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In elastically coupled multiferroic heterostructures that exhibit full domain correlations between ferroelec-
tric and ferromagnetic sub-systems, magnetic domain walls are firmly pinned on top of ferroelectric domain
boundaries. In this work we investigate the influence of pinned magnetic domain walls on the magnetization
reversal process in a CoggFey 9Bog wedge film that is coupled to a ferroelectric BaTiOg substrate via interface
strain transfer. We show that the magnetic field direction can be used to select between two distinct magneti-
zation reversal mechanisms, namely (1) double switching events involving alternate stripe domains at a time
or (2) synchronized switching of all domains. Furthermore, scaling of the switching fields with domain width
and film thickness is also found to depend on field orientation. These results are explained by considering the
dissimilar energies of the two types of pinned magnetic domain walls that are formed in the system.

I. INTRODUCTION

The magnetic properties of a ferromagnetic film are de-
termined by the relationship between intrinsic material
parameters, such as exchange stiffness and magnetocrys-
talline anisotropy, and extrinsic effects, including mag-
netic anisotropies induced by shape, strain and interfaces.
Typically, both intrinsic and extrinsic contributions give
rise to a magnetic energy landscape that is uniform across
the ferromagnetic film, aside from local variations caused
by defects and/or film roughness. The magnetization re-
versal process and the magnetic hysteresis loop do not
therefore usually depend on probing area. In conven-
tional magnetic films with uniform magnetic anisotropy,
magnetic switching proceeds by nucleation of reversed
domains and subsequent domain growth via lateral do-
main wall motion. Models describing thermally activated
magnetization reversal and magnetic domain wall mo-
tion use parameters that vary with magnetic anisotropy
energy and random fluctuations thereof, while the ener-
getics of magnetic domain walls is not specifically taken
into account™, Since the density of domain walls is
often low and their spin structure and energy remain
nearly constant during domain growth, this omission is
justified for most ferromagnetic systems. However, if
the motion of magnetic domain walls is prohibited by
strong pinning, the energetics of domain walls can have
a more pronounced influence on magnetization reversal,
especially when the density of pinned walls is high and
the anisotropy axes in neighbouring domains are non-
collinear.

Strong local pinning of magnetic domain walls can
be attained by various methods, including focused ion
beam or low-energy proton irradiation*Y and oxygen
ion migration from an adjacent metal-oxide layer 2,
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Other promising strategies to locally tailor the magnetic
properties of a continuous magnetic medium exploit ex-
change coupling with a multiferroic BiFeO3 layer!= o
or strain coupling to the ferroelastic domains of a fer-
roelectric BaTiO3 substrate’®22.  In both cases, one-
to-one correlations between the domains in BiFeOgz or
BaTiO3 and the domains of an adjacent ferromagnetic
film have been demonstrated. Furthermore, since the
magnetic domain walls are firmly pinned on top of fer-
roelectric domain boundaries by abrupt changes in mag-
netic anisotropy, they do not move during magnetization
reversal ™18, This strong pinning effect leads to the for-
mation of two types of magnetic domain walls with con-
siderably different energy, depending on the direction of
in-plane magnetic field1%22,

In this work we investigate the influence of pinned mag-
netic domain walls on magnetization reversal in a strain-
coupled CoggFeyoBog/BaTiO3 heterostructure with reg-
ular magnetic stripe domains (Fig. [1). We find that
magnetic switching in this system depends strongly on
the type of magnetic domain wall that is created during
a magnetic field sweep, especially if the thickness of the
CoFeB film exceeds 50 nm. For magnetic fields along the
stripe domains, high-energy head-to-head and tail-to-tail
domain walls form. In this case, magnetization reversal
proceeds in two clear steps involving abrupt magnetic
switching in every second stripe domain at a time. The
regular lateral modulations in the magnetization rever-
sal process are driven by transformations of the domain
wall structure into a low-energy head-to-tail configura-
tion. On the other hand, if the magnetic field is applied
perpendicular to the stripe domains, low-energy head-to-
tail domain walls form. As a consequence, domain wall
transformations cannot reduce the energy of the system
and the magnetization of each domain switches simulta-
neously. The dependence of the magnetic switching fields
for both reversal mechanisms on CoFeB film thickness
and stripe domain width are discussed in detail.
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Il. EXPERIMENTAL DETAILS

The experiments were conducted on a multiferroic het-
erostructure composed of a ferroelectric BaTiOs (001)
single-crystal substrate and a ferromagnetic CoggFeq0B20
wedge film, with thickness ¢ = 0 — 150 nm. The wedge
film was deposited via magnetron sputtering at 300 °C.
Upon cooling through the paraelectric-to-ferroelectric
phase transition at 120 °C, the lattice structure of
BaTiO3 becomes tetragonal and regular a; — as ferroelas-
tic stripe domains are formed to minimize electrostatic
and elastic energies?d. The alternating 90° in-plane rota-
tions of the lattice tetragonality that are characteristic of
this domain pattern give rise, via inverse magnetostric-
tion, to corresponding 90° in-plane rotations of the uni-
axial magnetoelastic anisotropy axis in the CoFeB film.

At room temperature the ferroelastic a; and ag stripe
domains are found to be fully imprinted into the CoFeB
wedge film at all thicknesses, as schematically illustrated
in Fig. a). This indicates that the magnetoelastic
anisotropy dominates over the other anisotropy contri-
butions in CoFeB even at the thick side of the film. The
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FIG. 1. (a) Sketch of the multiferroic heterostructure: white
arrows indicate the ferroelectric polarization direction of a;—
as domains in BaTiOgs, while black arrows indicate the di-
rection of the uniaxial magnetoelastic anisotropy axes of the
corresponding a;—as domains in CoFeB. The widths A; and
A of a; and ap domains range between 1 pm and 10 pm (on
average A1 > Agz). Sketch of the configuration of 90° magnet-
ically charged (b) and uncharged (c) domain walls obtained at
remanence, after reducing the magnetic field from saturation
along the direction parallel and perpendicular to the domain
walls, respectively. ¢1 and ¢2 represent the magnetization
angles in the a; and az domains.

ferromagnetic domains were imaged at room temperature
using magneto-optical Kerr effect (MOKE) microscopy

with in-plane magnetic field. Magnetic hysteresis loops of
individual a; and ay stripe domains were extracted from
the variation of local magnetic contrast during magneti-
zation reversal.

1l. MAGNETICALLY CHARGED AND UNCHARGED
DOMAIN WALLS

The magnetic domain walls that separate the im-
printed a; and as domains in CoFeB are strongly pinned
onto the ferroelectric domain boundaries by the sudden
rotation of the uniaxial magnetic anisotropy axes. As a
result of this pinning effect, the magnetic domain walls
do not move under application of a magnetic field and
the total spin rotation within the walls varies with the
direction and strength of the in-plane magnetic field™.
Particularly relevant to the present work is the possi-
bility to initialize magnetic domain walls with two dis-
tinct spin structures for specific magnetic field orienta-
tions. When the field is reduced from saturation along
the direction parallel to the walls, the spins align in
alternating head-to-head and tail-to-tail configurations
which induce magnetostatic charges on each side of the
domain walls (Fig. [[[b)). Accordingly, these domain
walls are usually referred to as magnetically charged.
On the other hand, when the field is reduced from sat-
uration along the direction perpendicular to the walls,
magnetically uncharged head-to-tail domain walls are in-
stead formed (Fig. [[[c)). In ferromagnetic films with-
out anisotropy modulations charged walls typically ar-
range in zigzag configurations to reduce magnetostatic
charge density?®26, In our strain-coupled multiferroic
heterostructure, however, both magnetically charged and
uncharged walls are perfectly straight because of strong
pinning onto the underlying ferroelectric domain bound-
aries.

The profile of charged magnetic domain walls is mostly
determined by the competition between magnetostatic
energy and magnetic anisotropy energy, while exchange
energy and magnetic anisotropy energy mainly define
the structure of uncharged magnetic domain walld?2.
As magnetostatic coupling between spins extends over
a longer distance than exchange interactions, the width
and energy of charged walls are considerably larger than
that of uncharged walls. Moreover, since the magneto-
static energy increases with ferromagnetic film thickness,
the difference between the width and energy of charged
and uncharged domain walls becomes more pronounced
for thick films?2.

Fig. P[a) and (b) show Scanning Electron Microscopy
with Polarization Analysis (SEMPA) images of charged
and uncharged magnetic domains walls, at remanence,
in a 20 nm CoFeB film that was grown on BaTiO3z un-
der the same conditions as the wedge film. The elevated
spatial resolution of SEMPAZT28 allows for domain wall
imaging at the nanoscale and for the extraction of the
corresponding wall profiles (Fig. c)) Following the
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FIG. 2. Two-component SEMPA images of the remanent in-
plane magnetization configuration of (a) charged and (b) un-
charged magnetic domain walls in a 20 nm CoFeB/BaTiO3
heterostructure. (¢) Comparison of the domain wall profiles
as obtained from a line scan along the direction perpendicular
to the walls in (a) and (b). The spin asymmetry is propor-
tional to the projection of the magnetization along the scan
direction, for the charged wall, and perpendicular to it, for
the uncharged wall.

domain wall width definition of Lilley??, the widths of
the charged and uncharged domain walls are estimated
as d, = 770+ 60 nm and §,,. = 165+ 25 nm, respectively.

IV. RESULTS AND DISCUSSION

The magnetization reversal process in CoFeB under
the formation of charged or uncharged domain walls is
investigated by MOKE microscopy. To this end, a large
set of MOKE images is collected as a function of mag-
netic field strength. This is done with the magnetic field
applied either parallel or perpendicular to the domain
walls and for different CoFeB film thicknesses. For each
field sweep, the MOKE intensity of individual images is
averaged along the direction of the stripe domains and
combined into a single contour plot, as illustrated in Fig.
Such contour plots, wherein a vertical line contains
information about the magnetization direction of each
MOKE image, are used here as an efficient way to visu-
alize magnetic switching in all the domains of the original
set of images.

MOKE contour plots with magnetic field applied either
parallel or perpendicular to the domain walls are shown
in Fig. [ for CoFeB film thicknesses ranging between 25
nm and 150 nm. To facilitate direct comparisons, the
magnetic hysteresis loops of selected a; and as domains
are also shown. The width of the selected a; and ag
domains is similar for all thicknesses, being on average
Aj ~ 8 pm and Ay ~ 5 pm, respectively. In both cases,
the magnetic field is applied at an angle of 45° with re-
spect to the easy axes of a; and as domains (see Fig. .
The reversal process should therefore not depend on the
field direction nor the domain type, in accordance with
the Stoner—Wohlfarth model for single domains with uni-
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FIG. 3. Visualization of the averaging process used to com-
bine a set of standard MOKE images, measured while sweep-
ing the field from negative to positive saturating values (in
this case along the domain walls), into a single contour plot
displaying MOKE intensity as a function of position and mag-
netic field strength. Blue (red) color corresponds to magneti-
zation pointing to the left (right).

axial magnetic anisotropy. In our system, however, the
magnetic switching behavior depends strongly on the di-
rection of the magnetic field and, for field parallel to the
walls, on the domain type. In particular, a; and as do-
mains switch simultaneously when the magnetic field is
applied perpendicularly to the walls, while they switch
at distinct fields when the magnetic field is applied par-
allel to the walls. This unusual switching behavior is
caused by strong magnetic domain wall pinning and the
substantial energy difference between charged and un-
charged walls?>24 a5 discussed below.

The influence of the two types of domain walls on the
reversal process is clarified through consideration of indi-
vidual MOKE images illustrating the switching of a; and
ag domains at a specific thickness (¢ = 75 nm), as shown
in Fig. f] When the magnetic field is applied parallel to
the walls (Fig. [f[a)) and reduced from saturation, the
magnetization of each stripe domain rotates towards the
respective easy anisotropy axes, causing the formation
of charged domain walls. Both the energy and width of
these walls are initially small, but rapidly increase upon
decreasing field strength. At some field value (Fig. af
17)), the energy of charged walls becomes so large that
an abrupt magnetic switching event is triggered in ev-
ery second stripe domain (Fig. [f[a-1")), here defined
as ag. During this first switching event all charged do-
main walls transform into lower-energy uncharged do-
main walls, thus providing a net energy gain for the entire
magnetic system. Upon a further increase of the mag-
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FIG. 4. Contour plots illustrating the magnetization reversal process at several film thicknesses while sweeping the magnetic
field H from negative to positive saturating values along the direction either parallel (left column) or perpendicular (right
column) to the domain walls (DWs). The sample areas imaged in the left and right columns are the same. The scale of the
MOKE intensity is identical to the one in Fig. When H || DWs blue (red) color corresponds to magnetization pointing to
the left (right), while when H 1 DWs blue (red) color corresponds to magnetization pointing down (up). The black and green
solid lines in the contour plots mark the boundaries of the a; and as domains, respectively, whose magnetic hysteresis loop is
shown to the side.

netic field strength, the a; domains switch too: during this second switching event all uncharged walls (Fig. af
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FIG. 5. MOKE images illustrating the reversal mechanism of a portion of the film (comprising one az domain surrounded by
two a; domains) at a thickness ¢ = 75 nm, while sweeping the field from negative to positive saturating values along the direction
parallel (a) and perpendicular (b) to the domain walls. The arrows in the images indicate the direction of the magnetization of
each domain, as derived from the MOKE intensity. The green solid lines mark the boundaries of the as domain. Each image
is linked via a dashed line to the corresponding position along the hysteresis loops.

2') are transformed back into charged walls (Fig. [fja-
2")) which are now characterized by a modest spin rota-
tion and, thus, considerably smaller energy. A different
reversal process occurs when the magnetic field is applied
perpendicular to the domain walls (Fig. [5[b)): now, un-
charged walls are formed when the magnetic field is re-
duced from saturation and the magnetic system cannot
reduce its energy by domain wall transformations. In-
stead, in order to prevent the formation of higher-energy
charged walls, magnetic switching is now completely syn-
chronized in all domains (Fig. [f[a-1') and (a-1")). A
much weaker dependence of the magnetic hysteresis curve
on the direction of applied magnetic field has been re-
ported for an exchange-coupled Lag 7Srg sMnOs/BiFeOgs
heterostructurel.

A. Scaling of magnetic switching with domain width

An intriguing aspect that emerges from the contour
plots in Fig. []is the influence of domain width on the
magnetization reversal process. When the magnetic field
is applied along the stripe domains, charged walls are
created and the switching field of the ay domains (Hgz)
decreases with decreasing width A,. Specifically, Hgo is
inversely proportional to As, as illustrated in Fig. @(a)

for ¢t = 75 nm. This scaling behavior is explained consid-
ering that narrow as domains correspond to a higher den-
sity of charged domain walls and, consequently, a higher
magnetic energy density compared to wide as domains.
An alternative way to understand this behavior is pro-
vided in Fig. @(b), where the value of the spin rotation
of charged walls, measured just before the first switching
event, is plotted as a function of A,, for ¢ = 75 nm. For
As = 5 pum the spin rotation of charged domain walls in-
creases up to 100° before switching, while in narrower as
domains charged walls with considerably smaller spin ro-
tation already transform into uncharged walls. Because
larger spin rotations are associated with higher magnetic
energy, Fig. Ekb) indicates that wider as domains can
accommodate charged domain walls with higher energy
than narrow ap; domains, before transformations to un-
charged domain walls occur.

While Hgo scales with Ay when the field is applied
along the stripe domains, Hg1 is independent of A;. Con-
sidering the arguments that were provided to explain the
dependence of Hgo on As, this circumstance may ap-
pear in contradiction with the fact that uncharged walls
are transformed back into charged walls when a; do-
mains switch (see the second switching event in Fig.
(a)). However, charged walls that form after the sec-
ond switching event have much smaller spin rotations,
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FIG. 6. (a) Dependence of the switching field of the az do-
mains on domain width, measured at t = 75 nm. Symbols rep-
resent experimental data while the line is the corresponding
linear fit. (b) Dependence of the spin rotation of the charged
domain walls that form before the reversal of the as domains
(first switching event) as a function of domains width, again
for t = 75 nm. Dependence of the spin rotation of the domain
walls that form before and after the first (c) and second (d)
switching event as a function of thickness, for Az ~ 5 pm.
Closed (open) symbols in (¢) and (d) indicate magnetically
charged (uncharged) domain walls.

and correspondingly lower magnetic energies, than the
charged walls before the first switching event. This is
illustrated in Figs. [6] (c) — (d), where the spin rotation
of charged and uncharged walls before and after the two
switching events is plotted as a function of CoFeB film
thickness, for ag domains with similar width Ay ~ 5 pm
(a1 and ag domains switch almost simultaneously for ¢ <
50 nm and the corresponding data have been omitted
from these figures). Since the energy of charged walls is
small after magnetic switching in the a; domains, Hgy
is mainly determined by the magnetic anisotropy inside
the domain, which is independent of Ay, rather than the
energetics of the domain walls. This observation is also
confirmed by the fact that Hgq is nearly identical for the
two field orientations (see Fig. [4]).

B. Scaling of magnetic switching with CoFeB film
thickness

Finally, the dependence of the magnetic switching field
on CoFeB film thickness is discussed. From Fig. []it can
be seen that both Hg; and Hgo decrease with CoFeB
thickness for t > 50 nm. The switching fields of a;
domains (irrespective of field direction) and a; domains
(magnetic field perpendicular to the walls) are not drasti-
cally influenced by domain wall transformations and thus
their variation with film thickness mimics that of ferro-
magnetic films without regular anisotropy modulations.
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FIG. 7. (a) Dependence of the switching field of the ay do-
mains on domain width and CoFeB film thickness, for thick-
nesses > 50 nm. Symbols represent experimental data while
lines are the corresponding linear fits. (b) Comparison be-
tween the switching fields of a; domains (open symbols) and
az domains (closed symbols) as a function of film thickness
and for A values ranging between 1 pm and 5 pm (the switch-
ing field is independent of A in the a; domains). In both (a)
and (b) the magnetic field is applied parallel to the domain
walls.

A different dependence of Hgo on film thickness is ob-
tained when charged magnetic walls are formed. In this
case, two additional interlinked parameters affect Hgo,
namely (1) the width of the a; domains (Fig. [6] (a)) and
(2) the spin rotation within the walls and thus the wall
energy (Figs. [6](b) — (d)). The dependence of Hgs on film
thickness and A is summarized in Figs. [7] (a) and (b).
For relatively thin films, the energy difference between
charged and uncharged magnetic domain walls is rather
modest, giving rise to large spin rotations inside both do-
main walls and strong scaling of Hgy with 1/As. At the
other end of the thickness spectrum, the width and en-
ergy of uncharged walls are mostly unchanged, whereas
those of charged walls are significantly enhanced. The



growing energy difference between the two types of do-
main walls leads to a reduction of Hgs with increasing
CoFeB thickness. This scaling effect is most significant
for wide ay domains, since charged walls can attain their
full width and energy without restrictions. For small
As, however, the domain walls are artificially confined
to narrow domain stripes, leading to a finite-size reduc-
tion of the spin rotation within the walls and thus of
their width and energy??. This effect hampers the reduc-
tion of Hgo with film thickness in narrow domains and,
consequently, the scaling of Hgo with 1/Ay becomes less
pronounced at the thick side of the CoFeB wedge. When
the energy gain during charged-to-uncharged wall trans-
formations exceeds the magnetic anisotropy energy of the
domains, magnetic switching in the a; domains can take
place before zero applied magnetic field is reached. Nega-
tive switching fields are measured for narrow as domains
and/or at large CoFeB film thicknesses, as shown in Figs.
[ (a) and (b).

The 1/As scaling behavior in our multiferroic het-
erostructure is qualitatively similar to that of two-
dimensional magnetic systems with opposing interface
and bulk anisotropies. In magnetic multilayers, for ex-
ample, the interface anisotropy dominates the total en-
ergy of the system for very thin ferromagnetic films, but
its contribution decays with thickness (¢) as 1/t (see
refY).  This scaling effect causes a spin reorientation
transition at a critical thickness t.. Exchange bias in
ferromagnetic-antiferromagnetic bilayers is another well-
known magnetic interface effect®!. The switching field in
this case can also be negative (for one field sweep direc-
tion) and the magnitude of the exchange bias field scales
as 1/t. In our system, the ay domains are bordered by
two straight and strongly pinned domain walls and the
possible transformation of their internal spin structure
acts as an interface-like potential energy. Consequently,
the influence of the domain walls on Hgo diminishes with
domain width as 1/A,. Since the energy difference be-
tween charged and uncharged magnetic domain walls in-
creases with ferromagnetic film thickness, both vertical
and lateral scaling effects can be utilized to tailor micro-
magnetic switching effects in fully correlated multiferroic
heterostructures.

V. CONCLUSION

To conclude, we have investigated how magnetic
domain wall pinning in a strain-coupled CoFeB/BaTiOg3
heterostructure affects the magnetization reversal pro-
cess. Depending on the in-plane field direction, two
distinct mechanisms are identified. If magnetically
charged domain walls with high energy are formed
during a field sweep, the system lowers its energy via
domain wall transformation into uncharged configura-
tions, which corresponds to abrupt magnetic switching
in every second stripe domain. This lateral modulation
of magnetization reversal is unusual and can result in

switching before zero applied magnetic field is reached.
On the other hand, rotation of the applied magnetic field
by 90° results in the formation of low-energy uncharged
magnetic domain walls and a very different reversal
behavior. In this configuration, all domains switch
simultaneously to prevent the formation of high-energy
charged magnetic domain walls. The magnetic switching
event that is driven by domain wall transformations
scales with the energy difference between the two types
of magnetic walls and, thus, with the thickness of the
CoFeB film. Also, since the local energy of the system
varies with the density of magnetic domain walls, the
switching field that is associated with domain wall
transformations is inversely proportional to the domain
width.  The observed dependence of magnetization
reversal on field direction is anticipated to be a general
feature of continuous ferromagnetic films with a reg-
ular modulation of non-collinear magnetic anisotropy
axes and a high density of pinned magnetic domain walls.
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