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For almost 50 years, the formation of stripe domains in magnetic thin films has been considered as an abrupt
magnetization phase transition driven by an interplay of the intrinsic perpendicular anisotropy and the shape

anisotropy. This allows the determination of a critical film thickness for a given value of the intrinsic perpendicular
anisotropy. The present experimental and theoretical analysis shows that micromagnetic structures such as domain
walls and their junctions considerably soften a magnetic thin film. The consequence is a significant reduction of
the critical film thickness with respect to the originally derived value.
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Stripe patterns occur in a variety of disparate systems,
including both technical as well as natural and in particular
biological ones [1,2]. Among magnetic materials, garnets
[3], FeSi sheets [4], shape memory alloys [5,6], various
amorphous alloys [7], and a variety of thin films [8—11] show
stripe patterns. Magnetic stripe domains (SDs) are formed
from both in-plane [4-6] and out-of-plane orientations of
the magnetization [3,5,7-11]. An out-of-plane magnetization
generates magnetically charged stripes. A component of the
magnetization is alternately arranged upwards and downwards
to the sample surface [10,12-14].

In the 1960’s, thin films of soft magnetic materials, namely,
of permalloy (Py), were found to display SDs [13,15-17],
despite having a negligible magnetocrystalline anisotropy
[18]. These films develop a perpendicular anisotropy from
internal stress in conjunction with a nonzero magnetostriction
coefficient [19-21] and/or from columnar grains separated by
nonmagnetic intergrain boundaries [22,23]. In general, both
these sources constitute the intrinsic perpendicular anisotropy
constant Kjy,, of the film. Due to the interplay of the perpendic-
ular and the in-plane shape anisotropy, there exists a critical
thickness of the film beyond which the formation of the SDs
takes place [10,12-14,24]. The critical thickness varies with
the film deposition conditions because these have an influence
on the Kj, value [19,20,25,26]. Almost 50 years ago, Holz
and Kronmiiller calculated the domain phase diagram and the
critical thickness as a function of Kj, in their classical and
even today frequently cited work [14]. Beyond the critical
thickness, Py films show stable and periodically varying out-
of-plane components of the magnetization. However, domain
walls (DWs) were completely ignored in the original work
because an adequate micromagnetic treatment was beyond the
possibilities of a numerical approach at that time. As a result,
the domains with an in-plane homogeneous magnetization,
separated either by Néel or cross-tie walls [12], are abruptly
superimposed by SDs all over the film, when increasing the
thickness beyond the critical value [10,12,14].
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In the past few decades, magnetic thin films showing SDs
were proposed for Bloch-line memories [27], magneto-optical
displays [28], and tunable microwave applications due to the
presence of a rotatable anisotropy [29]. Recently, SDs have
generated new interests for spin-wave propagation in magnonic
devices [30] and a nanoscale control of superconductivity in
hybrid ferromagnet-superconductor memories [31,32]. Today,
much research is focused on the analysis and manipulation
of micromagnetic entities, such as DWs [33-36], vortices
[35,37,38], and skyrmions [39,40], to enable various new
applications of magnetic thin films [33,36,38,40,41]. Conse-
quently, an increasing interest in the fine structures of DWs
separating SDs [42,43], in the static and dynamic analysis
of SDs in submicron geometries [44—48], and as well in the
local tailoring of perpendicular anisotropies [49,50] in various
thin films, has developed. In this context, the influence of
reduced lateral dimensions on the orientation of an effective
anisotropy in SDs was explored [44,45,51]. Also, recently it
was shown that skyrmions can be created by passing SDs
through geometrical constrictions [52] as well as by a local
tuning of the perpendicular anisotropy of thin films [50]. In
submicron disks, a range of domain configurations akin to
skyrmions besides vortices was observed depending upon the
perpendicular anisotropy [46,53]. The fine structure of vortices
and skyrmions, which determines their magnetic properties,
can be controlled through the perpendicular anisotropy of the
film [46,47,50,54]. Recent research further shows that the
perpendicular anisotropy of a thin film modifies the DW fine
structures in a subtle way [55].

In this Rapid Communication, we focus on the role of
DWs and their fine structures in the evolution of SDs in order
to refine the Holz and Kronmiiller domain phase diagram.
For this purpose we performed magnetic force microscopy
(MFM) investigations on patterned Py thin films of varying
thicknesses and compared the experimental results to those of
micromagnetic calculations.

The samples consist of 2.3 x 6.7 um? elongated Py rectan-
gles of a thickness of 120, 140, 180, and 240 nm, respectively.
They were fabricated by depositing Py (Nig;Fej9) by dc
magnetron sputtering onto polymer layers previously patterned
by electron-beam lithography on top of Si substrates. The
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FIG. 1. MFM images of the Landau domain configurations of
2.3 x 6.7 um? Py patterns of thickness (a) 120, (b) 140, (c) 180, and
(d) 240 nm, respectively. The marked area is shown in more detail in
Fig. 4.

sputter chamber was evacuated below 1.0 x 10~ mbar prior
to deposition. As the magnetic properties of the films vary
with the deposition conditions [19,20,25,26], a constant argon
pressure of 2.0 x 10~ mbar and a sputter rate of 18 nm/min
were maintained during the deposition of all samples. The
deposition time was varied to achieve different sample thick-
nesses. Subsequently, the lift-off process was carried out in
acetone and the samples were finally cleaned in de-ionized
water. The magnetic domain configurations of the samples
were analyzed utilizing Olympus AC240TS cantilevers coated
with a 30-nm-thick CoCr layer in a Veeco multimode MFM.

Figure 1 shows modifications of the Landau domain config-
uration at varying sample thicknesses. In Fig. 1(a), for a 120-
nm-thick sample, the 90° DWs of the Landau configuration
show a continuous bipolar contrast and the 180° DW a unipolar
one with a reversal along the wall axis. All these DWs are
two-dimensional asymmetric DWs (ADWs) with out-of-plane
components (Bloch part) of the magnetization in the interior
and in-plane components (Néel caps, NCs) of the magnetiza-
tion at the surfaces to reduce stray-field energy [12,56,57].
ADWs are further classified into asymmetric Bloch walls
(ABWs) and asymmetric Néel walls (ANWs). The ABWs are
formed at a wall angle close to 180°. The magnetizations of the
upper and lower NCs are oppositely oriented [12]. For a wall
angle close to 90°, ANWs are formed. The magnetizations
of the upper and lower NCs are rotated by 90° with respect
to each other [12]. The reversal in the MFM contrast of the
180° DW in Fig. 1(a) is due to a transition between clockwise
and counterclockwise orientations of the Bloch parts [57,58].
Furthermore, the domains show a faint spike-shaped contrast
at the edges. This contrast is due to magnetic charges evolving
at the imperfect edges of the sample. However, for the 140-
nm-thick sample, a periodically changing contrast along the
90° ANWs and a bipolar contrast along the 180° ABW are
observed, as shown in Fig. 1(b). These DW modifications for
the thinner sample are clearly not related to the perturbed
magnetization close to the nonuniform edges of the sample.
Upon increasing the sample thickness to 180 nm, the periodic
pattern of the 90° ANWSs and the bipolar contrast of the
180° ABW are further extended inside the domains. At this
thickness, a faint stripe contrast is observed inside the domains
as shown in Fig. 1(c). For 240-nm thickness, clear SDs are
observed all over the sample, as shown in Fig. 1(d).

FIG. 2. oOMMF-simulated images of Landau domain configura-
tions in 2.3 x 6.7 um? Py patterns of thickness (a) 120 nm with
Kine = 0, (b) 140 nm with Ky = 32.0 Kk m ™, (¢) 180 nm with Ky =
22.5 kJm~, and (d) 240 nm with Ky, = 17.0 kI m~3, respectively.
Each arrow represents an averaged magnetization vector inside 14 x
14 adjacent cells at the sample surface. Black arrows are in-plane
magnetization vectors, whereas blue and red ones are the in-plane
projection of magnetization vectors tilted upwards and downwards,
respectively. Green and orange areas represent positive and negative
charge densities, respectively. The marked area is shown in more detail
in Fig. 4.

For micromagnetic calculations, the object oriented micro-
magnetic framework (OOMMF) [59] with a cubic cell of 20-nm
edge length was used. We assumed a saturation magnetization
of M, =860 x 10° Am~!, an exchange constant of A =
13 x 1072 Jm™!, and a gyromagnetic ratio of y = 2.21 x
10° m(A s)~!. To perform the static simulations, a damping
parameter of o = 0.5 was applied. The convergence criterion
M x H|/M? < 1 x 1073 as a torque minimization condition
was employed in the calculations. In order to mimic the Landau
domain configuration obtained in the experimental results, the
simulations were started from this configuration as the ground
state. This ground state was then allowed to relax for different
thicknesses at different values of K, in order to match the
experimental results most precisely. K, was increased from
zero with a step size of 0.5 kJ m~ for each thickness. The shape
anisotropy of the film was not included into the perpendicular
anisotropy constant Kjy.

Figure 2 shows the respective theoretical results. Almost
perfect matching is achieved in all cases by choosing ap-
propriate values for Kj,. Figure 3 shows the corresponding
cross-sectional images taken from the middle of the samples.
In Figs. 2(a) and 3(a) no perpendicular anisotropy had to be
assumed to match the experimental results. The spikes ob-
served in Figs. 1(a) and 1(b) are absent in the calculated images
because ideally smooth edges of the sample were assumed. The
absence of the transition in the 180° wall from Figs. 1(a) and
1(b) is simply due to the initial assumption of a nonsubdivided
wall. For the 140-nm-thick sample, no periodic contrast along
the 90° DWs and no bipolar contrast along the 180° DW are
observed in the simulated images upon assuming a vanishing
perpendicular anisotropy. However, a nearly perfect match
with the experimental results is obtained upon assuming a
perpendicular anisotropy of Kiy = 32.0 kJ m~>. This is shown
in Fig. 2(b). Furthermore, though the finite K, value modifies
the magnetization inside the DWs, the magnetization inside the
domains is still completely in plane. This is in particular evident
from Fig. 3(b). A satisfying match of the MFM image from
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FIG. 3. ooMMF-simulated cross-sectional images of Py films of a thickness ¢ of (a) 120 nm with K, = 0, (b) 140 nm with K, = 32.0 kJ m~3,
(c) 180 nm with Kj, = 22.5 KJm™3, and (d) 240 nm with K;, = 17.0kJ m~3, respectively. Red and blue arrows represent the out-of-plane
projection of the magnetization inside a single cell. Green and orange areas represent positive and negative charge densities, respectively.

Fig. 1(c) was obtained by assuming K, = 22.5 kJ m 2. This s
shown in Fig. 2(c). The corresponding cross-sectional image in
Fig. 3(c) clearly indicates the slightly upwards and downwards
periodic tilting of the magnetization inside the domains. The
tilted magnetization in turn produces charges on the sample
surfaces. In Fig. 2(d), the SDs inside the 240-nm-thick Py
sample were reproduced by assuming Kiy = 17.0 kI m~>. The
corresponding cross-sectional image is shown in Fig. 3(d). An
increased tilting of the magnetization inside the domains is
clearly visible.

InFig. 4, details in terms of charged segments from modified
90° ANW are visible. By comparing both images in detail, it

FIG. 4. Modified 90° ANW of the 140-nm-thick sample. (a) En-
larged MFM image of the area marked in Fig. 1(b). Arrows represent
the direction of magnetization. (b) Simulated data corresponding to
Fig. 2(b). Each arrow represents an in-plane magnetization vector
inside a single cell. Blue and red arrows represent the in-plane
projection of magnetization vectors tilted upwards and downwards,
respectively. Green and orange areas represent positive and negative
charge densities, respectively.

becomes clear that the periodically varying magnetic charges
along the walls are formed because of periodically upwards and
downwards pointing DW segments. Since no changes are yet
induced within the domains, the DWs are clearly magnetically
softest.

In order to explore the three-dimensional modifications of
the wall fine structures induced by the perpendicular anisotropy
in more detail, magnetization vector fields were modeled
for a 140-nm-thick sample for both Kj =0 and Ki, =
32.0 kIm~>. The resulting configurations of the DWs are
compared in Fig. 5. From Figs. 5(a) and 5(b), it is observed that
the perpendicular anisotropy increases the magnitude of the
out-of-plane tilting in the preexisting Bloch part of the DWs.
This in turn enhances the divergences of the magnetization
at the intersection of the ANW with the sample surfaces and
hence increases the charge densities right at the surfaces.
Furthermore, from Figs. 5(c) and 5(d), it is clear that in order to
reduce the stray field energy, the ANW splits into periodically
upwards and downwards magnetized segments in its interior.
The relative orientation of the upper and lower NCs still
remains at 90°. Figures 5(e) and 5(f) schematically illustrate
the respective ANW configurations.

The 180° ABWs in all images of Figs. 1 and 2 do not show
periodically varying charges at the sample surfaces. However,
the MFM contrast changes from unipolar to bipolar as seen in
Figs. 1(a) and 1(b). Subsequently, a faint stripe contrast appears
along the ABW with further increasing sample thickness.
According to Fig. 3, the 180° ABW involves a vortex structure
in its cross section. This vortex picks up a big part of the
increase in the magnetization divergence and hence prevents
the splitting of the out-of-plane components in the interior
of the ABWs. However, with the increase of sample thickness,
the periodically upwards and downwards magnetized segments
are spreading parallel to the 180° ABW on both sides, as
seen in Fig. 3(b). The expanding segments cross the 90°
ANWs and are ultimately extended all over the sample with
further increasing thickness. This finally constitutes a complete
SD pattern as predicted by the Holz-Kronmiiller nucleation
model.

In Fig. 6, the thickness dependence of Kjy as obtained from
a comparison of experimental and theoretical data is shown.
Furthermore, the thickness dependence of a computationally
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FIG. 5. A 90° ANW with Kj, = 0 in (a), (c) and (e) is compared with a 90° ANW with K, = 32.0 kIm~? in (b), (d), and (f) for a
140-nm-thick sample, respectively. (a)—(d) show simulated images of the 90° ANW and each arrow in the simulated images represents an
out-of-plane projection of the magnetization vector inside a single cell. (a) and (b) show cross-sectional images of the DW. (c) and (d) show
views along the wall axis. (e) and (f) schematically show the 90° ANW. The bold arrows represent the magnetization inside the domains,
whereas the magnetization inside the DW is represented by curved lines. The blue shaded areas represent those parts of the ANW which have
out-of-plane magnetization components (i.e., Bloch parts) and the red shaded areas represent NCs with in-plane components at the surfaces.
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FIG. 6. Thickness dependence of K, (blue triangles) and K 1‘;‘1
(black squares) for Py thin films. Data from Holz and Kronmiiller [14]
are shown as red dots. The area below the K" data points represents
the thickness regime in which the perpendicular anisotropy does not
induce any magnetization reversal. The upper and lower insets show
the magnetization isosurfaces at the wall junctions for an out-of-plane
component of M, = £0.25M; in the 140-nm-thick sample for K, =
15 kIm~ and Ki, = 16 kJ m~3, respectively. Blue and red represent

upwards and downwards oriented magnetizations, respectively.

obtained threshold anisotropy K" is shown as well. When K

exceeds this value, the first magnetization reversal processes
along the DWs lead to increasing out-of-plane components.
For a 140-nm-thick sample, an increase of Ki upto 15kJm™3
does not cause any observable magnetization reversal as seen in
the upper inset of Fig. 6. However, such a reversal is observed
for the slightly bigger value of K, = 16kJ m~> shown in the
lower inset of Fig. 6 (see the Supplemental Material [60]).
Figure 6 also shows the classical data calculated by Holz and
Kronmiiller [14]. Comparing these data to our results, it can be
concluded that the DWs magnetically soften the sample and
permit the evolution of premature SDs at an anisotropy well
below the one needed for a sudden nucleation of complete
SDs. The experimentally observed Kj,, values are well above
the threshold values.

A decrease of Kj, with increasing film thickness as
observed here was also reported in Ref. [61]. A plausible
explanation for this behavior is that stresses due to the lattice
mismatch at the Py-substrate interface decrease with increasing
distance to the interface [61,62]. Therefore, the effective value
of Kj, decreases with increasing film thickness. However,
with increasing thickness the shape anisotropy decreases as
well (see the Supplemental Material [60]). Therefore, above a
certain critical thickness, SDs develop in spite of a decreasing
intrinsic anisotropy Kijy;.

To conclude, we have refined the almost 50-year-old domain
phase diagram by Holz and Kronmiiller [14] by showing
that the formation of stripe domains is an evolutionary and
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continuous process, which starts well below the critical thick-
ness expected for the formation of the stripe phase from
classical theory. The stripe domains evolve from the domain
walls and, in particular, wall junctions which locally soften
the film. Particularly interesting is that these softening sites
shift the development of full stripe domains to film thicknesses
which are for a given perpendicular anisotropy even above
those values predicted by Holz and Kronmiiller. We have
shown that the initial changes of the magnetization due to a
perpendicular anisotropy start at magnetic inhomogeneities,

i.e., domain walls and wall junctions. Structural imperfections
and crystalline defects of magnetic films also result in mag-
netic inhomogeneities [63]. Thus, the presented results are
of some general relevance and conclusions are not limited to
configurations involving domain walls only. In general, the
tailoring of fine structures of micromagnetic entities in the
context of spintronics is of great importance today [64,65].
This definitely implies manifold implications of the presented
results for applications of magnetic thin films in present and
future technologies.
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