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ABSTRACT
By combining volume sensitive high resolution Magnetic Force Microscopy with surface sensitive
X-ray Photoemission Electron Microscopy, we resolved the depth profile of a weak stripe magnetic
texture and its evolution upon in-plane magnetization reversal. In contrast to previous reports, we
show that the conventional weak stripe texture undergoes awell-defined undulationwhile themag-
netic field is reversed to negative after in plane positive saturation. This transformation is strongly
impacting the flux closure caps domains and a staggeredNéel caps texture appears. Thanks to quan-
titative agreement withmicro-magnetic simulations, we demonstrate that the existence of both the
instability and the staggeredNéel caps is intrinsic innegative applied field after positive inplane satu-
ration. This reversalmode is characterizedby a checker boardpatternof alternating surfacemagnetic
charges andby a longitudinalmodulation of the in-plane component ofmagnetization similar to the
oscillatory buckling reversal mode reported in elongated soft magnetic nanostructures.

IMPACT STATEMENT
Zigzaging magnetic weak stripes have been observed in CoFeB thin films. The characteristics of this
new magnetic texture and its origins are revealed thanks to MFM and XMCD-PEEM measurements
combined to micromagnetic simulations.
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1. Introduction

The competition between reaction and diffusion or
between different interactions leads to a variety of com-
plex phases scaling from several millimeters down to
nanometers in biology [1], chemistry [2] or condensed
matter [3,4]. In the last case, the equilibrium shapes result
from the competition between a short range interaction
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and a long range one. More specifically, in magnetic sys-
tems, the formation of a nanometric periodic modula-
tion of the magnetization is the result of the competi-
tion between demagnetizing and domain wall energies
[5,6]. Parallel stripes, labyrinthinemaze structure or bub-
bles modulations have been observed in many magnetic
materials with strongmagnetic anisotropy perpendicular
to film plane (see [6–8] for example) leading to so called
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strong stripe structures. Studies have been devoted to
highlight the mechanism of transitions between those
modulated phases as shown in [9,10] for the stripe to
bubble transformation or in [11,12] for the stripe to
labyrinthine. Under various stimuli, applied field [13],
temperature [14] or both [15], it has been shown that
this last transformation results from the progressive
appearance of undulation instabilities then discontinu-
ities (chevrons) [12]. The mechanism that supports this
shape modulation is the magnetic strain induced by the
progressive annihilation of domains.

When the perpendicular anisotropy decreases, shape
anisotropy forces the magnetization toward the film
plane and only a part of it is deviating from the plane.
This stabilizes a periodic texture called magnetic weak
stripes inwhich only a small component of perpendicular
magnetization develops (see inset Figure 1). As for strong
stripes, magnetization alternates between up and down
states across the stripes to decrease the demagnetization
energy. This magnetic texture was first observed in the
seminal work of [16] and [17] using Bitter pattern tech-
nique. Its observation has been reported in many materi-
als through the use of LorentzMicroscopy [18],Magnetic
Force Microscopy (MFM) [7] or synchrotron techniques
like X-Ray Transmission Microscopies [19,20]. While
the numerous types and shapes of magnetization mod-
ulation domain patterns and their transformation has
been widely reported in the literature for strong stripes,
it appears that in the weak stripe case, only parallel
stripes configurations are encountered in full films in
zero applied field [6]. The only report of a zigzag weak
stripes texture found at remanence is due to Barturen
and coworkers [21]. This was explained later as being
related to the cubic anisotropy of the FeGa alloy [22].
During in planemagnetization reversal, the conservation
of parallel stripes has been reported for FeCoAlON [23],
while the appearance of zigzag configurations has been
reported in FeSiB by [24] with no justifications provided
to explain the latter. Finally, in magnetic nanostructures,
as the planar component of the magnetization must fol-
low the nanostructure edges, exotic configurations could
be demonstrated [25].

By combining volume sensitive high resolutionMFM,
surface sensitive X-ray photoemission electron micro
scopy andmicromagnetic calculations, we investigate the
evolution of the depth profile of weak stripe domains
during in-plane magnetization reversal. We demonstrate
that the conventional weak stripe texture undergoes an
intrinsic undulation instability when the magnetic field
is reversed to negative values after in plane positive sat-
uration, which transforms progressively into a zigzag
pattern. The progressive evolution of the flux closure
features shape at the surface vicinity—so called Néel

Figure 1. Hysteresis loop of a 180 nm thick CoFeB layermeasured
with the field applied in plane. Insets: Schematics of the magneti-
zation profile at positive and negative saturation and in the slope
of the loop.

caps—leads to the emergence of a staggered texture. The
quantitative agreement with micromagnetic simulations
shows that these instabilities have an intrinsic origin
related to demagnetizing fields.

2. Method

An amorphous 180 nm thick CoFeB thin film was grown
in an Alliance Concept UHV sputtering on a 5 nm thick
Ta seed layer onto a Si(100) wafer and capped with a
5 nm thick Pt layer to prevent oxidation. The CoFeB layer
was shown to be amorphous and homogeneous (see sup-
portingmaterial). Themacroscopic hysteresis cycleswere
recorded using an ADE vibrating sample magnetometer
with the magnetic field applied in plane. A M(H) loop
is reported in Figure 1. It is typical of a stripe domain
texture [23]. Characteristic fields could be extracted:
inplane saturation field, μ0HS = 16mT and inplane coer-
cive field, μ0HC = 2.5 mT. Magnetic imaging was per-
formed using an Asylum MFM with in situ applied field
and the X-Ray Photo-Emission Electron Microscopy
(XPEEM) end station of theHERMES beamline (SOLEIL
Synchrotron) [26].

The domain pattern has been studied in situ, under
inplane applied field, using MFM as reported in Figure
2. After saturation under a field above 20 mT, the applied
field is decreased down to negative saturation. Straight
weak stripes are nucleated at a field around 15mT and
are straight and aligned along the applied field direction
(first line,+ 1.2 mT). The period increases from 320 to
360 nm when the applied field decreases from 15 mT to
0 mT (see supplementary figure). Those stripes undergo
undulations when negative field is applied (Figure 2,
first line, −0.1 mT). Increasing the negative field, the
undulation amplitude increases before a transformation
into the zigzag state occurs (Figure 2, first line, −2.5
mT). Increasing the negative field leads to straight stripes
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aligned with one zigzag direction (those in the red rect-
angle in Figure 2). When the field is further decreased,
from−4mT to−11.2mT, the stripes orient progressively
towards to the field direction. If the positive to nega-
tive field sweep is stopped at −2.5 mT and progressively
increased back to positive saturation, the zigzag state is
preserved when the field reaches zero (Figure 2, second
line, −0.1 mT) and it is even conserved in the positive
applied field range (Figure 2, second line, 1.2 mT). This
shows that the straight stripe to zigzag state transforma-
tion is hysteretic and the zigzag state can be observed
at remanence by a proper field history (for example the
one used in Figure 2). A larger field of view image is
given in Figure 2 close to the coercive field (second line,
right). A modulation period along the field direction
between 1 and 3 μm could be measured and domain pat-
terns close to those reported for strong stripes could be
observed [11–15].

Micromagnetic calculations have been performed
using MuMax3 [27]. All the magnetic parameters of
CoFeB have been extracted from experiments, namely
a saturation magnetization MS = 1290 kA/m (measured
by SQUID), an exchange stiffness constant Aex = 17
pJ/m (measured by spin-wave resonance), and an uni-
axial magnetic anisotropy constant (with easy axis per-
pendicular to film plane) K = 36.5 kJ/m3 (measured
by FMR and SQUID) [28]. A discretization cell of
2.87× 2.87× 3nm3 has been used allowing to describe
accurately the micromagnetic configuration over the
range of applied field used. The micromagnetic behav-
ior of CoFeB films with thicknesses ranging from 150 nm
to 300 nm has been investigated. Obviously, the values of
the critical field of stripes nucleation, stripes undulation,
magnetization reversal, the stable domain sizes and the
remnant magnetization are depending on the film thick-
ness. However, all simulations show the same behavior as
the one described in the following concerning the 180 nm
thick film.

We used a large simulation region (Lx = 1–5 μm,
Ly = 200–400 nm, where x is the direction of the in-
plane field and y is the in-plane direction perpendicular
to it, see Figure 3). This simulation region is extended
using periodic boundary conditions (PBC) in both x and
y directions to emulate an extended film. These condi-
tions are critical and we infer that previous simulation
works could not address the processes described in this
paper because they involved an implicit hypothesis of
translation invariance along the stripe direction. Indeed,
conventionally, the total volume energy density of the
stripes texture is minimized by varying Ly, assuming
that the stripe is straight in the longitudinal x direction
(one single discretization cell is used in the x direction
with a very large number of PBC repetitions to emulate

an extended film). This allows to determine the stripe
period by minimizing the total volume energy density
with respect to Ly. Along x, i.e. along the stripes, such
restricting periodic conditions are usually set to reduce
the number of discretization cells and to reduce mem-
ory usage and calculation time. Indeed, at first sight, the
micromagnetic problem seems to be invariant in this
direction. In view of our results, this statement is obvi-
ously incorrect. In our study, Lx has been varied between
1 and 5 μm. While a single period of the undulating
zigzag state could always be obtained, no clear minimum
of energy with respect to the length of the simulation
cell could be evidenced. In the following, Lx was fixed to
1.7 μm.

3. Results and discussion

Starting from in plane positive saturation, the applied
field is progressively reduced to zero. When nucle-
ation occurs at 14.3mT, well-defined straight stripes are
obtained with a period of 270 nm as the energy mini-
mum (see supplementary material). During the reduc-
tion of the applied field, the period of the straight stripes
increases slowly to 330 nm at 0 mT. The obtained stripes
texture obtained at 1 mT is shown in Figure 3a. From
0 mT to −0.5 mT, the decrease of the field leads to the
formation of undulations. (see Figure 3b). This energy
minimum is characterized by a period along y which
increases more rapidly as compared to the correspond-
ing unstable straight stripe case, as obtained with a single
discretization cell in the x direction (not shown). A fur-
ther decrease of the applied field leads to the appearance
of the zigzag state (Figure 3, −1.7 mT). When decreasing
more the applied field, the period along y increases up to
430 nm. Interestingly, the local period (measured in the
direction perpendicular to the wall) is mostly constant.
Those results could be obtained only when the length of
the simulation cell along x is above 1 μm (only straight
stripes are obtained below). This is in accordance with
the undulation periodicity between 1 and 3 μm observed
experimentally (Figure 2).

In weak stripe structures, the 3D configuration of
magnetization is complex (see Figure 3) but a scenario
to explain the intrinsic undulation and zigzag instabili-
ties emerges. First of all, as shown in the seminal work
of Kittel [5], in materials with low Q factor (), the stripe
period is set by the size of the Néel caps. As a result, they
play a key role in the evolution of the domain pattern.
Second, a close look to themagnetization divergence (see
Figure 4a) reveals that the volume magnetic charges are
mainly stored close to the surface (dMy/dy ≈ −dMz/dz
away from surface). So these charges located around the
surface are responsible for demagnetization energy. The
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Figure 2. MFM images of theweakstripes in 180 nm thick CoFeB. Top: Evolution of theweakstripe configuration under applied field from
positive saturation to the negative saturation. Bottom left: Evolution of the weakstripe configuration under applied field from −2.5mT
to+1.2mT after positive saturation. Bottom right: zoom out at−2.2mT (size 15µm× 15µm).

Figure 3. Micromagnetic configuration as a function of the applied field: a and e at 1mT, b and f at −0.2 mT, c and g at −0.7 mT, d and
h at −1.7mT. Top line shows the micromagnetic configurations in the volume (arrows) and the My component of magnetization (color
scale) for a 1mT, b −0.2mT, c −0.7mT and d −1.7 mT. This highlights the impact of the magnetization rotation on the Néel cap closure
domains. Bottom line shows theMz component ofmagnetization (color scale) for e 1mT, f−0.2mT, g−0.7mT and h−1.7mT at the center
of the layer. Calculations have been done for the 180 nm thick CoFeB. The size of the simulation cell along y have been adapted to find
the minimum of energy whereas the size of the simulation cell along x is taken equal to Lx = 1.7 µm.

evolution of this energy under applied field can be under-
stood through the analysis of their spatial positioning.
Starting from in plane positive saturation, the decrease
of the field leads to the reorientation of magnetization
along the perpendicular anisotropy axis (Figure 3): the
perpendicular component of themagnetization increases
and alternates to reduce the demagnetization field as it
occurs in the strong stripe phase (Figure 3e). Néel caps
start to appear to close the flux at the surface and surface

magnetization rotates clockwise (CW) or counter clock
wise (CCW) by an angle θCW and θCCW (Figure 3a) with
respect to the direction of the applied field (angles always
taken positive). Decreasing the field down to 0 mT rein-
forces this trend, θCW and θCCW increases in a symmetric
manner: θCW = θCCW and the charges close to the sur-
face increases (Figure 4c). At 0 mT, the magnetic texture
can follow two paths: the first path is to continue this
process of symmetrical rotation of the caps angles that
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Figure 4. (a) 3D distribution of magnetization divergence. Divergence is significant at the surface; (b) Top view of the magnetization
divergence at the surface with associated surface charges; (c) Maximum of surface divergence versus applied field in the case of straight
(red curve) and undulating (black curve) stripes; Insert: Maximum of surface divergence versus applied field in the case of applied fields
above 2mTwhen stripes are always straight; (d) Variation of the caps angles calculated for stripes that are forced to be straight (red dots)
and for undulating stripes or zigzag domain pattern (black dots). In this last case, the angle ismeasured in the straight parts of the domain
pattern.

keeps the stripes in a straight shape (red dots in Figure
4d). This is the process always reported in the literature
which appears to be a high energy path. The second path
consists in decreasing θCW and increasing θCCW (black
dots in Figure 4d). This leads to an asymmetric evo-
lution of Néel caps closure domains and results in the
formation of staggered Néel caps. In this second path,
the increase of the charges is slowed down, the magne-
tization in the core of the layer rotates and undulation
occurs (Figure 3g). The magnetic texture rearranges the
magnetic charges from a 1D distribution towards a 2D
checkerboard distribution (Figure 4b), leading to a fur-
ther decrease of the demagnetization energy. Looking
at the in-plane magnetization distribution in the cen-
ter of the film (arrows in Figure 3g), one recognizes an
oscillatory buckling process very close to the buckling
reversal observed in nanostructures [29] for which alter-
nating distribution of charges occurs at the nanostructure
boarders, reducing the demagnetization energy during
reversal [30]. Here, charges arise from the weak stripe
structure. For both simulation and experiments, increas-
ing further the field to negative values leads to the disap-
pearance of the zigzags: the stripes finally become straight
again, with their in-plane component aligned with the
field direction (see Figure 2, −11.2 mT).

This astounding and unusual staggered flux closure
domain structure has never been identified and needs
the use of a surface sensitive technique to confirm its
presence. Since the zigzag state has been observed at
remanence by MFM, staggered Néel caps should then
be observed at zero applied field. The remnant state has
been observed by X-ray Magnetic Circular Dichroism
Photo-EmissionElectronMicroscopy (XMCD-PEEM) at
the HERMES beamline end station. A slight sputtering
of the surface was used to remove a part of the Pt cap-
ping layer to enhance the magnetic contrast. During the
acquisition, the XMCD-PEEM measurement have been
performed at the Co L3 edge (777.5 eV) using left/right
circularly polarized light. The X-rays are impinging the
sample at grazing incidence and therefore the method is
mostly in-plane surface sensitive. The sample could be
rotated by 90° to get access to the two in-plane dimen-
sional configuration. Since micromagnetism forecasts a
staggered Néel caps state occurrence (Figure 5a) for all
thicknesses between 150 and 300 nm (not shown here),
the observation has been done on a 300 nm thick layer.
A high resolution XPEEM image is reported in Figure
5b. It reveals the astounding staggered Néel caps with a
transverse modulation between 1 and 3 μm. The pres-
ence of a 360° domain wall defect on the left (white
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Figure 5. Surfacemagnetic configuration. (a) Surface spin texture frommicromagnetic simulation showing staggeredNéel caps; (b) and
(c) XMCD-PEEM images measured on a 300 nm thick CoFeB in the remanent state with the beam oriented in two orthogonal directions
indicated by the white arrows labeled hν. They reveal the astounding staggered Néel caps with a transverse modulation between 1 and
3 µm. (b) the surface magnetization (white arrow) is orientedmainly against the photon beam (black contrast) and themagnetization in
the oblique staggered flux closure domain structure ismodulated (blue and red arrow) perpendicular to the photonbeam (gray contrast).
(c) Rotating the sample by 90°, the magnetization in the oblique staggered flux closure domain structure (blue and red arrow) can be
undoubtedly determinate.

contrast) asserts that surface magnetization is oriented
mainly against the photon beam (black contrast) and
the oblique staggered flux closure domain structure has
mainly its magnetization perpendicular to the photon
beam (gray contrast). Rotating the sample by 90°, high-
lights themagnetization orientation in the staggered caps
(Figure 5c) with magnetization along the photon beam,
either parallel or antiparallel to it, as expected from the
micromagnetic simulation. This result is in perfect agree-
ment with the magnetic simulation, and confirms the
strong correlation between the stripes reversal mecha-
nism in the volume as shown by MFM and the arrange-
ment at the surface of the staggeredNéel caps. As a result,
we not only show the existence of the Néel caps that
were indirectly measured by [31] and that could not be
observed by volume sensitive techniques [18–20,25] but
we also show the complexity of a volume arrangement
that was not reported up to now.

4. Conclusion

In conclusion, during the magnetization reversal, weak
stripes undergo progressive appearance of undulation
and zigzag instabilities. This reversal mode has not been
considered in all the proposed models of weak stripes
which only consider straight stripes. As a consequence,
a new phase of staggered Néel caps never predicted
or observed up to now is stabilized. The origin of the
progressive appearance of undulation instabilities, and
then discontinuities, is new and different than the one
described for strong stripes [12]. For strong stripes, the
mechanism that supports the shape modulation is the
magnetic strain induced by the progressive annihilation

of domains. The response of the magnetic texture state
to this compression takes the form of a modulation of
the wave vector along the stripes keeping the longitu-
dinal component constant. In our case, the mechanism
favoring this reversal mode is the gradual tightening of
magnetic charges resulting from the increase of the zigzag
angle.
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