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60° and 120° domain walls in epitaxial BaTiO;(111)/Co multiferroic heterostructures
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We report on domain pattern transfer from a ferroelectric BaTiO5 substrate with a (111) orientation of the
surface to an epitaxial Co film grown on a Pd buffer layer. Spatially modulated interfacial strain transfer from
ferroelectric/ferroelastic domains and inverse magnetostriction in the ferromagnetic film induce stripe regions
with a modulation of the in-plane uniaxial magnetic anisotropy direction. Using spin-polarized low-energy
electron microscopy, we observe the formation of two distinct anisotropy configurations between stripe regions,
leading to angles of 60° or 120° between the magnetizations of adjacent domains. Moreover, through application
of a magnetic field parallel or perpendicular to these stripes, head-to-head or head-to-tail magnetization configu-
rations are initialized. This results in four distinct magnetic domain-wall types associated with different energies
and domain widths, which, in turn, affects whether domain pattern transfer can be achieved.
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Multiferroic heterostructures are often used to modify and
control the properties of ferromagnetic films via interfacial
coupling to a ferroelectric substrate [1-6]. Imprinting of fer-
roelectric domain patterns into ferromagnetic thin films has
been achieved, for example, via exchange coupling from
(001)-oriented multiferroic BiFeO3; [2,7,8]. Alternatively,
interfacial strain transfer from ferroelectric/ferroelastic do-
mains in tetragonal (001)-oriented BaTiO3 induces spatially
modulated magnetoelastic anisotropies in ferromagnetic thin
films. Domain pattern transfer is achieved when the induced
anisotropy overcomes intrinsic properties of the ferromagnetic
film [9-12]. As a result, magnetic domain walls are strongly
pinned onto their ferroelectric counterparts, which has been
used to drive magnetic domain-wall motion with an applied
voltage [13,14]. Applied magnetic fields can tune magnetic
domain-wall properties, such as their width and chirality
[14-16].

Previously, domain-wall coupling between (001)-oriented
BaTiOs substrates exhibiting a;-a, domains (where the po-
larization rotates by 90° between domains) and in-plane
magnetized thin films has been investigated extensively
[15-17]. The magnetization in the pinned ferromagnetic
domain walls rotates by 90° giving rise to two distinct domain-
wall types [15]: after the application of a saturating magnetic
field perpendicular to the stripes, magnetically uncharged
head-to-tail domain walls are formed. The domain-wall width
is determined by a competition between the uniaxial magnetic
anisotropy and the short-range exchange interaction.
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Magnetically charged head-to-head domain walls are
formed after demagnetizing parallel to the stripes. The
domain-wall width is now determined by a competition be-
tween the magnetic anisotropy and long-range magnetostatics.
The charged domain walls have been shown to be orders of
magnitude wider than the uncharged domain walls, their width
increasing linearly with film thickness (unlike uncharged do-
main walls) [16,18]. Domain pattern transfer breaks down
when the width of domain walls becomes comparable to the
width of the anisotropy stripe regions. This breakdown occurs
for different stripe widths and film thicknesses depending on
which type of domain wall is initialized.

Here, we investigate the imprinting of the ferroelectric
domains of (111)-oriented BaTiOs substrates into epitaxial
Co films through a Pd buffer layer. Using spin-polarized
low-energy electron microscopy (SPLEEM), we are able
to investigate at which point in the sample preparation
domain-pattern transfer occurs. We show that four distinct
domain-wall types can be stabilized, and explore their effect
on domain pattern transfer as a function of film thickness.

SPLEEM allows for high-resolution imaging of magnetic
contrast combined with in situ thin-film deposition [19,20].
Magnetic contrast is obtained because the amount of electrons
backscattered elastically from the sample surface depends on
the relative orientation of the spin polarization of the incident
electrons and the sample magnetization. The spin polarization
of the incident electron beam can be precisely oriented in
any spatial direction allowing for control over the direction
of magnetic contrast. Under the imaging conditions used, we
estimate the resolution of the SPLEEM to be ~100 nm, and
so the micron-scale domain patterns that we study here are
well resolved. Our thin films are deposited in situ at room
temperature by molecular beam epitaxy in a chamber with a
pressure in the 10~'! mbars range.

Figure 1(a) shows the domain pattern observed after de-
positing 4 nm of Co. Double-headed arrows indicate the
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FIG. 1. Evolution of magnetic domain pattern and magnetization
orientation in 4-nm-thick Co: (a) As-deposited film. (b) After heating
to 350 °C and returning to room temperature. (c) After applying
a saturating magnetic field perpendicular and (d) parallel to the
stripe domain orientation. Double-headed arrows indicate the axis
of magnetic contrast and single-headed arrows the local orientation
of the magnetization. The sketch in the upper right corner defines the
in-plane angle ¢ between the local magnetization direction and the
axis of sensitivity of the SPLEEM.

in-plane magnetic contrast axis, whereas arrows show the
orientation of the magnetization in the domains. The observed
pattern corresponds to a demagnetized domain pattern where
adjacent stripe domains are separated by 180° domain walls.

After heating to 350°C, a temperature that is above the
ferroelectric phase transition at 120 °C in the BaTiOj3 but still
well below the 1100 °C bulk ferromagnetic Curie point for
Co, the domain pattern shown in Fig. 1(b) is observed at
room temperature. It took about 20 min to heat the sample
and 30 min for it to cool again. The magnetization now aligns
along uniaxial directions that rotate by 60° between stripe re-
gions, which is particularly clear in the rightmost image. This
observation indicates the presence of a uniaxial anisotropy
that rotates by 60° between adjacent anisotropy stripe regions.

After saturating the magnetization perpendicular to these
stripes, the magnetization aligns with these anisotropy di-
rections as shown in Fig. 1(c). There is a head-to-tail
configuration of the magnetization in adjacent stripes. We
determined the in-plane angle ¢ of the magnetization within
each domain by using the same method as in Ref. [21]: by
measuring the SPLEEM contrast as a function of angle of the
spin polarization of the beam. We then fitted a cosine function
to that data and used a value returned by that fit along with its
error bar as the value of ¢ in that domain.

The magnetization in the wider stripes (violet arrow)
makes a 29 + 2° angle with the domain wall, whereas the
magnetization in the narrow stripe (green arrow) is rotated
32 £3° away from the domain wall. The spin rotation
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FIG. 2. Sketches of ferroelectric (blue/magenta) and magnetic
anisotropy (light/dark gray) domain patterns for a Co film strain
coupled to a BaTiO; (111) substrate corresponding to (a) quasipar-
allel and (b) quasiperpendicular anisotropy patterns. The negative
magnetostriction of the Co means that the easy axes of the anisotropy
domains in the Co are orthogonal to the polarization in the ferro-
electric domains of the BTO. (¢)—(f) Possible orientations of the
magnetization in the domains leading to four distinct magnetic
domain-wall structures.

A¢ = |¢p1 — ¢»|, defined as the difference in magnetization
between neighboring stripes is, therefore, A¢ = 119 £ 4°.

Figure 1(d) shows the domain pattern observed after sat-
urating the magnetization parallel to the stripe domains. The
magnetization in neighboring stripes is now oriented head to
head. The magnetization in the wide stripes has been rotated
by exactly 180°, and still makes an angle of 29 & 2° with the
domain wall. The magnetization in the narrow central domain
has not flipped, but now makes an angle of only 14 + 2° with
the domain wall. The spin rotation is reduced to 43 &+ 3°.

We will now show that these results can be explained
by interfacial strain transfer from the (111)-oriented BaTiO3
substrate owing to inverse magnetostriction in the Co film,
which we refer to as a domain imprinting process. At room
temperature, BaTiOs is in its tetragonal phase where the cubic
parent phase is elongated by 1.1% along a (001) direction.
This elongation coincides with a ferroelectric polarization that
points in the same direction. From investigations of (001)-
oriented BaTiO;3 substrates, it is known that strain relaxation
leads to the formation of ferroelectric stripe domains where
the polarization rotates by 90° between neighboring domains
(see, for example, Ref. [15]) since it prefers to point along
the (001) axes. When these axes are projected onto the (111)
surface, they form sets of three [22] that have in-plane com-
ponents that are 120° apart. This results in an angle of 60°
between the lattice elongation in adjacent stripe domains since
each corresponds to one of the two possible threefold sets of
axes. One resulting projection of the ferroelectric polarization
onto the (111) surface is sketched in blue/magenta in Fig. 2(a)
where the in-plane component of polarization rotates by 60°
between stripe domains.

If the associated lattice elongation is transferred to a thin
film with negative magnetostriction as in the case of Co [23],
it results in the uniaxial anisotropy pattern sketched in gray
in which the easy axes lie orthogonal to the polarization in
the underlying ferroelectric domains. Note that only the in-
plane component of the elongation of the substrate lattice can
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impose a strain on a thin film, whereas the out-of-plane com-
ponent cannot. Thus, the anisotropy easy axes make a +30°
angle with the domain boundaries. For convenience we will,
thus, refer to the anisotropy pattern sketched in Fig. 2(a) as
“quasiparallel.” The “quasiperpendicular” anisotropy pattern
sketched in Fig. 2(b) where the anisotropies make a £60°
angle with the domain boundaries will be discussed later.

When the magnetization aligns with the uniaxial
anisotropies of the quasiparallel configuration, two distinct
types of magnetic domain wall can be formed as sketched in
Figs. 2(c) and 2(d): the magnetization can be initialized in
a head-to-head (or equivalent tail-to-tail) configuration with
a spin rotation of A¢ = 60°. Lines of magnetic flux cannot
be drawn continuously over this domain wall, and so this
leads to a net accumulation of magnetic charges. The domain
wall is, thus, labeled 60C for its spin rotation and the fact
that it is magnetically charged. Alternatively, a head-to-tail
configuration of the magnetization with A¢ = 120° can be
formed, yielding a domain wall labeled 120U as it does not
exhibit a net magnetic charge (uncharged) since magnetic
flux lines are continuous over the domain wall. Both domain
walls are of the Néel type since the axis about which the
magnetization rotates, assuming on magnetostatic grounds
that there is never an out-of-plane magnetization component,
is normal to the film plane. Hence, this axis lies on the
plane of the domain wall, which is the definition of the Néel
configuration [24]. (In contrast, a Bloch wall is defined by
this rotation axis lying normal to the domain wall.) These
two configurations closely resemble the orientations of the
magnetization observed in Figs. 1(c) and 1(d). The only
discrepancy is observed for the magnetization in the narrow
central domain in the 60C configuration as it makes a 14 £ 2°
angle with the domain wall instead of the expected angle of
30°.

We investigate this reduction in angle using micromag-
netic simulations and thereby determine the strength of the
uniaxial anisotropy induced in the Co film. We use OOMMF
[25] to simulate a 4-nm-thick magnetic film with typical
values for Co of saturation magnetization My = 1.46 x 10°
A/m and exchange stiffness A = 3.1 x 107! J/m [24]. These
assumptions are necessary since ex situ measurements of these
properties are impossible in this case, owing to the fact that
the capping layer that would be needed would introduce a
new interface that would be very likely modify them from
their in situ values in an unknown way. Close inspection of
the images in Fig. 1 reveals that the width of the central
domain varies from 0.9 to 1.1 um. Ferroelectric domain walls
are known to not be perfectly parallel. We, thus, simulate a
7 um wide area with a central narrow stripe surrounded by
two wide stripes. The uniaxial easy axis is along ¢ = —30°
in the narrow central domain, and along ¢, = 30° in the wide
domains. Two-dimensional boundary conditions are used to
simulate an extended film [26]. We vary the width of the
narrow domain and the strength of the uniaxial anisotropy.

In Fig. 3(a), the resulting magnetization angle in the central
domain for the head-to-head magnetization configuration is
compared to the experimental observation. From this compari-
son, we find a match of the magnetization angle for an uniaxial
anisotropy constant K, = (1 £0.2) x 10* J/m?3. This value is
reasonable for a system of this type [15]. For 120U domain
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FIG. 3. (a) Determination of the anisotropy strength from the
magnetization orientation in Fig. 1(d). The width of the central
domain ranges from 0.9 to 1.1 pm. The experimentally determined
magnetization angle (black line, error in gray) is compared to the
magnetization angle obtained from micromagnetic simulations for
anisotropy strengths ranging from 0.7 to 1.3 x 10* J/m? (colored
dots). (b) and (c) Magnetization profiles of all four magnetic domain-
wall types.

walls, the magnetization in the central domain aligns with the
uniaxial anisotropy axis along ¢; = —30° both for the exper-
imental observation and for the micromagnetic simulations in
the anisotropy range considered here (not shown).

We now turn our attention to the origin of this reduction in
spin rotation. As the magnetization in wide domains is seen to
align with the easy axis, we repeat the micromagnetic simula-
tions for an anisotropy constant K, = 1 x 10* J/m?, but now,
for anisotropy stripes of equal width of 4 um. We show the
resulting magnetic domain wall profiles in Fig. 3(b). Despite
having a smaller spin rotation, the accumulation of magnetic
charges in the 60C magnetic domain wall leads to a more
gradual rotation of the magnetization, and, therefore, a wider
domain wall, than for the 120U magnetic domain wall. Even 1
pm from the magnetic domain-wall center the magnetization
of the 60C magnetic domain wall has not fully aligned with
the anisotropy axis. As the domain walls in Fig. 1(d) are only
1 £ 0.1 um apart, the magnetization can never fully align with
the anisotropy axis because the tails of domain walls overlap.

For the ferroelectric polarization orientations sketched in
Fig. 2(a), the domain configuration sketched in Fig. 2(b) is,
in principle, energetically equivalent. When the in-plane lat-
tice elongation associated with this ferroelectric/ferroelastic
domain pattern is transferred to the Co film, inverse mag-
netostriction is expected to induce the anisotropy pattern
schematically shown in gray, and labeled quasiperpendicular.
It is distinct from the quasiparallel anisotropy stripe pattern as
can be seen from the type of magnetic domain walls that are
obtained when the magnetization aligns with the anisotropy
directions: after saturating the magnetization parallel to the
domain walls, 120C magnetic domain walls are obtained,
whereas 60U magnetic domain walls are initialized after satu-
ration perpendicular to the domain boundaries [Figs. 2(e) and
2(f)]. The angular profiles of these domain walls are shown in
Fig. 3(c), confirming that the width of domain walls depends
significantly on the magnetostatic energy and less on the spin
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FIG. 4. Magnetic domain configurations for quasiperpendicular
anisotropy domain wall as a function of film thickness.

rotation. We show experimental evidence for these domain
walls in Fig. 4.

These images were taken on a second sample that was pre-
pared in the same manner as the one imaged in Fig. 1 except
that a 12-nm-thick Co film was grown. We observe that after
annealing and appropriate demagnetization, a 60U magnetic
domain wall is imaged in Fig. 4(a), whereas a 120C magnetic
domain wall is depicted in Fig. 4(d). For similar reasons to
those given above, the 60U wall will have the Néel structure
whereas the 120C wall will have the Bloch structure. We have,
therefore, observed all four possible magnetic domain-wall
types sketched in Fig. 2.

We continue by investigating the film thickness depen-
dence of the magnetic domain configurations for quasiperpen-
dicular anisotropy domain walls. As the SPLEEM instrument
allows for in situ thin film deposition, the film thickness can
easily be increased and images taken at the same position.
After each additional thin-film deposition, the sample is an-
nealed to ensure strain transfer throughout the thin film. The
ferroelectric domain pattern is expected to be reinitialized
during the annealing process, but ferroelectric domain walls
tend to be pinned by defects, strains (imposed by the holder),
and the shape of the substrate are all expected to have an
influence on the ferroelectric domain pattern and location of
ferroelectric domain walls [27-31]. Fortunately, as seen in
Figs. 4(b) and 4(c), the domain pattern does not change sig-
nificantly after increasing the film thickness to 16 and 20 nm.
A widening of the central domain is observed.

Note that the 60U magnetic domain walls observed in
panels (a)—(c) of Fig. 4 are sharp and straight. In contrast,
the charged domain wall depicted in panels (d)—(f) of that
figure is a zig-zag wall, thus, avoiding the accumulation of
magnetic charges. At 20 nm [panel (f)], this even leads to
the formation of magnetic stripe domains within the central
anisotropy stripe. As described before, such a behavior is not
observed for 60U magnetic domain walls. Clearly, the energy
cost of forming a charged magnetic domain wall over an
uncharged one increases with film thickness as expected.

We again investigate this further using micromagnetic sim-
ulations of 2.5-pum-wide anisotropy stripes of equal width.
Note that the width of the central stripe in Fig. 4 ranges from
1.5 pmat¢ = 12 nm to 2.5 pm at # = 20 nm. The use of two-
dimensional periodic boundary conditions and the fact that
simulations do not take into account defects in the film pre-
cludes the formation of magnetic domains within anisotropy
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FIG. 5. Dependence of (a) the spin rotation A¢, and (b) the ratio
between energy densities as a function of magnetic film thickness ¢
for 2.5-um-wide anisotropy stripes.

stripes. This makes it easier to compare the different types of
magnetic domain walls.

Figure 5(a) shows the spin rotation A¢ as a function
of thickness for all four domain-wall types. Although little
change is observed for both types of uncharged domain walls,
charged domain walls exhibit a clear reduction of their spin
rotation in thicker films. The trend can be understood from
the expected thickness dependence of domain-wall widths.
Although the width of uncharged domain walls is expected
to be independent of the film thickness, the accumulation of a
net magnetic charge at the domain wall leads to a linear depen-
dence of the domain-wall width on the film thickness. In the
latter case, a thicker film, therefore, results in a larger overlap
of neighboring domain walls, and, in turn, to a reduction in
spin rotation.

Figure 5(b) shows the ratio between energy densities of do-
main patterns with charged and uncharged magnetic domain
walls. We see that for 2-nm-thick films, the 120C configura-
tion that we attempted to initialize in Fig. 4(d) is 15 times
higher in energy than the corresponding uncharged (60U) do-
main configuration. For a 20-nm-thick film this ratio increases
to 35, making 120C magnetic domain walls energetically very
costly. As a result, we observe the roughening of magnetic
domain walls for thin magnetic films in Fig. 4(d) and the
breakdown of pattern transfer and formation of magnetic
domains within anisotropy stripe domains for thicker films
[Fig. 4(f)]. In comparison, the energy cost of forming 60C
domain walls over 120U ones in a quasiparallel anisotropy
pattern (depicted in Fig. 1) is much lower.

So far, we have attributed the formation of magnetic stripe
domains observed in Figs. 1 and 4 to coupling of the ferro-
magnetic thin films to the (111)-oriented BaTiO3 substrates
via interfacial strain transfer and inverse magnetostriction.
Although our data strongly support this interpretation, we
are unable to image the ferroelectric BaTiO3; domains in
SPLEEM, and are, thus, unable to definitely observe a one-
to-one correlation of ferroelectric and ferromagnetic domains.
We are, however, able to provide further evidence for our
claim.

As described earlier, when heated BaTiOz undergoes a
transition from a tetragonal to a cubic phase at around 120 °C
[32]. The strain imposed on the ferromagnetic thin film and
the induced uniaxial anisotropy are, thus, expected to vanish
at the phase transition. Figure 6 shows a series of SPLEEM
images taken as a function of temperature. The first image is
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FIG. 6. Evolution of 60U domain pattern as a function of
temperature.

the same as the one in Fig. 4(c), hence, shows 60U magnetic
domain-wall configuration in a 20-nm Co film. Images are
taken in exactly the same location. The change in width of the
central domain as a function of temperature is, therefore, not
an artifact, and the upper domain wall moves with tempera-
ture. We can only speculate about the origin of this movement,
but a temperature-activated motion of ferroelectric domain
walls between local pinning sites or a change in internal
stresses of the constrained substrate seem likely [31,33]. Most
importantly, the magnetic stripe pattern disappears between
the images collected at 117° C and 124° C, exactly where the
ferroelectric phase transition of BaTiOs; occurs, confirming
that magnetic stripe domains are formed via coupling to the
substrate in its tetragonal phase.

We now discuss how this new heterostructure holds the
potential of unprecedented electric-field tuning of magnetic
domain walls. So far, the application of an electric field along
the [001] direction of a BaTiOj3 substrate exhibiting a;-a;
domains eventually yields a switch of the polarization and as-
sociated lattice elongation towards the out-of-plane direction.
As a result the spatial modulation of strain that allows for do-
main pattern transfer to a ferromagnetic thin film is lost [34].

In (111)-oriented BaTiOs; substrates, the polarization
makes an angle of ~54.7° with the surface normal. In
the tetragonal phase, the application of an electric field in
the out-of-plane direction cannot switch the polarization into
the [111] direction. Instead, the lattice is deformed, which
would modulate the strain imposed onto the ferromagnetic
film and, therefore, alter the magnitude of the anisotropy

constant. This, in turn, affects the width of magnetic domain
walls. Moreover, the application of larger electric fields yields
a transition to an orthorhombic phase, with the same symme-
try of induced anisotropy directions but reduced anisotropy
constant. Finally, a second transition to rhombohedral phase at
even larger fields aligns the polarization with the electric-field
direction, and spatial modulations of strain would be erased
[22,35].

Domain patterns are ubiquitous in many disparate mate-
rials systems [36]. Our results are reflected in other coupled
order parameter systems. For instance, superconducting vor-
tex nucleation can be controlled by means of underlying
ferromagnetic domains [37] or, vice versa, ferromagnetic do-
mains have been imprinted using superconducting vortices
[38].

To summarize, we have demonstrated domain pattern
transfer from (111)-oriented BaTiO; substrates to epitaxial
Co films via spatially modulated interfacial strain transfer and
inverse magnetostriction. Two types of anisotropy patterns
can be induced in the ferromagnetic film, and magnetic fields
can be used to initialize magnetically charged or uncharged
domain walls with a spin rotation of 60° or 120°. In our
samples, pattern transfer occurs only after annealing through
the ferroelectric phase transition, indicating strain relaxation
in the Pd buffer layer. We expect that these multiferroic het-
erostructures can be used for electric-field tuning of magnetic
domain walls and pattern transfer in novel spintronic devices.

Data associated with this publication are available from
Research Data Leeds at [39].
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