volume of the sample, weak variations of exchange or
anisotropy, as well as thermal fluctuations represent trig-
gers for such transitions. These events are rare at weak
fields below Hcr2 because the energy barrier is larger. This
explains the first plateau in the Mr(Hm) curve [Fig. 3(d)].
When Hm approaches the critical field Hcr2, the HBLs are
formed in the DWs with opposite magnetization to the
external field. In the ac-demagnetized state, approximately
half of the DWs belong to this category, resulting in a total
Mr = 0. For an ideal defect-free crystal, the DWs with
HBL can survive up to Hcr1 but due to the presence of
defects, some portion of the DWs switches to the field-
aligned state as soon as HBLs are formed (at about Hcr2).
That happens because of the high magnetization gradients
in the DWs with HBL, which makes them sensitive to the
presence of the defects.
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Denoting by n+ and n− the number of DWs polarized
along and, respectively, against the previously applied field
and assuming that the total number of DWs n+ + n− is
constant, the remanent in-plane magnetization along the
stripe axis reads

Mr

Ms
= n+ − n−

n+ + n−

M max
r

Ms
, (4)

where M max
r is the maximal remanent magnetization. From

the relative height of the plateau in the Mr(Hm) curve
[Fig. 3(d)] and Eq. (4), we estimate that for X = 48
about 23% of the antiparallel to the field-polarized DWs
undergo a switching at Hcr2. The collective switching
of all remaining antiparallel DWs into the field-aligned
state at about Hcr1 leads to the second large step in the
curve shown in Fig. 3(d). With increasing the thickness,
the relative number of DWs undergoing this transition is
almost unchanged. For X = 100 and X = 150, we esti-
mate that approximately 27% and approximately 30%
of the DWs, respectively, switch at Hcr2. The negligible
thickness dependence is not surprising, as the MLs are syn-
thesized under almost identical conditions and the small
number of switching events at low field indicates the high
quality of the samples. Thereby, at the critical field Hcr2,
two processes take place: the appearance of HBL in the
DWs with opposite to the field magnetization and partial
switching of such DWs into the field-aligned state due to
the presence of defects.

An interesting aspect revealed by the micromagnetic
simulations is the hysteretic behavior of the DWs with
HBL, as illustrated in Fig. 6. For a stripe-domain state
with its micromagnetically determined equilibrium period,
we perform simulations starting with the state at a mag-
netic field, μ0Hext = 180 mT, being in between Hcr2 and
Hcr1. The simulated domain contains four DWs, as shown

in Fig. 6(a). For three of the four DWs, the Bloch com-
ponent is aligned along the field, while for the other DW
it is opposite to the field, thus leading to the formation of
a HBL. The simulated magnetization curves for decreas-
ing the field to zero and then increasing it back to 180 mT
for samples of different thickness are shown in Fig. 6(b).
Within a certain ML-thickness regime, the curves show a
thickness-dependent opening, which can be defined with
two critical fields, H ∗

cr2 and Hcr2, corresponding to the
switching field of the descending and, respectively, ascend-
ing branch. Note that the critical field Hcr2 coincides with
the previous definition [indicated in Fig. 4(g)]. Figure 6(c)
shows the dependence of the critical fields H ∗

cr2 and Hcr2
on the ML thickness. According to the simulation result,
below X = 50, the formation of the HBL represents a fully
reversible process, while for thicker MLs the hysteretic
behavior emerges, with an increasingly more pronounced
hysteresis. For very thick MLs, the simulations predict that
DWs with HBL can be stable even at zero field, such
that a reverse magnetic field is required for unwinding.
We confirm the theoretical prediction for the opening of
minor loops near Hcr2 by experimental measurements [see
the insets in Figs. 3(a)–3(c)]. It is seen that the magne-
tization curve is indeed hysteresis free for X = 48 and
that the opening increases with the film thickness. From
above, we conclude that the theoretical picture based on
the appearance of HBL is correct.

Still, we would like to note that full quantitative
agreement between simulation and experiment is not
attained, as the simulated remanent magnetizations are
about half the experimental values. We identify a few
reasons for this discrepancy. First, we note that the
period of the experimentally aligned stripe domains
via in-plane demagnetization might be lower than the
actual ground-state equilibrium period. In particular, the
period of a labyrinth domain pattern obtained after out-
of-plane demagnetization typically shows a periodicity
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approximately up to 50% larger than for aligned stripe
domains [29,39]. It has been suggested recently that the
labyrinth pattern in magnetic MLs is closer to the ground-
state equilibrium period than the aligned stripe-domain
pattern, because the formation of the latter via in-plane
demagnetization might be more susceptible to defects [39].
As follows from Fig. 4(f), a higher periodicity corresponds
to higher exchange stiffness and, as a result, a larger width
of DWs, such that a higher in-plane magnetization might
be obtained in the simulations. Additionally, there might
be a perpendicular anisotropy gradient present as the aver-
age out-of-plane lattice spacing relaxes from an initially
strained state (due to the Pt seed layer) to its equilibrium
value, similar to what has been observed in recent studies
[40] for MLs with X > 20.

VI. CONCLUSIONS

We study the DW-magnetization switching in aligned
stripe-domain states in [(Co(0.44 nm)/Pt(0.7 nm)]X (X =
48, 100, 150) multilayers with perpendicular magnetic
anisotropy. While no remanent in-plane moment is present
in the in-plane ac-demagnetized state, we are able to induce
a net remanent moment after the application of an in-plane
magnetic field parallel to the stripes. We demonstrate that
this in-plane moment originates from the polarization of
the Bloch-type DWs. The DW polarization as well as its
full reversal have no influence on the stripe-domain align-
ment and morphology itself. This permits the study of
the DW-magnetization reversal by recording the remanent
magnetization after the application of different magnetic
field amplitudes (Hm) along the stripe-domain direction.
The reversal process shows a double-step behavior with the
DW activation field (Hcr2) and DW saturation field (Hcr1),
as listed in Table I. The reversal mechanism is attributed
to a DW-magnetization twist in localized regions, simi-
lar to HBLs introduced by Malozemoff and Slonczewski
for garnet films [20]. At Hcr2, the HBLs emerge in DWs
polarized opposite to the applied field. Some percentage
of these DWs then undergoes a possibly defect-induced
switching, yielding a net remanent moment when reduc-
ing the field back to 0. At Hcr1, finally, all HBLs collapse,
resulting in full polarization of the DWs and maximal
remanent moment. This transition, however, is smoothed
in the hysteresis loops due to film inhomogeneities.

Our studies provide the opportunity for the experimental
estimation of the effective DW width using only mag-
netometry and conventional magnetic force microscopy
methods. For Q � 1, the effective DW width is prac-
tically independent of the ML thickness. Furthermore,
the DW-magnetization switching at small external fields,
opens a pathway to control the DW magnetization with
high precision independent of the domain pattern. Possibly,
the DW-magnetization switching might be also achieved

using a spin-polarized electric current. This, however,
requires further investigations.

Our results are relevant for studies of recently discov-
ered magnetic multilayers with IDMI [3,13,41,42]. It is
argued that the IDMI term supports the Néel component
of the DW being preferred over the Bloch component
with some intermediate or hybrid states, depending on the
IDMI strength [43,44]. For high-Q materials, the in-plane
remanent moment, measured parallel to the DW direction,
should be characteristic for the portion of the Bloch com-
ponent. The Néel-type modulations inside the DW in ML
with IDMI should provide zero remanent magnetization in
the plane of the film. We note that a possible small IDMI
due to a slight sputter-growth-induced asymmetry of the
interfaces at individual Co layers in our samples cannot
be excluded [45]. The substantial remanent magnetization,
however, indicates that the Néel-type modulations induced
by IDMI are negligible.

Lastly, the control of the DW polarization in magnetic
parallel stripe-domain configurations can be applied in
magnonics, where the stripe DWs themselves are used as
an effective medium and channel for spin-wave propa-
gation, resembling a self-organized magnonic crystal [6–
9,17]. It has, for example, been shown in Ref. [7] that
an alternating Bloch-wall polarization in a parallel stripe-
domain structure leads to less strong spin-wave mode
separation as compared to Bloch walls with the same polar-
ization. Thus the band gaps between different magnon
mode families in parallel stripe-domain patterns can effec-
tively be tuned and altered by alignment of the Bloch-type
domain walls. This opens up the possibility of “reprogram-
ming” the magnonic band structure in such self-organized
magnonic crystals based on parallel stripe-domain sys-
tems.
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