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Strain Coupled Domains in BaTiO  3(111)-CoFeB Heterostructures
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University of Leeds, LS2 9JT, United Kingdom

Domain pattern transfer from ferroelectric to ferromagnetic materials is a critical step for the
electric eld control of magnetism and has the potential to prov ide new schemes for low-power
data storage and computing devices. Here we investigate doman coupling in BaTiO 3(111)/CoFeB
heterostructures by direct imaging in a wide- eld Kerr microscope . The magnetic easy axis is found
to locally change direction as a result of the underlying ferroelectric domains and their polarisation.
By plotting the remanent magnetisation as a function of angle i n the plane of the CoFeB layer, we
nd that the magnetic easy axes in adjacent domains are angled at 60 or 120 , corresponding to the
angle of rotation of the polarisation from one ferroelectric domain to the next, and that the magnetic
domain walls may be charged or uncharged depending on the magnéc eld history. Micromagnetic
simulations show that the properties of the domain walls vary de pending on the magnetoelastic easy
axis con guration and the charged or uncharged nature of the wall . The con guration where the
easy axis alternates by 60 and a charged wall is initialised exhibits the largest change in domain wall
width from 192 nm to 119 nm as a function of in-plane magnetic eld . Domain wall width tuning
provides an additional degree of freedom for devices that seek to manipulate magnetic domain walls

using strain coupling to ferroelectrics.

. INTRODUCTION

Multiferroics are an attractive set of materials for fu-
ture device engineering owing to the ability to control
magnetic properties purely through the application of
voltages, o ering a low power option to integrate into
existing magnet-based devices[1]. Ideal single-phase mul-
tiferroics developed up to now, in which the material
has direct coupling between ferroelectric and ferromag-
netic order, exist only at cryogenic temperatures, lim-
iting the applicability of these materials in devices[2].
For room temperature purposes, the most attractive
options currently available include BiFeO;3[3], a single
phase ferroelectric-antiferromagnet system, and multi-
ferroic heterostructures that couple two materials with
di erent ferroic ordering at the interface through mech-
anisms such as strain transfer[4] or interfacial magneto-
electric coupling in epitaxially grown magnetic Ims[5, 6].
Signi cant work has already been carried out on the
strain coupling of ferroelectric substrates and ferromag-
netic thin Ims with a great deal of success showing con-
trol of magnetic domain wall position and width, and
magnetic anisotropy via application of magnetic elds[7],
electric elds[8, 9], and optical pulses[10].

Strain coupled heterostructures present an interesting
system in which the magnetization is strongly coupled
to the ferroelectric domains via inverse magnetostriction
such that the large axial strain that comes with the lat-
tice elongations of the ferroelectric ordering of polariza-
tion changes the magnetic properties of the thin Im. Ina
magnetostrictive material a strain-dependent anisotropy
is introduced asK e / where K ¢ is the magnetoe-
lastic anisotropy induced by inverse magnetostriction,
is the magnetostriction and is the applied stress. In
these heterostructures is the result of interfacial strain
from the substrate to the Im and will change orienta-
tion depending on the polarization direction of the local

FIG. 1.

Schematic diagram of ferroelectric domains within
a BTO(111) substrate. Both 60 and 120 domain walls can
exist as shown in the two blown-up regions of the substrate.
Arrows indicate the direction of ferroelectric polarization.

ferroelectric domains. The rotation of these imprinted
magnetoelastic anisotropies leads to a reduction in the
angle by which the magnetization rotates from one do-
main to the other, deviating from the 180 rotation of a
typical Bloch domain wall leading to either head-to-tail
domain walls or head-to-head charged magnetic domain
walls[11] in which the magnetization points into the do-
main wall from both sides. Devices depending on the
ability to freely switch between these domain wall states
have already been proposed[12, 13] taking advantage of
the reliability at which domain walls form at ferroelectric
domain boundaries and the ability to initialize a charged
or uncharged state.

In this work we investigate the domain pattern trans-
fer of a BaTiO3 (BTO) (111)-oriented substrate onto a
CoFeB thin Im which are coupled by strain as discussed



above. We present our results in the room-temperature
tetragonal phase of the BTO. In the (111) plane the pro-
jection of the electric polarization has equivalent direc-
tions angled at 60 or 120 to each other. To minimize
the static dipolar energy the ferroelectric substrate forms
domains in which the polarization alternates between
equivalent crystal directions. At domain wall boundaries
the polarization then rotates through 60 either through
the domain wall boundary resulting in a 60 domain con-
guration or normal to the domain wall boundary result-
ing in a 120 domain con guration. This is sketched
in Fig. 1 where we indicate the existence of both of
these types of domains at di erent locations in a sam-
ple. The polarization in BTO is the result of lattice
elongations and for a su ciently soft, magnetostrictive
material, such as a sputtered CoFeB thin Im, in which
the strain is e ciently transferred, an in-plane easy axis
will be imprinted into the ferromagnet with a local de-
pendence upon the domain structure of the substrate.

Compared with previous work focusing on BTO(100)
heterostructures[9, 11, 14], the (111) orientation in-
troduces an additional in-plane domain con guration
through which we can potentially control the magnetic
properties of a ferromagnetic Im, in particular the prop-
erties at the domain wall which could be useful for do-
main wall based applications.

Il.  EXPERIMENTAL RESULTS

Samples were fabricated in the Royce deposition
system[15] via DC magnetron sputtering in an Ar pres-
sure of 4.3 10 2 mbar. A thin Im of Co sFesBao
with a thickness of 20 nm is deposited at 300C onto
a BTO(111) 5 5 0.5mm substrate, above the ferroelec-
tric Curie temperature of the BTO, and is subsequently
cooled through this transition to establish strain trans-
fer from the ferroelectric domains to the ferromagnetic
Im. A thickness of 20nm was chosen such that the Im
was thin enough to couple strongly to the strain but thick
enough that there is a su ciently large M 2t contribution
to the behaviour of magnetically charged domain walls,
based on previous reports[14]. A capping layer of 5 nm
Pt is deposited at room temperature.

Magnetic measurements are made using a wide eld
Kerr microscope with spatial resolution 0.2 m in which
it is possible to select a single region of a sample for
surface-sensitive magnetic measurements and to then ob-
tain hysteresis curves from individual domains corre-
sponding to di erent regions of ferroelectric coupling.

Initial imaging con rms the presence of ferroelectric
domains at the surface of the substrate visible through
the magnetic Im and capping layer. These domains are
observed using a polarized light source and contrast is
obtained as a result of the di erence in refractive indices
of the di erent ferroelectric domains. This is an intrinsic
property of the crystal structure of the BaTiO 3 in the
tetragonal phase and has been well-documented in the

literature[16, 17]. Magnetic contributions to the contrast
are removed by using pairs of LEDs in equal and opposite
Kerr geometries to result in no net contrast from the in-
plane magnetic domains.

From our ferroelectric imaging we nd that both con-
gurations shown in Fig. 1 exist in our substrates. Fig.
2 shows images from three regions (a), (b) and (c) taken
under the same conditions. Each image shows regions in
which it is possible to view two sets of ferroelectric do-
mains that overlap through the depth of the substrate.
Represented alongside this are the three possible direc-
tions of lattice elongation, t1, t,, and t3 within the same
frame of reference that are o set from each other by 60.
The orientation of domain walls is highlighted by dashed
lines.

Given the domain structures that are possible the ori-
entation of the ferroelectric domain walls is constrained
such that domain con gurations of the same type (60
or 120 ) will have domain walls oriented at 60 to each
other, whereas con gurations of opposite type will be
have domain walls oriented at 30 or 90 from one to the
other. If we make the assumption that in Fig. 2 (a) that
both domains are 60 domains then we know from the
angle between domain walls in (b) that (c) must corre-
spond to a 120 con guration, and the opposite would
be true if (a) was instead a 120 con guration and we
thus show that all ferroelectric con gurations and polar-
izations exist within the substrate.

Magnetic contrast is obtained using a subtraction tech-
nigue to amplify the changes in light due to Kerr rotation
and we con rm the strain coupling between ferroelectric
and ferromagnetic domains in Fig. 3. By comparing the
ferroelectric and ferromagnetic images we observe that
the positions of the domain walls match exactly, one of
which is highlighted by the dashed line in both images
representing the same domain wall. In our experiments,
we verify that the contribution from the ferroelectric do-
mains does not change under a magnetic eld and can be
subtracted as a constant, with any contribution towards
magnetic images being an artefact of the sample position
drifting from the point where the background image was
taken.

The domains are further investigated by taking polar
plots of the remanent magnetization which acts as a rep-
resentation of how close to the easy axis each direction
is, with a remanence close to 1 (in normalized units) rep-
resenting a purely easy-axis aligned hysteresis loop and
a remanence close to 0 being the hard axis. Angles are
measured relative to the ferroelectric domain wall so that
comparisons can be more easily drawn between di erent
con gurations. In Fig.4 the results are shown for two
di erent regions of the Im corresponding to the 60 and
120 con gurations. The data is ttedto a R cos( 0)
function where R is an arbitrary scaling parameter and

o is the o set from zero that represents the orientation
of the in-plane easy axis from the inverse magnetostric-
tion. For both con gurations the angle between the easy
axes in adjacent domains, , agrees well with a rotation
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FIG. 2.

Polarised light microscopy of ferroelectric domains in B TO(111) in three distinct regions, A, B and C, illustrating

di erent orientations of ferroelectric domain walls. Dashed line s indicate the ferroelectric domain walls, and double headed

arrows represent possible directions of lattice elongation.

(b)

FIG. 3.

Coupling between a) ferroelectric and b) ferro-
magnetic domains in BTO(111)/CoFeB. Changes in magnetic
contrast line up exactly with ferroelectric domain walls. The
dashed line indicates the position of the same domain wall in
each image.

of 60 and 120 for the respective con gurations. From
our hard axis loops we nd the in-plane anisotropy eld
and calculate the corresponding anisotropy constant from

Hy = ZKO;NTS to obtain a value of K e =3:0 10* J/m 8 for
the 60 domain con guration and K e =2:5 10* J/m3
for the 120 . In our samples we nd that the 120 domain
regions are generally much smaller by up to an order of
magnitude, typically in the region of microns, while the
60 regions can be 10s of microns in scale. This could
explain the di erence in the magnitudes ofK ¢ as it has
been shown previously[14] to decrease with reduced fer-
roelectric domain width, with a more pronounced e ect
in thinner Ims.

Using the previously identied regions we apply a
40mT magnetic eld parallel and perpendicular to the
ferroelectric stripe direction and image the sample with
longitudinal and transverse contrast[18] to obtain im-
ages corresponding to the charged and uncharged domain
wall states. Fig. 5 shows the charged and uncharged
60 (Fig. 5a) and 120 (Fig. 5b) con gurations. For
both con gurations the application of a magnetic eld
along the length of the stripe produces a magnetically
uncharged domain wall type in which the magnetization
smoothly rotates from one domain to the other, and ap-
plication perpendicular to the stripe produces a mag-
netically charged domain wall. The presence of both
is in agreement with similar experiments in BTO(100)
substrates where the charged and uncharged domains
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FIG. 4. Remanent magnetization taken from hysteresis loops
in individual magnetic domains for a) 60 and b) 120 con-
gurations, with the orientation of the easy axes marked by
dashed lines. Red and blue triangles represent adjacent mag-
netic stripes from which data is obtained. is the change
in angle through the domain wall boundary, here oriented at
90 .

form in the same alignment as in these experiments[19].
The charged and uncharged domain walls in the 60and
120 con gurations are distinct and distinguished by the
change in magnetization angle from one domain to the
other. Based on the directions of the easy axes in ad-
jacent stripes and the contrast shown in Fig. 5 we can
deduce the spin rotation through the magnetic domain
wall for each domain wall type. In the 60 con guration
the charged domain wall has a spin rotation of 60 and
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FIG. 5. Allfour eld-contrast combinations for a) 60  and b)
120 domain patterns. Black arrows indicate the local direc-
tion of magnetization, black and yellow double headed arrows
show the direction of magnetic contrast and the direction of
applied eld is shown at the top of the column.

the uncharged domain wall has a spin rotation of 120,
and the opposite is true for the 120 con guration. This
results in a total of four uniqgue domain wall structures in

these BTO(111)-based heterostructures as shown in Fig.

5.

The type of domain wall was found to have an impact
on the propagation of magnetic domains in both of these
regions. The domain propagation follows the elongation
axis set by the ferroelectric domains which makes for vi-
sually distinct domain patterns dependent upon the fer-
roelectric domain con guration. For a 60 domain wall
the acute angle results in arrow-head domains and for
120 domain walls the magnetic domains propagate over
long distances in a staircase pattern, both of which can be
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seen in Fig. 6 a) and b) respectively for the =0 case.
The angle of the magnetic domain wall to the ferroelectric
domain wall agrees well with the angles between the easy
axes found in Fig. 4, although there is some deviation as
a result of defects in the magnetic Im, magnetic domains
joining, and various other e ects that cause the magnetic
domains to bend and change as they propagate partic-
ularly over long distances in the very wide ferroelectric
domains where this deviation is more pronounced.

The reversal domain patterns have a strong depen-
dence on the angle of applied magnetic eld with respect
to the domain wall. To show this we saturate the Im
and nucleate domains with a eld of 17mT, close to the
coercivity, for dierent eld directions. The change in
domain formation pattern is summarized in Fig. 6 with
the eld angle shown for each domain image produced.
If the eld is applied perpendicular to the ferroelectric
domains, the domains form in a co-operative manner in
which domains can easily propagate from one stripe to
the next. This gives rise to the arrow-head and staircase
domains previously mentioned. As the angle increases
and approaches the direction of lattice elongation the
density of domains nucleated increases and eventually
when the angle exceeds the magnetoelastic easy axis of
one of the ferroelectric domains then domains are nucle-
ated preferably in one set of ferroelectric stripes. In this
state the domains nucleate along the length of one set
of stripes rst and then the other set of stripes switch.
Qualitatively, this agrees with results obtained previously
for BTO(100)/CoFeB heterostructures[14] where it was
found that applying a magnetic eld parallel to the do-
main wall results in one set of stripes switching preferably
before the other set, and applying the eld perpendicular
showed no such behaviour. We can see that the transi-
tion agrees well with the results shown in Fig. 4 with
the transition for the 60 state in Fig. 6 a) occurring
at 30 and the transition for the 120 state in Fig. 6 b)
occurring at 60 .

1. MICROMAGNETIC SIMULATIONS

We now demonstrate several further properties of these
Ims using the results obtained from our experiments
to simulate the system in a micromagnetic framework
for which we choose to use MuMax3[20]. This has pre-
viously been used to simulate very similar heterostruc-
tures and has been shown to be in good agreement with
experimental results. For our simulations we use micro-
magnetic parameters of saturation magnetizationM go; =
854 10° A/m, exchange stiness Agx =2.1 10 ' J/m,
magnetoelastic anisotropyK ;1 =3 10* J/m 2 for the 60
con guration and K;=2.5 10* J/m?2 for the 120 con-
guration. The values of saturation magnetization and
anisotropy strength have been obtained from our experi-
ments while the exchange sti ness is taken from previous
work[19]. The system is divided into two regions with
uniaxial anisotropy vectors corresponding to the direc-
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Magnetization reversal for a) 60 and b) 120 domain con gurations as a function of eld angle. Direction of th e

magnetic eld is indicated above the images and scale bars are hdicated below. Each of the eight reversal processes de ned
by domain wall con guration and eld angle is represented by a si ngle image.
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FIG. 7. Micromagnetic simulations of the domain width (a),
(c) and spin rotation (b), (d) for 60 and 120 con gurations
respectively as a magnetic eld is rotated with respect to the
ferroelectric domain wall.

tion of in-plane lattice elongation in adjacent ferroelectric
stripes dependent upon which of the two domain types
is being simulated. As the domain wall width of a fer-
roelectric material is typically on the order of a few unit
cells[21][22] we assume that the change in the direction
of the uniaxial anisotropy vector is abrupt and do not
consider a transition region. Within this setup we inves-
tigate the change in the spin rotation, with angles taken

relative to the orientation of the magnetoelastic easy axis,
and domain wall width de ned as:

Z,
= cog( % dx

1

@)

where 0 is the reduced magnetization angle de ned
as,

0_ 2 2 _ i (2)

|
N

and the angles _ and _ are the angles of the mag-

netization far from the domain wall on either side.

This method of calculating the domain width has been
used previously[19, 23] and encompasses the entirety of
the spin rotation in a reduced domain wall angle system
much better than tting to a tanh function as would
normally be performed for a Bloch type domain wall.

In our simulations we apply a saturating eld at a va-
riety of angles and then allow the system to relax in zero
eld. The domain wall reliably forms at the boundary
between adjacent easy axes and it is around this point
that we calculate the spin rotation and domain wall pro-
les. The angle of the applied eld is rotated from =0
along the normal of the domain wall and the polar plots
in Fig. 7 are produced. Domains produced in this way
reliably relax into only the charged or uncharged state,
with the domain width for the charged state being an
order of magnitude greater. Surprisingly, the domain
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FIG. 8. Magnetic eld dependence of domain width in (a)
the 60 con guration and (b) the 120 . Left and right axes
correspond to the uncharged and charged domain wall widths
respectively.

width has no angular dependence close to the transition
angle which is dierent for each con guration, but in-
stead sharply transitions from an uncharged domain wall
to a charged domain wall when the eld aligns with one
of the magnetoelastic anisotropy axes. This agrees well
with the results in Fig. 6 in which it is shown that cross-
ing a magnetoelastic easy axis changes the way in which
domains propagate through the Im - this is the result of
the applied eld changing from producing an uncharged
or charged domain wall state.

The spin rotation in both of the charged domain wall
states is reduced, from 60 or 120 to 53 and 111 for
the 60C and 120C states respectively. This is a result of
the value of saturation magnetization used in these simu-
lations. For charged domain walls the saturation magne-
tization has a large impact on the domain width[24], and
this leads to a suppression of the spin rotation. The spin
rotation of charged states is also much more heavily de-
pendent on the thickness of the Im than the uncharged
state and this will also contribute to the suppression of
the rotation[25].

We investigate how variable these two parameters are
under an applied magnetic eld in all four domain wall
con gurations. For ease of reference we use the conven-
tion of the literature in which con gurations are de ned
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as the angle between magnetization in adjacent domains
and the uncharged/charged nature of the domain wall,
60U, 60C, 120U and 120C. In all instances the spin rota-
tion behaves the same under an applied magnetic eld,
with a decrease in amplitude that corresponds to the
gradual realignment of spins from the easy axes to the
eld direction. The domain width however shows two
characteristic behaviours. In Fig. 8a the 60C con g-
uration follows the realignment of spins while the 60U
domain wall is initially more resistant to change and mir-
rors the realignment of spins. In Fig. 8b the behaviour
is inverted with the 120C wall showing a similar trend to
the 60U domain wall, and the 120U and 60C also being
similar in character. From this we can understand the
behaviour of the domain wall depends on the rotation of
magnetization between adjacent domains more so than
the charged or uncharged nature. There is a discrepancy
in the observed behaviour between the 60and 120 sets
of states, namely that both the 60U and 60C states re-
orient smoothly as compared to the 120 states. This is
most likely due to the reduced value of anisotropy used
in the simulations for the 120 states which, as discussed
previously, we believe to be measured smaller than the
bulk value as a result of the ferroelectric stripe width.

The four dierent con gurations have dierent re-
sponses that have important implications for any appli-
cations that could make use of domain wall width. The
percentage change of domain width as compared to the
initial state is greatest in the 60C (38%) and 120U (35%)
where the spin rotation drops o from 60 and follows
the realignment of spins to the eld. Conversely in the
states the relationship is a mirror of the spin rotation and
is much more resistant to the e ects of an applied eld
demonstrating a smaller reduction in the domain width
for both the 120C (28%) and 60U (20%) states.

IV. CONCLUSION

In conclusion we have demonstrated the pattern trans-
fer from ferroelectric stripes in BTO(111) substrates to
a CoFeB Im and shown that there are four unique mag-
netic domain wall con gurations that can be initialized in
these heterostructures corresponding to rotations in the
easy axes of either 60 or 120 and their charged or un-
charged variations. These regions behave di erently with
entirely di erent domain patterns and switching mecha-
nisms controlled purely by the angle between adjacent
magnetoelastic anisotropy axes in adjacent domains.

Using micromagnetic simulations we are able to con-
rm our observations by calculating the angular depen-
dence of the domain wall width showing that the tran-
sition from uncharged to charged wall happens abruptly
as the eld direction crosses the orientation of the lattice
elongations in-plane. We predict that the response of the
domain widths to an in-plane eld for each of these states
is unique, with the charged 60 state presenting the best
case for domain wall width tunability both in terms of



absolute change and in terms of the response type with
this case exhibiting the most linear change. This presents
an additional option for the control of devices in which a
magnetic domain wall could be the core component.
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