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1. Introduction

Magnetism is a physical property of materials known since ancient Greece.

Nowadays, magnetism is widely used in nanoelectronic devices, e.g., in

data storage for computing centers, permanent magnets present in elec-

tric motors or sensors for automotive or medical industries [1–3]. For data

storage applications the magnetization needs to be strong and stable over

a long period of time [1]. Magnetic sensors use soft magnetic materials

that respond easily to an external magnetic field, providing high sensitiv-

ity [2,3]. However, these two examples only represent a subsection of the

applications that involve magnetism. For example, magnetic materials

are also used for frictionless magnetic gearing [4].

Current magnetism-based data storage devices use ferromagnetic materi-

als to store the information using the magnetization direction as a binary

element. Recently, over 1 Tb/in2 hard drives were released commercially.

Further downscaling of these devices is facing difficulties due to issues

related to magnetic stability and high energy consumption [5, 6]. Re-

search efforts on other magnetism-based storage methods, such as race-

track memory devices [7,8] and magnetic random access memory (MRAM)

[9] are also underway. MRAM offers a non-volatile alternative to other

RAM technologies and 3D racetrack devices could enhance the storage

density. The common point of these innovative methods is the use of elec-

tron’s spin and its interaction with magnetization to write and read data.

The field that studies the use of the spin as well as the charge of electrons

is referred to as spintronics. Advances in this field usually rely on the use

of electric currents or magnetic fields as the driving mechanism for device

operation. Moreover, research is concentrating on the region separating

domains with different orientations of magnetization, defined as domain

wall. Currents or magnetic fields can drive the magnetic domain wall or

switch the magnetization for, e.g., magnetic logic operations [10–16].
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An alternative low-power method involves electric field control of mag-

netism [17–22]. In this approach, the electric currents are small and this

substantially reduces the energy consumption. Generally, the application

of an electric field to a ferromagnetic material has none to very limited

impact, requiring high electric fields in the order of MV/cm and ultra-thin

ferromagnetic films to attain an observable effect [23]. Coupling mag-

netism to ferroelectricity in so-called multiferroic heterostructures can

overcome this limitation [17–22]. If the magnetoelectric coupling mecha-

nism is efficient, strong magnetic responses can be attained in moderate

electric fields of kV/cm.

In this thesis, magnetoelectric coupling between ferromagnetic thin films

and a ferroelectric BaTiO3 substrate is studied. At room temperature,

BaTiO3 exhibits a lattice tetragonality of 1.1% [24–29]. Strain transfer

to the adjacent ferromagnetic film induces a magnetic anisotropy, i.e., a

preferential orientation of magnetization. The spontaneous polarization

of BaTiO3 responds to an external electric field, imprinting the physi-

cal reaction to the strain-coupled ferromagnetic film. In many cases, the

electric-field induced magnetic configuration is retained after the electric

field is switched off. Strain-coupling causes imprinting of the ferroelectric

domain structure into the ferromagnetic film. This so-called domain pat-

tern transfer strongly pins the magnetic domain walls onto their ferro-

electric counterpart. As a result, the spin structure of the magnetic do-

main walls can be actively tuned by an external magnetic field. Two types

of domain walls form if the external magnetic field is rotated in the film

plane, namely charged (head-to-head/tail-to-tail) or uncharged (head-to-

tail). These domain walls have different energy and width. Strong domain

wall pinning and field-induced transformations between wide and narrow

domain walls have important consequences for domain pattern transfer

and magnetic switching in multiferroic heterostructures. First, domain

pattern transfer breaks down when the width of the domains becomes

comparable to the width of the magnetic domain walls (Publication I). Sec-

ond, since the two types of domain walls have different width, breakdown

of domain pattern transfer depends on the direction of applied magnetic

field. Rotation of the magnetic field can, therefore, cause the writing and

erasure of magnetic domain patterns (Publications I, VI). Finally, the en-

ergy difference between the two types of magnetic domain walls leads to

a lateral modulation of magnetic switching (Publication III). The depen-

dence of local magnetic switching on the type of domain wall and domain

2
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width allows one to construct a magnetic logic operator (Publication IV).

Using three stripe domains, four magnetic logic operations are demon-

strated: AND, OR, NAND, and NOR (Publication IV).

Elastic coupling of Cu/Ni multilayers to domain patterns in BaTiO3 causes

imprinting of regular stripe domains with alternating in-plane and per-

pendicular magnetic anisotropy (Publication II). Continuing from these

results, Publication V studies how magnetic walls separating domains

with in-plane and perpendicular magnetization are reversibly driven by

the application of short voltage pulses across the BaTiO3 substrate. The

domain wall velocity varies exponentially with the strength of electric

field. The simultaneous application of a magnetic field changes the spin

structure of the magnetic domain wall. Micromagnetic simulations indi-

cate that, depending on orientation, the magnetic field either stabilizes or

destabilizes the magnetic domain wall at very high velocities (Publication

V).

This thesis is structured as follows: Chapter 2 introduces ferromagnetism

and magnetic interactions in magnetic thin films. In chapter 3, a review of

ferroelectricity and the ferroelectric material BaTiO3 is presented. Multi-

ferroic heterostructures are described in chapter 4. The experimental

methods including the thin film growth techniques and the characteri-

zation methods are discussed in chapter 5. This chapter also introduces

micromagnetic simulations. The results are presented and discussed in

chapter 6. Finally, chapter 7 summarizes the results of this thesis.
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2. Ferromagnetism

Ferromagnetic phases possess a net magnetization without an externally

applied magnetic field. This net magnetization originates from the inter-

nal magnetic moment configuration, with a parallel alignment of neigh-

boring magnetic moments due to the exchange interaction. The atomic

magnetic moment originates from the coupling of electron’s spin and or-

bital angular momentum of electrons around the nuclei. The parallel

alignment of atomic moments yields a macroscopic effect: a non-zero mag-

netic moment.

The macroscopic characterization of a ferromagnet shows a hysteretic re-

lation between the magnetization and the external magnetic field (Fig.

2.1). At high fields the magnetization aligns with the external magnetic

field. The magnetic moment associated with this configuration is defined

as the saturation magnetization (MS). The removal of the magnetic field

results in the remanent magnetization (MR). The crossing of the magne-

tization with the magnetic field axis determines the coercive field (HC),

i.e, the external magnetic field that reduces the macroscopic magnetic

moment to zero. The distinct ferromagnetic hysteresis curve differenti-

ates it from other magnetic responses such as paramagnetic or diamag-

netic states. Paramagnetism and diamagnetism do not possess perma-

nent magnetization in the absence of a magnetic field and their magnetic

response to an external magnetic field is linear (only at low fields in the

case of paramagnetism) independently of field direction, in the form of

−→
M = χ

−→
H, (2.1)

with
−→
M the induced macroscopic magnetic moment,

−→
H the external mag-

netic field and χ the magnetic susceptibility. The susceptibility is positive

in the case of paramagnetic and negative for diamagnetic materials. The

magnetic susceptibility of a ferromagnet is typically 3 orders of magni-

5
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tude higher than that of a paramagnet. A fourth magnetic order results

from antiparallel alignment of neighboring spins, forming an antiferro-

magnetic state. This antiparallel alignment produces a zero net mag-

netization at remanence for antiferromagnetic phases. Contrary to the

previously described magnetic states, antiferromagnetic materials have

a reduced response to a magnetic field. This originates from the strong

exchange interactions that stabilize the antiparallel alignment. This an-

tiparallel alignment produces a zero net magnetization at remanence.

M

0H

MS

MR

HC

Figure 2.1. Schematic representation of a ferromagnetic hysteresis curve. The satura-
tion magnetization (MS) is obtained if all the spins align parallel. The cross-
ing of the curve with the x-axis defines the coercive field (HC ). The crossing
with the y-axis defines the remanent magnetization (MR).

Spin-orbit interactions such as the super-exchange interaction [30, 31] or

Dzyialoshinskii-Moriya Interaction (DMI) [30,32] between the atoms in a

magnetic material modify the spin texture, varying between ferromagne-

tic, antiferromagnetic or helical configurations [33–35]. Super-exchange

and DMI can produce magnetically ordered phases in systems where the

distance between magnetic moments results in a weak exchange interac-

tion.

Increasing the temperature of an ordered magnetic system increases the

thermal fluctuations of spins. The thermal fluctuations introduce a stochas-

tic motion in the spins from the equilibrium position. This stochastic ef-

fect reduces the net magnetic moment of the ordered array of spins. At a

certain temperature, called the Curie temperature for ferromagnetic and

Néel temperature for antiferromagnetic phases, the thermal effects over-

come the exchange interactions producing a paramagnetic state with zero

net magnetic moment. The thermal fluctuations increase with temper-

ature and, therefore, the net magnetic moment reduces gradually over

temperature.
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2.1 Magnetic energies

The stable magnetic configuration of a ferromagnetic material results

from the minimization of the free energy. Each interaction between the

magnetic moments or external factors, such as the magnetic field, has

an associated energy which contributes to the total energy. The relevant

energies for this thesis are: exchange, Zeeman, magnetostatic and aniso-

tropy. These energies are described in the following sections.

2.1.1 Exchange energy

The exchange interaction between atoms with a net magnetic moment

can produce a magnetically ordered phase. The origin of this interaction

comes from the overlap of wavefunctions, which dominates in the short

range and produces the spin alignment. The exchange energy can be mod-

eled by the Heisenberg Hamiltonian [36,37]:

H = J
∑

(
−→
S i · −→S j), (2.2)

where
−→
S i refers to the total atomic moment of each atom and J indi-

cates the sign and strength of the exchange interaction. For positive J ,

the Hamiltonian describes a ferromagnetic state while negative J corre-

sponds to an antiferromagnetic configuration.

Assuming a small angle between neighboring spins, a Taylor expansion of

eq. 2.2 yields an energy density of [38]:

eex = A(∇−→m)2 (2.3)

whereA is the exchange stiffness, and−→m is the normalized magnetization:
−→m =

−→
M
MS

.

2.1.2 Zeeman energy

The interaction between an externally applied magnetic field and the

magnetization is given by the Zeeman energy. For a large external mag-

netic field, the magnetization fully aligns along the field axis. For the

purpose of this thesis, the magnetic field can be considered homogeneous

over the sample. The energy density of the magnetic field effect is given

by:

7
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eZ = −μ0MS
−→
H ext · −→m, (2.4)

where μ0 is the vacuum permeability,
−→
H ext is the externally applied mag-

netic field and −→m refers to the normalized magnetic moment in the sam-

ple. Both
−→
H ext and −→m are in vector form.

2.1.3 Magnetostatic energy

The magnetostatic energy is the manifestation of dipolar interactions be-

tween spins in a magnetic material. For a uniformly magnetized volume,

the spins produce an effective magnetic field that opposes the local mag-

netization (−→m). For any magnetic configuration, the magnetostatic energy
density (ems) can be formulated as [39]:

ems = −1

2
μ0MS

−→
Hms · −→m; (2.5)

where
−→
Hms refers to the effective field created by the spins of the magnetic

medium. The effective field is calculated through:

Hms = − 1

4π

∫
V
∇ · −→M

−→r
r3

dV, (2.6)

where −→r indicates the vector from the current integration point to the

point where Hms is calculated.

Integration of eq. 2.6 yields a dependence of the magnetostatic energy

with distance between the spins
(
ems α

1
r

)
. This dependence has a longer

interaction range than the previously described exchange interaction.

2.1.4 Anisotropy energy

Magnetic anisotropy breaks the symmetry of magnetization. This symme-

try breaking produces a preferential orientation of magnetization without

an externally applied magnetic field. The anisotropy energy is minimized

when the magnetization aligns along the anisotropy axis.

There are different sources of magnetic anisotropy, such as crystal struc-

ture, shape and lattice strain, which are briefly described in the following

sections.

Magnetocrystalline anisotropy

Spin-orbit coupling and electrostatic interactions between electrons in a

lattice produces a preferential direction of magnetism along certain crys-

8
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tallographic axes [40]. For example, the magnetocrystalline anisotropy

density of a cubic lattice is described by [39,41,42]:

emc = K1(α
2
1α

2
2 + α2

2α
2
3 + α2

3α
2
1) +K2(α

2
1α

2
2α

2
3), (2.7)

where K1 and K2 are first and second order anisotropy constants and αi

defines the lattice’s unitary vectors.

Shape anisotropy

Magnetostatic interactions in a geometrically restricted system yield a

shape anisotropy. The effective field produced by the magnetization cre-

ates unfavorable magnetization directions. For example, in magnetic thin

films, the effect of the shape anisotropy favors in-plane magnetization,

with a higher energy cost for perpendicular magnetization.

The magnetostatic demagnetizing field for geometrically restricted sys-

tems can be expressed as [39,42]:

−→
H sh = −N−→M (2.8)

where N is a tensor determined by the shape. Introducing this effective

field in the magnetostatic energy density, and considering that
−→
M = MS

−→m,
yields the shape anisotropy energy:

esh = −1

2
μ0MS

−→
H sh · −→m =

1

2
μ0M

2
SN
−→m2. (2.9)

In this thesis, the thin-film geometry favors in-plane magnetization. In

this case, the tensor N equals unity in the direction perpendicular to the

surface. The rest of the elements of the tensor N equal zero. Conse-

quently, the shape anisotropy energy density of a thin film is given by [42]:

esh =
1

2
μ0M

2
Scos

2(α), (2.10)

where α is the angle between the magnetization and the film normal.

This description assumes that the magnetization is uniform in the volume

studied. The shape anisotropy is minimized when the magnetization is

oriented in the film plane.

Magnetoelastic anisotropy

The spin-orbit coupling and the electrostatic interactions that produce the

magnetocrystalline anisotropy (section 2.1.4) also influence the magneti-

zation under an applied stress. The external stress modifies the atomic

9
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positions in a lattice leading to a modification of the anisotropy.

For isotropic materials the magnetoelastic energy density is described by

[42–45]

eme =
3

2
λσ · sin2(θ), (2.11)

where λ is the magnetostriction constant, σ is the stress, and θ is the angle

between the stress axis and the magnetization. For λ > 0 the induced

anisotropy axis aligns along the tensile stress axis (σ > 0) while it is

perpendicular to the compressive stress axis (σ < 0). The opposite effect

occurs for λ < 0. The stress (σ) is directly related to the induced strain (ε)

in the sample via Young’s (Y ) modulus:

ε =
σ

Y
. (2.12)

Magnetoelastic anisotropy is not limited to crystalline materials. For poly-

crystalline materials, the effect of stress can be extrapolated from the sin-

gle crystal case, considering that the stress and magnetostriction are uni-

form over the material. In the case of amorphous materials, an applied

stress changes the bond length between the atoms, producing a magne-

toelastic anisotropy, as in the previous case, but with no simple analytic

formula to describe it.

Uniaxial and cubic anisotropy

The magnetic anisotropy of experimental samples is an effective aniso-

tropy. If the induced anisotropy has a single axis, the anisotropy is called

uniaxial. The preferential axis of magnetization is referred to as easy

axis while the perpendicular direction is called the hard axis. For uniax-

ial magnetic anisotropy, the effective energy density can be written as [38]

eu = Kusin
2(Φ), (2.13)

with Φ the angle between the magnetization and the anisotropy axis. The

anisotropy constant Ku can be extracted experimentally from the slope of

a hard-axis hysteresis curve.

The energy density of a cubic magnetic anisotropy can be written as eq.

2.7, which simplifies for samples with in-plane magnetization to [41]:

ec = Kcsin
2(2Ψ), (2.14)

10
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where Ψ is the angle between the magnetization and one of the two ani-

sotropy axes.

Surface anisotropy

Spin-orbit coupling and electrostatic interactions between electrons in a

lattice are periodic and symmetric. However, at the surface the period-

icity and symmetry are broken [46]. The broken symmetry produces a

magnetic surface anisotropy that either favors perpendicular or in-plane

magnetization. The surface anisotropy can be described as an effective

uniaxial anisotropy across the whole volume of the sample. The energy

density is given by:

es =
Ks

t
sin2(χ), (2.15)

with Ks the surface anisotropy constant, t the film thickness and χ the

angle between the magnetization and the surface normal. For Ks > 0,

the effective anisotropy favors perpendicular magnetization while Ks < 0

supports in-plane magnetization. This effect is important in multilayers

with perpendicular anisotropy, e.g., Co/Pt [47,48] or Fe/Pt [49,50].

In this thesis, Cu/Ni multilayers are studied for electric-field control of

magnetism. In this system, the magnetization is oriented in-plane for

very thin films because Ks < 0 [51–55]. However, the lattice mismatch

between Ni and Cu introduces a tensile strain in Ni, which induces a mag-

netoelastic anisotropy that favors perpendicular magnetization [51–55].

The competition between magnetoelastic and surface anisotropy yields a

spin reorientation transition (SRT) from in-plane to perpendicular at a Ni

film thickness of about 1 nm. Strain relaxation in thicker Ni films reduces

the effective magnetoelastic anisotropy [56]. This ultimately reorients the

magnetization into the film plane when the Ni films becomes thicker than

about 10 nm [51–55]

2.2 Domain formation

In ferromagnetic materials, exchange interactions favor a parallel align-

ment of spins. However, long-range magnetostatic interactions increase

the magnetic energy for a state with parallel spins (see section 2.1.3). As

a result of this competition, magnetic domains can become energetically

favorable, forming areas of uniform magnetization pointing in different

directions (Fig. 2.2, a)) [39]. The creation of magnetic domains reduces
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the magnetic stray fields.

Introducing a uniaxial anisotropy modifies the domain configuration, in-

creasing the relative area of domains with magnetization parallel to the

anisotropy axis (Fig. 2.2, b)). Closure domains perpendicular to the ani-

sotropy axis can still form to minimize the magnetostatic energy.

easy 
axis

a) b)

Figure 2.2. Representation of domain formation in a square magnetic element for a) an
isotropic magnetic system and b) a system with uniaxial magnetic anisotropy.

2.2.1 Magnetic domain walls

The term magnetic domain wall defines the region separating two do-

mains with a different orientation of magnetization. Through the domain

wall the magnetization rotates to adjust between domains. Rotation of

the magnetization within a domain wall can proceed in two ways: If the

magnetization rotates in the plane of the magnetization, the domain wall

is defined as a Néel domain wall (Fig. 2.3, a)). Rotation out of the mag-

netization plane is defined as a Bloch domain wall (Fig. 2.3, b)).In a Néel

wall there are uncompensated magnetic charges along the surface of the

wall, while in a Bloch wall they appear on the surface of the film. So in

thick samples the magnetostatic energy of the Bloch wall is small, but it

increases as thickness decreases, until a cross-over thickness is reached,

and the Néel wall becomes energetically more favorable. As a result,

Bloch walls form in bulk materials and thick films, whereas Néel walls

appear in thin-films with in-plane magnetization.

a) b)

Figure 2.3. Schematic of a magnetic 180◦ a) Néel and b) Bloch domain wall.

The competition between exchange and anisotropy defines the domain

wall width. The domain wall width (δ) for a 180◦ Bloch wall is approx-

imated by [39]
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δ = π

√
A

Ku
. (2.16)

The final shape of a magnetic domain wall includes effects of other in-

teractions such as magnetostatic or Zeeman. The magnetization rotation

within a domain wall can be analytically fitted and such a fit can be used

to extract the domain wall with. In this thesis, the domain wall width is

fitted using [57]:

δ =

∫ ∞

−∞
cos2(φ′(x))dx, (2.17)

where x is the direction perpendicular to the domain wall and φ′(x) is the

reduced spin rotation of the magnetization, calculated by

φ′(x) =
(
φ(x)− |φ1 − φ2|

2

)
· 180◦

|φ1 − φ2| , (2.18)

where φ1 and φ2 are the magnetization angles in the two domains that

the wall is separating. Moreover, the formalism sets the angle φ′(x) con-

tinuously defined in the interval of [-90◦, 90◦], with φ = 0◦ at the center of

the domain wall.

2.3 Stoner-Wohlfarth model

The Stoner-Wohlfarth model describes magnetization reversal in single

domain magnetic structures with uniaxial magnetic anisotropy. Using the

general uniaxial anisotropy formulation described by eq. 2.13 in section

2.1.4 and the Zeeman energy described in section 2.1.2, the energy density

for this system can be formulated as [41]

eSW = Kusin
2(Φ)− μ0MSHm · cos(θ), (2.19)

where Φ is the angle between the magnetization and the uniaxial aniso-

tropy axis and θ is the angle between the magnetization and the external

magnetic field.

Minimization of this energy density for a magnetic field parallel to the

anisotropy axis yields an energy landscape with two minima. The energy

minima correspond to two opposite magnetization directions separated

by an energy barrier. For magnetic switching, the energy barrier needs

to be overcome. The external magnetic field provides the required energy

at the coercive field. For a magnetic field parallel to the anisotropy axis,
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switching is abrupt and the corresponding hysteresis curve has a square

shape (Fig. 2.3, a)). A magnetic field applied at an angle with respect to

the anisotropy axis results in a coherent rotation of magnetization from

the easy axis towards the magnetic field direction (Fig. 2.3, b)). Finally,

this model predicts a fully closed hysteresis curve when the anisotropy

axis and field direction are aligned perpendicular (Fig. 2.3, c)). The hard-

axis hysteresis curves saturates at a magnetic field that is proportional

to the anisotropy strength. Solving eq. 2.19 for this configuration gives a

saturation field (HS) with magnitude:

HS =
2Ku

MS
. (2.20)

M

0H

M

0H

M

0H

a) b) c)

Figure 2.4. Schematic representation of hysteresis curves derived from the Stoner-
Wolhfarth model. The magnetic field is oriented a) along the anisotropy axis,
b) 45◦ away from the anisotropy axis and c) perpendicular to the anisotropy
axis.

2.4 Magnetic field effects on domain walls

The application of a magnetic field to a multidomain magnetic material

modifies the domain configuration. The external magnetic field changes

the relative stability of the domains, favoring domains with magnetiza-

tion parallel to the external field. Therefore, the domain configuration

evolves during the application of a magnetic field, reducing the area of

non-aligned domains in favor of the aligned domains (Fig. 2.5, a)). The

change in domain size proceeds through lateral motion of domain walls

(Fig. 2.5, a)).

The velocity of the domain wall as a function of magnetic field strength

has three regimes: creep, flow and turbulent [58–60]. In the creep regime,

the domain wall velocity increases exponentially with magnetic field. In

the flow regime at higher fields, the velocity increases linearly with mag-
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netic field [58]. The flow regime continues until domain wall motion be-

comes turbulent [60]. The transition field from the linear to the turbulent

regime is defined as the Walker breakdown field. In the turbulent regime,

the magnetization of the moving domain wall precesses causing spin-wave

emission [61]. The Walker breakdown field depends on various material

properties such as the damping parameter [59].

In real magnetic materials the magnetic field induced domain wall mo-

tion can be hampered by domain-wall pinning on, e.g., lattice defects or

notches [62].

H > 0a)

easy 
axis

b)

H = 0

H

H

Figure 2.5. a) Effect of a magnetic field on a magnet without magnetic anisotropy. b)
Magnetic-field-induced domain wall motion in a system with uniaxial mag-
netic anisotropy.

2.5 Landau-Lifshitz-Gilbert equation

The Landau-Lifshitz-Gilbert equation models the dynamic behavior of

magnetization. Introduced in 1935 by Landau and Lifshitz [63] and mod-

ified by Gilbert [64], the equation describes the precessional motion of

magnetization around an equilibrium position. The equation consists of

two terms: the first term considers an effective magnetic field that inter-

acts with the magnetization, creating a torque while the second is a damp-

ing function that opposes the precession and restores the magnetization

to equilibrium. The competition between both determines the dynamics

of magnetic systems. The equation is written as:

d
−→
M

dt
= γ(

−→
M ×−→H eff ) +

α

Ms
(
−→
M × d

−→
M

dt
). (2.21)
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Here, γ is the gyromagnetic ratio of electrons and α is the damping pa-

rameter.

Calculations of magnetization precession with the LLG equation incorpo-

rate all magnetic interactions as effective magnetic fields [65–68]. For

example, considering exchange and magnetostatic interactions with an

anisotropy and the effect of an external magnetic field, the resulting ef-

fective field is given by:

−→
H eff =

−→
H ex +

−→
Hms +

−→
HZ +

−→
H an. (2.22)

This description of dynamic magnetic processes through an effective field

provides with flexibility for the incorporation of other effects such as the

Seebeck effect [69] or spin-transfer-torque [70].

2.6 Micromagnetic theory

Depending on the length scale, ferromagnetism can be modeled through

different theories. While an atomistic approach considers the origin of

atomic moments and their interactions through a quantum model, macro-

scopic models consider the spins as a collective entity. In this thesis, the

width of magnetic domains is of the order of μm, which is too large for an

atomistic approach. For this scale, micromagnetic models can be used to

simulate the magnetic configuration [38,71,72].

Micromagnetic models consider the magnetization uniform inside finite-

size discretization cells [38,71,72]. The magnetization of a discretization

cell is integrated over its volume and replaced with an effective macro-

spin. The magnetic moment of the macro-spin is extracted from the sat-

uration magnetization of the material MS . The interactions between ef-

fective macro-spins are the same as in the spin-spin case: exchange, mag-

netostatic, anisotropy and Zeeman. [72]. The macroscopic magnetization

can, therefore, be non-homogeneous, forming domains and allowing for

rotations between cells.

Discretization of the magnetic structure carries disadvantages, especially

for short-range exchange interactions. Therefore, the macro-spin has to

be considered for a volume large enough to contain a large number of

spins while small enough to guarantee a smooth variation of the exchange

energy. The critical point at which the exchange interactions are not dis-

turbed by the discretization is defined by the exchange length (lex):
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lex =

√
2A

μ0M2
S

. (2.23)

Therefore, the distance between two macro-spins needs to be less than the

exchange length. This exchange length marks the maximum discretiza-

tion size when dividing the simulation area into cells.
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3. Ferroelectricity

Materials with a spontaneous polarization and an hysteretic response to

an external electric field are defined as ferroelectric. The stabilization of

the spontaneous polarization and charge distribution requires a strongly

insulating material. Ferroelectricity originates from order-disorder mech-

anisms [73–75] or ionic displacements in the lattice [75–78], both related

to structural symmetry properties. While the former mechanism is usu-

ally related to ionic arrangements that yield a spontaneous polarization,

the latter is directly related to the lattice structure. The electrostatic

interactions between the ions can stabilize the polarization through a rel-

ative displacement of positively and negatively charged ions. The relative

shift in positively and negatively charged ions produces an effective net

polarization. The application of an electric field changes the position of the

ions, modifying the polarization. At high electric fields, the polarization

realigns with the electric field. The hysteresis of a ferroelectric material

yields a rounded, open hysteresis loop (Fig. 3.1, a)). The rounding of the

hysteresis loop originates from many factors, usually material dependent,

such as domain wall motion.

Ferroelectricity is closely related to piezoelectricity and both coexist in

all ferroelectric materials [75]. Piezoelectricity is the accumulation of

charges in a material in response to an applied stress. Conversely, the ap-

plication of an external electric field to a piezoelectric material displaces

the ions in the material generating an induced polarization. The ionic

displacements can be measured as a function of applied stress, which re-

sults in a buterfly-shape stress-electric field plot [75]. This distinct elec-

tric field-stress relation originates from ionic displacements in the mate-

rial. At low electric fields, the induced polarization aligns with the elec-

tric field, producing the biggest change in stress. Once the polarization is

aligned with the electric field, a higher electric field produces a relatively
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small ionic displacement to accomodate the electrostatic energy. This ef-

fect is called electrostriction.

Ferroelectric materials are always pyroelectric and can be ferroelastic

[75]. Pyroelectricity refers to the displacement of ionic charges in a me-

dia with a temperature gradient. An increase of temperature changes the

position of the ions in the lattice, and thereby, the polarization. Ferroe-

lasticity describes a correlation between the strain state and the lattice

structure.

Ferroelectric materials have a first or second order transition tempera-

ture at which the spontaneous polarization disappears, the Curie temper-

ature [75, 76, 78]. This phase transition is related to a structural tran-

sition in the lattice that reduces the polarization to zero. In displacive

ferroelectrics the Curie temperature corresponds to a first order transi-

tion while in order-disorder ferroelectrics it corresponds to a second order

phase transition [75,76,79].

P

E

a)

Ba2+

Ti4+

O-2

P

4.036 Å

3.
99

2 
Å

b)

Figure 3.1. a) Representation of a ferroelectric hysteresis curve. b) Schematic of the
BaTiO3 tetragonal lattice at room temperature. The relative displacement of
O−2 and Ti4+ produces a spontaneous ferroelectric polarization.

An example of ionic-displacive ferroelectrics are perovskites with a tetrag-

onal lattice such as barium titanate (BaTiO3), the material used in this

thesis. BaTiO3 is an insulating perovskite with a tetragonal lattice at

room temperature. The tetragonal unit cell is composed of a titanium ion

in the center, barium ions in the corners of the tetrahedra and the oxygen

ions in the center of the faces (Fig. 3.1, b)). The lattice parameters at

room temperature are a = 3.992 Å and c = 4.036 Å [80] corresponding to

a lattice tetragonality c/a = 1.1% [81, 82] along the tetragonal axis. The

interactions between the ions in the elongated lattice yields a relative dis-

placement of negatively charged oxygen and the positively charged tita-

nium ions. The polarization is 26 μC/cm2 [81,83,84] at room temperature

and it is aligned along the tetragonal axis (c-axis).
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a) b) c)

Figure 3.2. Ferroelectric domain configurations of BaTiO3 with a) c+ − c− 180◦ rotation
of polarization, b) a − c and c) a1 − a2. b) and c) are ferroelastic domain con-
figurations with 90◦ rotation of the polarization. The white arrows indicate
the polarization direction in each domain.

BaTiO3 undergoes three structural phase transitions with temperature.

Below 180 K the lattice is rhombohedral, with the polarization aligned

along the <110> directions. At 180 K, the lattice changes to an orthorhom-

bic configuration, with the polarization along the same axes. An increase

of the temperature over 278 K modifies the orthorhombic lattice into a

tetragonal one, with the polarization lying along the [001] axis. Finally,

at a Curie temperature of 393 K the BaTiO3 becomes cubic. This cubic

phase is paraelectric, i.e., it has no spontaneous polarization. [78,84]

At room temperature, the tetragonal lattice of BaTiO3 with a spontaneous

polarization reduces stray fields and surface charges by domain forma-

tion [75,78,80,85,86]. Three domain configurations can form in tetragonal

BaTiO3 (Fig. 3.2). For a 180◦ rotation of the perpendicular polarization,

the domain configuration is referred to as c+ − c− (Fig. 3.2 , a)). Differ-

ently, a 90◦ rotation of the polarization can form a1 − a2 and a− c domain

configurations (Fig. 3.2, b)-c)). The different orientation of the tetragonal

lattice elongation in these configurations produces a domain boundary at

45◦ to the lattice elongation. Depending on the orientation of these do-

mains with respect to the reference (001) plane, a− c with in plane/out of

plane polarized domains (Fig. 3.2 , b)) or a1 − a2 with in plane polarized

domains can be formed (Fig. 3.2, c)). [75,78,80,85,86] For a c+−c− config-

uration, the rotation of the polarization between domains is abrupt [87],

while for a− c and a1−a2 configurations the domain boundary is expected

to be a few nm wide [80,87–92].

At room temperature BaTiO3 is birefringent [75]. Birefringence is the op-

tical property of a material having a refractive index that depends on the

polarization and propagation direction of light. In the case of BaTiO3, this

property originates from the change of polarization between ferroelectric

domains, yielding a different refractive index in each of them. The refrac-

tive index is given by [79]:
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n =
c

ν
, (3.1)

with c the speed of light and ν the phase velocity of light in the medium.

In the case of BaTiO3, the polarization present in each domain affects

the phase velocity, creating a distinct refractive index for each internal

polarization direction. The phase velocity in a material is given by [79]:

ν =
1√
εμ

(3.2)

where ε is the dielectric permittivity and μ is the magnetic permeability

of the material. Here, ε depends on the macroscopic electric field (
−→
Em) and

internal polarization (
−→
P ) by [79]:

ε =
ε0
−→
Em +

−→
P

ε0
−→
Em

= 1 + χe, (3.3)

with χe the electrical susceptibility. The macroscopic electric field (
−→
Em)

considers the external electric field (
−→
E ) contribution and the effective elec-

tric field induced by the polarization with:

−→
Em =

−→
E −

−→
P

3ε0
. (3.4)

Therefore,
−→
Em �= 0.

Consequently, for displacive ferroelectrics, such as BaTiO3, the tempera-

ture dependence of the dielectric permitivity is approximated by [79]:

ε =
ξ

T − Tc
, (3.5)

with ξ a constant and Tc the Curie temperature of the material. Moreover,

the permittivity depends on the polarization direction which is aligned

along the lattice elongation. Therefore, the permittivity is anisotropic for

the tetragonal BaTiO3 lattice, resolving a different refractive index for

two domains with different polarization orientation under linearly polar-

ized light.

The application of an electric field to a multidomain BaTiO3 single crys-

tal modifies the domain configuration. Domains with polarization par-

allel to the electric field grow at the expense of other domains. For ex-

ample, in an a − c domain configuration under an out-of-plane electric

field, the c-domains grow at the expense of the a-domains. There are

two mechanisms that can contribute to ferroelectric switching [86]: Lat-

22



Ferroelectricity

eral domain wall motion and nucleation of new domains. For the 180◦

domain configurations (c+ − c−), ferroelectric switching is dominated by

new domain nucleation and coalescence with existing domains [86,93–95].

Ferroelectric 90◦ domain walls exhibit a higher nucleation energy than

180◦ walls [75, 86]. Lateral domain wall motion is therefore more likely

at moderate electric fields. Motion of 90◦ ferroelectric walls is typically

slower than that of 180◦ domain walls because the former involves re-

laxation of lattice strain [96]. In the case of lateral domain wall motion,

the motion can be modeled through an Arrhenius equation, formulated in

terms of velocity [97] as:

v = v0 · exp
(

EA

kBT

)
, (3.6)

where EA is the activation energy, provided in this case by the external

electric field. This dependence of domain wall velocity on electric field

is representative of thermally assisted depinning of ferroelectric domain

walls in the strong-pinning regime.

Domain wall motion in ferroelectric materials is limited by the speed of

sound. Above the speed of sound, the material lattice cannot relax the

stress quickly enough, resulting in the fracturing of the ferroelectric ma-

terial. For BaTiO3, the speed of sound is on the order of 4.4 km/s [98].
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4. Multiferroics

Multiferroics are defined as materials that exhibit more than one of the

ferroic order parameters: magnetism, ferroelectricity or ferroelasticity.

Previously, two ferroic orders have been described, ferromagnetism and

ferroelectricity, in chapters 2 and 3, respectively. Ferroelasticity relates

lattice deformation and external stress. A material or composite exhibit-

ing more than one ferroic order, such as ferroelectric-antiferromagnetic

BiFeO3, is defined as multiferroic. However, the coexistance of two ferroic

orders does not necessarily imply that the order parameters are coupled.

The most common use of the term multiferroic refers specifically to the

coexistance between ferroelectricity and a magnetically ordered phase.

The coupling between ferroelectric and long-range magnetic order param-

eters has gained interest in the last decade because of its potential appli-

cation in memory and logic devices [17–22]. Coupling between magne-

tization and polarization is referred to as magnetoelectric coupling. The

magnetoelectric effect describes the induction of polarization by a mag-

netic field. The opposite effect, i.e., the induction of a magnetic moment

by an electric field, is defined as the converse magnetoelectric effect.

While the definition of a multiferroic considers a single phase where both

ferroic orders coexist, composite materials that exhibit distinct ferroic or-

ders are referred to as multiferroic heterostructures.

4.1 Single phase multiferroics

Materials exhibiting more than one ferroic order are referred to as sin-

gle phase multiferroics. The origin of ferromagnetism and ferroelectricity

is quite different and, therefore, materials exhibiting both properties are

rare [17–22]. For ferroelectricity, the ion displacements or order-disorder

effects that give rise to spontaneous polarization breaks the spatial sym-
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metry of the system. However, ferromagnetism breaks time reversal sym-

metry. In the cases where both requirements are met, the resulting multi-

ferroic can be classified in two types: Type I multiferroics comprise mate-

rials where ferroelectricity and ferromagnetism originate independently

while in Type II multiferroics the magnetic spin structure induces polar-

ization. [21,99,100]

Type I multiferroics are more numerous and their properties have been

extensively studied. The independent origin of magnetism and ferroelec-

tricity result in different transition temperatures. Generally, these mate-

rials are good ferroelectrics where the ferroelectric ordering can originate

from different effects, such as lone pairs or charge ordering [21]. The

different origin of ferroelectricity and magnetism yields only a small cou-

pling between them. An example of these multiferroics is BiFeO3, where

ferroelectricity originates from ion displacement of Bi+3 ions relative to

the O−2 ions in the lattice. These ion displacements in the lattice yield

a large spontaneous polarization of � 90 μC/cm2 [101]. However, anti-

ferromagnetic ordering arises from super-exchange interactions between

Fe+3 ions [102–104]. For this material, both transition temperatures are

well above room temperature, with the ferroelectric Curie temperature

at TC � 1100 K and the antiferromagnetic Néel temperature at TN= 640

K [102–104]. The coupling between the ferroelectric and antiferromag-

netic orders is due to the Dzyaloshinskii-Moriya interaction [105].

In Type II multiferroics, ferroelectricity originates from chiral spin con-

figurations, such as in helimagnets [106–110]. The polarization can orig-

inate due to spin flexoelectricity, where the spiral configuration of a mag-

net yields a polarization. The magnetic origin of the polarization pro-

duces a strong coupling between the magnetization and polarization, but

the induced polarization is small. Moreover, the transition temperature

is the same for both ferroic orders. Examples of multiferroics due to spin

flexoelectricity are MnWO4 [111] or DyMnO3 [112]. Polarization can also

originate from exchange striction [21]. The exchange interaction between

two different magnetic atoms that breaks the inversion symmetry, such

as in Ca3CoMnO6, produce a spontaneous polarization. The change in

bond distance between the Co+2 and Mn+4 ions, with a periodic spin con-

figuration ↑↑↓↓, breaks the spatial symmetry. As a result, the exchange
striction yields a different bond length for ferromagnetic (↑↑) and antifer-
romagnetic (↑↓) bonds, producing a polarization.
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4.2 Multiferroic heterostructures

As described in the previous section, single phase multiferroics have a

small strength of one order parameter or show weak coupling. Strong

coupling between two materials that exhibit distinct ferroic orders allows

for optimization of each ferroic order separately [17–22,113,114]. In this

case, coupling at the interface between both materials determines the

multiferroic properties. The resulting composite is referred to as multi-

ferroic heterostructure. In these multiferroic heterostructures, the order

parameters are coupled at the interface.

Multiferroic heterostructures can use different approaches to couple the

ferroic components. For example, self-assembled magnetic nanopillars in

a ferroelectric material produce a multiferroic heterostructure with high

magnetoelectric coupling [115]. In this case, strain transfer from the

BiFeO3 matrix to the ferrimagnetic CoFe2O4 nanopillars induces a mag-

netoelastic anisotropy that can drive the magnetization in-plane or out-

of-plane depending on the BiFeO3 polarization state. This example, how-

ever, requires self-assembly techniques that limit the material selection

and complicate the fabrication process. To overcome these disadvantages,

layered structures simplify the deposition method and extend the mate-

rial selection. Three different coupling mechanisms in multiferroic het-

erostructures can be used to achieve electric field control of magnetism:

charge modulation, exchange coupling and strain transfer.

4.2.1 Charge modulation

The modification of the magnetization with electric fields can be directly

achieved via charge modulations. The change in magnetization is pro-

duced by the modulation of electric charges near the interface of a con-

ducting or semiconducting magnetic material. The applied electric field is

screened in the ferromagnetic material. The screening changes the elec-

tron distribution, accumulating or depleting charge carriers at the inter-

face. This charge redistribution is, therefore, concentrated at the mate-

rial’s interface, with an effective thickness of 1-2 unit cells in metallic

ferromagnets and up to a few nm in magnetic semiconductors. As a re-

sult of the charge redistribution, the electron density at the interface is

changed, affecting the Fermi level. The change in the Fermi level results

in a modification of the filling of the electronic orbitals, which modifies

the magnetic moment or magnetic anisotropy. The charge modulation has
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been observed, e.g., in metallic ferromagnets, magnetic semiconductors or

manganites by direct application of an electric field. Examples of this ef-

fect can be found in Fe/Pt [116,117], Co/Pt [118], Ta/CoFeB/MgO [119,120]

or MgO/CoFeB/Pt [121].

The effective electric field produced by an adjacent ferroelectric yields a

non-volatile effect. Moreover, due to the different dielectric constant of the

ferroelectric material, the magnetoelectric coupling is enhanced compared

to the direct application of an electric field to a ferromagnet. This effec-

tive electric field induces a change in the magnetization through charge

modulation. This has been demonstrated for in-plane magnetized sys-

tems in Co/GaOx [122] or switching the magnetization in plane/out of

plane [123, 124]. These electric field effects have been studied particu-

larly in doped manganites. In these materials, the strong lattice-spin-

charge-coupling favors the magnetoelectric effect with an applied electric

field. As a result, the polarization from an adjacent ferroelectric on a

LaxA1−xMnO3 (with A, a substitution ion such as Sr) thin film can mod-

ify the electronic and magnetic state of the thin film [125–128]. This

modulation of the magnetization and electronic transport via an adja-

cent polarization has potential for future ferroelectric tunnel junctions

[127,129,130]. Moreover, charge modulation effects by a ferroelectric can

modify the anisotropy, enhancing/reducing the magnetic field driven do-

main wall motion [131].

4.2.2 Exchange-bias coupling

Exchange coupling between a ferroelectric-antiferromagnet (e.g., YMnO3

[132] or LuMnO3 [133]) and a ferromagnetic thin film induces an ex-

change anisotropy in the ferromagnetic thin film. This exchange ani-

sotropy determines the orientation of the magnetization at remanence.

Moreover, the hysteretic response of the thin-film’s magnetization to an

external magnetic field yields a bias on the magnetic field [134–136]. This

bias originates on the exchange coupling between ferromagnetic and an-

tiferromagnetic orders and shifts the hysteresis curve by a certain field.

Themagnetoelectric coupling in the ferroelectric-antiferromagnet provides

an electric field control of the exchange bias. Some examples of multi-

ferroic materials that have been coulped with a magnetic thin film are

YMnO3 and LuMnO3, which have Néel temperatures below room tem-

preature, or BiFeO3 antiferromagnetic well above room temperature. For

example, the transition through the Néel temperature of a NiFe/YMnO3
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heterostructure under an applied electric field reduces the exchange bias

field.

Exchange coupling between BiFeO3 and an adjacent ferromagnetic ultra-

thin film, such as CoFe, produces a lateral modulation of the magnetiza-

tion [101, 105, 137–142]. In BiFeO3, two types of domain walls can form,

with the polarization rotating by 109◦ or 71◦ between domains. The ex-

change coupling of the magnetization at the interface between the ferro-

magnetic thin film and the antiferromagnetic ordering in BiFeO3 repro-

duces the ferroelectric domain configuration only for 109◦ domain walls.

In this case, the exchange bias is proportional to the domain size. How-

ever, for 71◦ domain walls in BiFeO3, the exchange bias is removed. The

antiferromagnetic orientation between domains in BiFeO3 rotates by 90◦

with the 109◦ domain walls. The coupling with the ferromagnetic film im-

prints the domain configuration, with a rotation of the magnetization by

90◦ at remanence. [138–140]

The application of an electric field to the multiferroic heterostructure

changes the polarization state in BiFeO3 and modifies the magnetization

state in the coupled ferromagnetic film. As a result, electric field switch-

ing of the magnetization can be achieved. [138,142]

4.2.3 Strain transfer

As described in section 2.1.4, the application of strain in a ferromagne-

tic thin film induces a magnetoelastic anisotropy. The strain required to

introduce this anisotropy can be produced by an adjacent piezoelectric or

ferroelectric. With this approach, the strain can be controlled by an exter-

nal electric field, yielding electric field control of magnetism via strain.

Piezoelectric strain

In the case of a piezoelectric transducer producing the strain, the dis-

tinct strain response as a function of electric field (see chapter 3) yields

a continuous change of the anisotropy strength as a function of electric

field [143–149]. The strain produced by piezoelectrics can be uniaxial

or biaxial, depending on the orientation of the piezoelectric crystal and

the direction of the applied electric field. The multiferroic heterostruc-

ture resulting from this approach is the outcome of ferromagnetic thin-

film deposition on top of a piezoelectric single crystal such as lead zir-

conate titanate (Pb[Zrx Ti(1−x)]O3) [146, 148] or ferroelectric relaxor lead

magnesium niobate - lead titanate ((1-x) [Pb(Mn1/3Nb2/3)O3] - x[PbTiO3])
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[143, 144, 147, 150]. In order to optimize the magnetoelastic coupling,

the selected ferromagnetic materials require high magnetostriction, e.g.,

CoFe or CoFeB. Recently, electric field control of perpendicular magnetic

anisotropy (PMA) by piezoelectric actuators was demonstrated in Pt/Co/Pt

[151] and Pt/TbFeCo/Pt multilayers [152]. The strain-induced reduction

of PMA changes the motion of domain walls in an externally applied mag-

netic field [151].

Ferroelectric substrates

Elastic coupling between a ferromagnetic thin film and a ferroelectric sub-

strate involves a direct link between the lattice elongation and the po-

larization in the ferroelectric, e.g., in BaTiO3. This coupling produces a

non-volatile magnetoelastic anisotropy due to inverse magnetostriction in

the ferromagnetic thin film. For thin films grown on BaTiO3 at high tem-

perature, sample cooling through the paraelectric to ferroelectric transi-

tion induces the strain in the ferromagnetic film, imprinting the domain

configuration of BaTiO3 [24, 25, 27, 28, 153]. The ferroelastic domain con-

figurations introduced in section 3 have a different symmetry of the unit

cell in the substrate plane, yielding a different projection of the lattice

to the (001) surface: c-domains have a square lattice projection while a1-

and a2-domains have a rectangular projection. Therefore, the lattice elon-

gation at the cubic to tetragonal transition induces a distinct anisotropy

depending on the ferroelectric domain formed and the magnetostriction

of the ferromagnet. For example, in the case of Co40Fe40B20 , a ferromag-

netic material with positive magnetostriction (λ > 0) [154], the lattice

elongation of a1- and a2-domains induces a uniaxial anisotropy in the di-

rection of the elongation (Fig. 4.1, a)). Imprinting of the ferroelectric

domain structure into a ferromagnetic film is referred to as domain pat-

tern transfer. The strong magnetoelastic anisotropy produces well defined

magnetic domains separated by strongly pinned magnetic domain walls.

Pattern transfer during deposition at room temperature has also been

demonstrated [25], with a reduced magnetoelastic anisotropy compared

to films grown at high temperature. Finally, maximum strain transfer is

achieved by epitaxial deposition of a ferromagnetic thin film, such as Fe,

on BaTiO3 [27].

Strong pinning of magnetic domain walls onto ferroelectric boundaries is

caused by regular modulations of magnetic anisotropy in ferromagnetic

films that are strain/coupled to BaTiO3. The abrupt change in magnetic
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Figure 4.1. Representation of a ferromagnetic thin-film coupled with a1−a2 BaTiO3. The
lattice elongation of BaTiO3 induces a magnetoelastic anisotropy on the thin-
film (marked by the black arrows). The polarization in the BaTiO3 domains
is indicated with white arrows.

anisotropy creates a pinning potential, preventing the motion of magnetic

domain walls under an external magnetic field.

The application of a magnetic field to a ferromagnetic film with regular

modulation of magnetic anisotropy can lead to the initialization of two

types of pinned magnetic domain walls, depending on field orientation

(Fig. 4.2) [28]. For a1 − a2 domain configuration, a magnetic field applied

parallel to the domain wall aligns the magnetization in a head-to-head (or

tail-to-tail) configuration (Fig. 4.2, a)) [28]. However, a field applied per-

pendicular to the domain wall initializes head-to-tail domain walls (Fig.

4.2, b)) [28]. These two spin configurations are affected by distinct en-

ergy contributions. In the case of head-to-tail walls, the dominating en-

ergies are exchange and anisotropy [28]. On the other hand, the profile

of head-to-head (or tail-to-tail) walls is mainly determined by a competi-

tion between magnetostatic and anisotropy energies [28]. These different

energy contributions yield a different domain wall width and energy for

both domain wall types.

For realistic parameters, the width of head-to-head (or tail-to-tail) domain

walls is about one to two orders of magnitude larger than that of head-to-

tail domain walls.

Electric field control of magnetism

The application of an electric field across the BaTiO3 modifies the ferro-

electric domain configuration and, therefore, it affects the local anisotropy

of the ferromagnetic thin film [26, 155–157]. The application of this elec-

tric field orientation to a1 − a2 domain configuration abruptly switches it

into saturated c-domain. On the other hand, for an a − c configuration,

the electric field grows a- or c- domains depending on the relative field
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Figure 4.2. MOKE microscopy images of a strain-coupled ferromagnetic thin-film on top
of BaTiO3 with a1 − a2 (a)-b)) or a− c (c)) domain patterns. a) 90◦ uncharged
domain walls with head to tail magnetization. b) 90◦ charged domain walls
with head-to-head / tail-to-tail magnetization. c) Electric field driven domain
wall motion of epitaxial Fe on a− c BaTiO3. An electric field pulse of 3 kV/cm
enhances a-domains (bright magnetic contrast) at the expense of c-domains
(dark magnetic contrast). Conversely, a -3 kV/cm enhances c-domains at the
expense of a-domains. The arrows indicate the magnetization orientation in
each domain and the dashed yellow lines the position of the BaTiO3 domain
boundaries.

orientation with the polarization in the c-domain (Fig. 4.2, c)). An out-

of-plane electric field enhances ferroelectric c-domains with polarization

along the field direction. The modification of the in plane lattice parame-

ter of BaTiO3 changes the strain state of the film on top. The modification

of the strain state is through the domain wall motion of the ferroelectric

domain boundary, which induces a different magnetoelastic anisotropy

where the BaTiO3 lattice changes. The change in the magnetoelastic ani-

sotropy locally switches the magnetization, ultimately producing a change

in the domain pattern [25, 26, 156]. The change in magnetic domain pat-

tern is through magnetic domain wall motion. The electric-field driving

the change in the magnetization produces a reversible domain wall mo-

tion via electric field [25,26,156].

Previously, electric field driven domain wall motion was demonstrated for

epitaxial Fe on BaTiO3 [29]. For this system, the Fe unit cell is rotated 45◦

with respect to the unit cell of BaTiO3, with the Fe atoms positioned on

top of the BaTiO3 oxygen atoms. The lattice mismatch of BaTiO3 with Fe

induces a uniaxial anisotropy for a1- and a2-domains due to the negative

magnetostriction of Fe (λ < 0), with the anisotropy axis perpendicular to

the BaTiO3 lattice elongation. However, in the case of a c-domain, the
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Figure 4.3. Representation of an epitaxial Fe on BaTiO3 multiferroic heterostructure.
The lattice elongation on a-domains induce a uniaxial anisotropy while the
biaxial compression on top of c-domains induce a cubic anisotropy. The po-
larization is represented by the white arrows and the anisotropy directions
with black arrows.

slight compression of the iron lattice induces a biaxial anisotropy (Fig.

4.3). The application of an electric field to the Fe/BaTiO3 multiferroic he-

terostructure moves the ferroelectric boundary. The domain wall motion

is the result of a size change in the ferroelectric domain underneath. For a

field aligned with the polarization in the c-domain, the c-domain grows at

the expense of the neighboring a-domains. On the other hand, the applica-

tion of an electric field opposite to the polarization in the c-domain results

in the shrinking of the c-domain in favor of the a-domain. The strong

coupling of the ferromagnetic domain walls and the ferroelectric domain

boundaries result in reversible magnetic domain wall motion via electric

fields. Through electric field pulses, domain wall velocities in Fe/BaTiO3

up to � 10μm/s were demonstrated [29].
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5. Methods

This chapter presents the experimental and simulation methods relevant

to this thesis. It begins with the experimental growth methods used to

prepare multiferroic heterostructures. Next, characterization methods

are introduced, followed by the micromagnetic simulation package we

used.

5.1 Molecular Beam Epitaxy

The evaporation of a material from a crucible in ultra high vacuum (UHV)

conditions and deposition on a surface characterizes molecular beam epi-

taxy (MBE) [56, 158–163]. MBE can produce films with atomically sharp

interfaces. Moreover, the deposition under UHV (� 10−10 Torr) yields

highly pure materials after deposition, which is very close to the purity of

the source.

The material to be deposited is initially in a crucible which is evaporated,

e.g., by heating the crucible. Another method to evaporate the material

uses an electron beam. Not all materials are suitable for MBE deposition.

Once the material evaporates, a beam of evaporated material is trans-

ported from the crucible to the substrate. The substrate temperature also

affects the deposition, varying between kinetic or thermal depositions.

The main difference between these depositions is the atom mobility on

the substrate surface [164]. During kinetic deposition, the atoms do not

have enough energy to move over the surface. On the other hand, deposi-

tion in the thermal regime allows for surface diffusion of the atoms. The

atom mobility modifies the crystallinity of the material and the thin film

growth mechanism [164,165].

In this thesis, epitaxial Cu/Ni multilayers are deposited by MBE on ferro-

electric BaTiO3 by collaborators at the Tokyo Institute of Technology. A
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seed layer of iron was deposited as a first step. Finally, a gold thin film

was evaporated on top to avoid oxidation. The thickness of the films was

measured by reflection high energy electron diffraction (RHEED) during

growth. Experimental results on these samples are summarized in sec-

tion 6.2.

5.2 Magnetron Sputtering

Ion bombardment of a surface can vaporize atoms or small atomic clusters

due to inelastic collisions [154, 163, 166]. The linear momentum trans-

ferred to the ejected atoms during the collision transfers them to a sub-

strate, where they are deposited as a thin film. The application of an

electric field to a noble gas environment, such as argon or xenon, ionizes

and accelerates the noble gas resulting in a non-reactive ion bombard-

ment that detaches atomic clusters.

Experimentally, the electric field is created between the target (cathode)

and a contact (anode). The addition of a noble gas flow, such as Ar or

Xe, produces a ionized plasma. This plasma is accelerated by the same

electric field towards the target, where an inelastic collision ejects the

material. In magnetron sputtering, the accelerated ions are confined by a

magnetic field near the target, yielding an increased plasma density. The

deposition rates can be controlled through the power. The power can be

measured through the voltage applied between cathode and anode and

the ionic current of the plasma. A typical deposition rate for magnetron

sputtering is on the order of Å/s.

Deposition by magnetron sputtering can be shadowed with a mask to pro-

duce a geometrical pattern. Moreover, a moving mask that gradually

covers/uncovers the substrate results in a thickness gradient across the

substrate. In that case, the deposited film has a wedge-like shape.

In this thesis, Co40Fe40B20 was deposited using magnetron sputtering on

BaTiO3 at 300 ◦C and capped with gold at room temperature. At this de-

position temperature, BaTiO3 is paraelectric. The Ar flow was kept con-

stant, typically around 30 sccm, during growth while the growth rate was

controlled by the plasma power. The chamber pressure was kept around

1 × 10−2 mbar during growth.

36



Methods

5.3 Magneto optical Kerr effect microscopy

The reflection of linearly polarized light from a magnetic material pro-

duces a rotation of the polarization axis and induces a elliptical compo-

nent to the polarization. The measurement of this rotation of the polar-

ization or the relative change in light intensity is the basis of the magneto-

optical Kerr effect (MOKE) microscopy.

Magneto optical Kerr effect

The magneto optical Kerr effect (MOKE) describes the interaction of lin-

early polarized light with amagnetic material in reflection geometry [167].

Microscopically, MOKE is explained by spin-orbit interactions between

the incident light and the electrons of a magnetic material [168, 169].

Macroscopically, the light-magnetization interaction yields a change in

the phase velocity [79,168,170], which produces a change in polarization

or light intensity. The change in the phase velocity is described by off-

diagonal components of the permittivity tensor. At optical frequencies,

the magnetic permeability is μ � 1 and the permittivity tensor (εij) for a

magnetized medium with negligible losses is given by [170]

εij =

⎛
⎜⎜⎝

ε′xx ε′xy + ig′′z ε′xz − ig′′y
ε′xy − ig′′z ε′yy ε′yz + ig′′x
ε′xz + ig′′y ε′yz − ig′′x ε′zz

⎞
⎟⎟⎠ , (5.1)

with ε′ij the real component of the permittivity, and g′′i the gyration com-

ponents [168, 170]. The gyration (−→g ) is a rotation vector that indicates
the rotation direction and magnitude of the polarization. In general, −→g is

smaller than the eigenvalues of εij .

The Kerr effect depends on the incident angle of light(β) relative to the

magnetization, with three configurations: longitudinal, transverse and

polar (Fig. 5.1).

Longitudinal and transverse MOKE configurations require an in plane

component of the light wavevector (Fig. 5.1, a)-b)). The longitudinal Kerr

effect results in a rotation of the polarization axis proportional to the pro-

jection of the magnetization onto the plane of incidence. The longitudinal

Kerr effect can also produce an elliptical component. The transverse effect

produces a change in the light intensity proportional to the magnetization

projection perpendicular to the optical axis (Fig. 5.1, b)). The difference

in these two configurations is the relative orientation of the plane of in-

cidence and the magnetization. The third configuration involves a light
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Figure 5.1. Schematic representation of the Kerr configurations: a) longitudinal, b)
transversal and c) polar. Each configuration gives increased rotation of the
polarization (i.e., sensitivity in MOKE microscopy) to a relative orientation
of the magnetization.

wavevector component perpendicular to the surface, referred to as polar

MOKE. Polar MOKE yields a change in polarization proportional to the

out-of-plane component of the magnetization (Fig. 5.1, c)) [170].

The permittivity tensor for these configurations is dependent on only one

of the components of the magnetization. For example, in longitudinal con-

figuration, the gyration vector aligns with the y-axis and, therefore, the

permittivity tensor is simplified to:

εij =

⎛
⎜⎜⎝

ε′xx 0 ε′xz − ig′′y
0 ε′yy 0

ε′xz + ig′′y 0 ε′zz

⎞
⎟⎟⎠ , (5.2)

producing a rotation of polarization and an ellipticity, as described before.

The rotation of the polarization is given by the real term of the gyration

components and the ellipticity by the imaginary term [168].

MOKE Microscopy

The change in polarization or light intensity due to MOKE can be ex-

ploited for the imaging of magnetic domains. The change in polarization

produced by the Kerr effect can be transformed in a change of light inten-

sity by adding a second polarizer on the reflected light path at 90◦ with

the first polarizer. The resulting change in intensity is proportional to the

magnetization projection on the optical axis, i.e., gives a direct measure-

ment of the magnetization direction. As in all optical microscopy systems,

the resolution is limited by the diffraction limit (� 250 nm).

Experimentally, magnetic and non-magnetic contributions are included in

the obtained raw image. To image exclusively the magnetic contributions

to the image, a background subtraction is performed. The background is

a set of images averaged over the application of an oscillating magnetic

field. This background provides with an average zero magnetization and
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contains non-magnetic contributions. The subtraction of the background

image from the observed image provides with clear magnetic contrast.

The direct relation between contrast and magnetization orientation in

MOKE microscopy allows for local measurements of the magnetization

direction as a function of external magnetic field, i.e., local magnetic hys-

teresis loops. An important experimental consideration when usingMOKE

microscopy is the Faraday effect. The Faraday effect induces a rotation of

polarization when light is transmitted through a material under an ex-

ternally applied magnetic field or a magnetic medium [170]. The Faraday

effect results in a linear dependence as a function of magnetic field, which

can be distinguished after the magnetization is saturated.

The interaction of light with a material is not limited to the surface but

contains information over a characteristic probing depth. The probing

depth (δp) depends on material parameters. For the multiferroic het-

erostructures that are studied in this thesis, this has an important con-

sequence. If the metallic ferromagnetic film is thin (< 20 nm), part of the

light is also reflected from the BaTiO3 substrate. As a result, the magnetic

domain structure and ferroelectric domain structure can both be imaged

(the latter using birefringent contrast) [25]. This allows for the imaging

of direct correlations of domains and domain walls in the two ferroic ma-

terials.

In this thesis, a Zeiss imager D1m optical microscope modified by Evico

was used to perform the MOKE microscopy measurements. The optical

path is specified by an adjustable slit that sets the angle of incident light.

One polarizer on the incident light path and another on the reflected light

path convert the change in Kerr rotation or ellipticity into a change in

light intensity, measured through a CCD camera. An electromagnet pro-

vides with the external magnetic field to measure hysteresis curves.

To observe electric-field control of magnetism using MOKE microscopy,

a dedicated sample holder with electric contacts is used during experi-

ments. In all realizations, an out-of-plane electric field is applied across

the BaTiO3 substrate by grounding the ferromagnetic film and applying

a voltage to the back side of the substrate. The contact to the back side

of the substrate was done through double sided copper tape for flexible

addhesion with an electric contact.
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5.4 Vibrating Sample Magnetometry

Vibrating Sample Magnetometry (VSM) is a macroscopic characterization

method that provides with the magnetic properties of a material such as

saturation magnetization or Curie temperature. Introduced in 1956 by

Smith [171], VSM measures the induced electric current in a coil by a

vibrating magnetic sample. The induced current is, due to Ampere’s the-

orem, proportional to the magnetic moment of the sample [171]. There-

fore, the measurement yields the magnetic moment of the sample as a

function of an external magnetic field or temperature. The measurement

of the hysteresis curve yields the saturation magnetization and the coer-

cive field while the temperature dependent measurements provide with,

e.g., the Curie temperature. The same principle is still applied in modern

devices. However, improvements have resulted in small variations over

the original design [172–175]. The magnetic field is applied through an

electromagnet or a superconductor magnet.

In this thesis, a PPMS Dynacool was used to perform the macroscopic

magnetic characterization of the samples. In this equipment, a 9 T mag-

netic field can be applied parallel to the coil winding axis. Therefore, the

measured magnetization is the projection over the magnetic field axis.

The temperature can be controlled from 1.8 K to 400 K or from 300 K to 1

000 K, depending on the configuration. The magnetization measurements

can be as accurate as 1 × 10−6 emu.

When measuring a magnetic sample with VSM, contributions from all

the materials vibrating inside the coil are measured. Therefore, the mea-

surement can have paramagnetic, diamagnetic and ordered magnetic con-

tributions together. For example, in a VSM hysteresis measurement of

a [Cu/Ni]5/BaTiO3 multiferroic heterostructure there is a ferromagnetic

contribution from the Ni thin films and other contributions from the sam-

ple holder, the glue to fix the sample, the Cu thin films and the BaTiO3

substrate (Fig. 5.2, a)). The resulting hysteresis curve has a ferromagne-

tic contribution, with a saturation magnetization, combined with diamag-

netic contributions from the other materials. These diamagnetic contri-

butions vary linearly with applied magnetic field (eq. (2.1)) and therefore

can be substracted from the raw data by fitting a line at high magnetic

fields. An example is shown in Fig. 5.2, b).
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Figure 5.2. Experimental VSM hysteresis curve of a [Cu/Ni]5/BaTiO3 multiferroic he-
terostructure. The applied magnetic field is oriented in-plane. a) Raw VSM
data of the sample. b) Data of the Cu/Ni multilayer after substraction of the
diamagnetic contributions.

5.5 Mumax3

Mumax3 is a simulation package that calculates the magnetization evolu-

tion numerically to model the experimental system and complement the

experimental results. This simulation package uses the Landau-Lifshitz-

Gilbert equation (LLG, eq. (2.21)), introduced in section 2.5, to calculate

the magnetization configuration [176,177]. The simulation area is divided

in finite orthorhombic cells and the material properties are introduced as

parameters. As stated before, micromagnetic simulations calculate the

evolution of the magnetization and, therefore, they require an initial mag-

netization state as input parameter. From the initial magnetization state,

the micromagnetic simulation calculates the relaxation process for the

parameters introduced. For example, initializing two areas with magne-

tization at 180◦ for the magnetic properties of a 150 nm Co40Fe40B20 film

(MS=1.2× 106 A/m) and a homogeneous uniaxial anisotropy of Ku=3× 104
J/m3 (Fig. 5.3, a)), Mumax3 calculates how the abrupt boundary relaxes

into a magnetic domain wall (Fig. 5.3, b)). The anisotropy value corre-

sponds to the typical anisotropy strength in CoFeB/BaTiO3 multiferroic

heterostructures. The introduction of external factors such as an external

magnetic field or an electrical current that interacts with the magnetiza-

tion is introduced as an effective field in the LLG equation. Hysteresis

curves or the current-driven domain wall motion can, therefore, be simu-

lated [176–184].

Initially, micromagnetic simulations calculate the magnetostatic kernel,

i.e., the magnetostatic interactions for each cell. This kernel is constructed

assuming uniform magnetization and calculating the effective magneto-
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a)

b) e.a.

Figure 5.3. Mumax3 simulation of a 150 nm CoFeB thin film with uniform uniaxial ani-
sotropy. a) Initial magnetization configuration with an abrupt 180◦ rotation
of magnetization. b) Relaxed Bloch domain wall. White color indicates out-
of-plane magnetization.

static field produced for the whole simulation volume. The resulting field

is then divided by the volume of each cell, yielding the magnetostatic ef-

fective field per cell. The magnetostatic interaction for each cell is then

calculated from the magnetization direction in the cell and the kernel con-

tribution [177, 185, 186]. Due to the limited size of the micromagnetic

simulation, periodic boundary conditions can extend the simulated area

to reproduce thin films or large area effects. The contributions from the

periodic boundary conditions are included in the calculation of the mag-

netostatic kernel. The calculation of the kernel for an anisotropic geom-

etry results in a shape anisotropy due to magnetostatic effects. After the

magnetostatic kernel is calculated, the simulation can proceed as a time

dependent simulation or an energy minimization simulation. The time

dependent simulation calculates the change in the magnetization through

the LLG equation in finite time steps (dt). The energy minimization cal-

culates the minimization of the torque, neglecting the second term of the

LLG equation and looking for the local minima where dm
dt =0.
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6. Results and Discussion

This chapter presents the main results achieved during the PhD research.

These results are divided in two main projects. First, in section 6.1, mag-

netic field effects and magnetic logic in in-plane magnetized multiferroic

heterostructures are discussed. The system under study in this section

is a CoFeB film that is strain-coupled to a ferroelectric BaTiO3 substrate

with regular a1 − a2 ferroelastic stripe domains. Second, section 6.2 de-

scribes electric-field-driven domain wall motion in a system with perpen-

dicular magnetic anisotropy. In this case, strain transfer from BaTiO3 to a

Cu/Ni multilayer induces domains with alternating in-plane and perpen-

dicular magnetic anisotropy. The application of a perpendicular electric

field to the [Cu/Ni]5/Cu/BaTiO3 heterostructure switches the magnetiza-

tion from perpendicular to in-plane and vice versa. Besides, the distinct

anisotropy in each magnetic domain strongly pins the magnetic domain

wall. The application of an electric-field pulse reversibly displaces the

domain wall, producing electric-field-driven domain wall motion.

6.1 Magnetic field effects and magnetic logic in CoFeB/BaTiO3

heterostructures

6.1.1 Size dependence of domain pattern transfer

Strain coupling between a CoFeB thin film and a BaTiO3 substrate with

regular a1−a2 domains results in domain pattern transfer and strong pin-

ning of magnetic domain walls on top of ferroelectric domain boundaries.

The application of a magnetic field to a system with firmly pinned domain

walls can lead to the formation of two different types of magnetic domain

walls. A magnetic field parallel to the domain wall produces charged do-

main walls with head-to-head or tail-to-tail magnetization. In contrast, a
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magnetic field applied perpendicular to the domain wall induces head-to-

tail uncharged domain walls. The different magnetization configuration

for charged and uncharged domain walls yields a different domain wall

width and energy. For charged domain walls, the magnetization configu-

ration is determined by a competition between magnetostatic interactions

and anisotropy energy. On the other hand, uncharged domain walls are

stabilized by the competition between exchange and anisotropy.

The different width of charged and uncharged magnetic domain walls af-

fects domain pattern transfer in multiferroic heterostructures. Domain

pattern transfer breaks down to uniform magnetization at a domain size

comparable to the domain wall width. This breakdown is observed through

the spin rotation between domains. For wide domains, the magnetiza-

tion rotates by 90◦ for both configurations. Reducing the domain size re-

duces the spin rotation until breakdown. Micromagnetic simulations us-

ing OOMMF reproduce this effect and provide details on the breakdown

process (Fig. 6.1). The simulations reproduce a CoFeB thin film with a

regular a1 − a2 domain pattern. The cell size was set to 2 × 2 × t nm,

with t the film thickness. For wide domains with a width of Δ = 5 μm,

the magnetization rotates by 90◦ for both charged and uncharged domain

walls (Fig. 6.1, top row). Reducing the domain size results in a decrease

of the spin rotation. For charged domain walls, a domain width of Δ = 60

nm breaks down the magnetization to a more or less uniform state (Fig.

6.1, third row). However, for narrower uncharged domain walls the pat-

tern breaks down to uniform magnetization at a domain size ofΔ = 20 nm

(Fig. 6.1, bottom row). Breakdown of pattern transfer is also illustrated

by a change in the shape of the magnetic hysteresis curve (Fig. 6.1).

The micromagnetic simulations are experimentally confirmed by mea-

surements in a rotating magnetic field (Fig. 6.2). The rotating field

switches the magnetization between charged and uncharged domain walls,

which creates two regimes with distinct spin rotation: relatively large

spin rotation for uncharged domain walls and small spin rotation for charged

domain walls. The spin rotation (|φ1 − φ2|) can then be used to study do-
main pattern transfer as a function of domain size, magnetic field strength

and film thickness. φ1 and φ2 indicate the angles of magnetization in two

neighboring stripe domains.

For these experiments, a CoFeB wedge film with thickness ranging from 0

to 150 nm was grown on a BaTiO3 substrate with a regular a1−a2 domain

pattern. This sample possess an anisotropy of Ku � 4 × 104 J/m3.
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Figure 6.1. Micromagnetic simulations of two anisotropically modulated domains with
periodic boundary conditions as a function of domain width (Δ). The aniso-
tropy axis are at 45◦ for the central domain and at 135◦ for the side domains
with an anisotropy strength Ku=2.8×105 J/m3. The hysteresis loops on the
left and right represent the average normalized magnetization in x and y
direction for the whole simulation area.

Figs. 6.2 a) and b) show results for a rotating magnetic field of 30 mT

and 40 mT and a CoFeB film thickness of 50 nm and 150 nm. In all

cases, transitions between small and larger values of |φ1 − φ2| are mea-
sured. These switching events, which signify a change in magnetic con-

trast, are caused by abrupt domain wall transformations. Starting from

θ = 0◦, the stripe domains are initially separated by broad charged do-

main walls. The rotation of magnetization between neighboring domains

is thus small. Clockwise rotation of a constant magnetic field switches

the magnetization of every second stripe domain at θ � 45 - 55◦. As a

result, the broad charged domain walls transform into narrow uncharged

domain walls. This increases |φ1−φ2| and, consequently, the magnetic con-
trast of MOKE microscopy images. At θ � 135 - 145◦, a second switching

event restores the charged domain walls, causing a reduction of |φ1 − φ2|.
Back and forth switching between the two types of domain walls contin-

ues upon further rotation of the magnetic field. For narrow uncharged

domain walls, the ferroelectric stripe domain pattern in the BaTiO3 sub-

strate is clearly transferred to the CoFeB wedge. Broad charged domain

walls, on the other hand, lead to nearly uniform magnetization in the Co-

FeB film. Results from micromagnetic simulations, shown in Fig. 6.2 c)

and d), qualitatively confirm the measurements. While the shape of the

switching curves is nearly identical, the magnitude of |φ1 − φ2| is larger
in the simulations. The main reason for this is a difference in data acqui-

sition. In order to increase the signal to noise ratio in the experimental

data, we extract the average direction of magnetization in two neighbor-

ing stripe domains, while simulated data is collected at the two domain
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Figure 6.2. a) Spin rotation (|φ1−φ2|) between two neighboring domains under a rotating
field as a function of magnetic field strength at a constant film thickness of
150 nm, reproduced by micromagnetic simulations in c). The increase in
magnetic field reduces the spin rotation for uncharged domain walls (near
90◦ and 270◦). b) Spin rotation as a function of magnetic film thickness at a
constant rotating magnetic field of 40 mT, reproduced by simulations in d).

centers.

A change in CoFeB film thickness produces the opposite effect (Fig. 6.2,

b)). An increase of film thickness at a constant field of 40 mT affects

solely charged domain walls, reducing the spin rotations. The exclusive

effect on charged domain walls is due to an increase of magnetostatic en-

ergy with thickness, which influences primarily charged domain walls. An

increase of film thickness enhances the domain wall width of charged do-

main walls, reducing the spin rotation between neighboring domains. Mi-

cromagnetic simulations reproduce this effect, showing a singular change

for the spin rotation of charged domain walls and no effect on uncharged

domain walls (Fig. 6.2, d)).

Micromagnetic simulations reproducing the experimental system yield

the width of magnetic domain walls in the patterned CoFeB (Fig. 6.3).

The simulations were perfomed with Mumax3, using a cellsize of 4 × 4

× t, t the film thickness, a saturation magnetization MS = 1.2 × 106 A/m,

an exchange constant A = 2.1 × 10−11 J/m, and a magnetic anisotropy

strength of Ku= 104 J/m3. The domain wall width is extracted with eq.

2.17 as a function of magnetic field angle, magnetic field strength and film
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Figure 6.3. Simulated domain wall width as a function of magnetic field angle. a) Effect
of magnetic field strength at a constant film thickness of 150 nm. b) Effect of
film thickness at a constant magnetic field of 40 mT.

thickness. At remanence, thickness the simulated domain wall width is

25 nm and 1.9 μm for uncharged and charged domain walls, respectively,

in a 150 nm thick CoFeB film. XMCD-PEEM measurements confirm the

simulated domain wall width for charged domain walls (see publication

VI). Rotation of the magnetic field changes the domain wall width. For

a field parallel to the domain wall, the widest configuration is obtained.

The rotating field reduces the domain wall width and at an angle of about

45◦ the domain wall changes to a narrow uncharged domain wall.

6.1.2 Magnetization reversal

In systems with regular modulations of in-plane magnetic anisotropy, mag-

netization reversal proceeds differently if the magnetic field is oriented

parallel or perpendicular to the domain walls. To illustrate this effect,

MOKE microscopy on a CoFeB/BaTiO3 wedge film was performed. The

CoFeB film thickness ranged from 0 to 150 nm and its magnetic aniso-

tropy corresponded to Ku = 4 × 104 J/m3.

MOKE microscopy data for a varying magnetic field parallel to the do-

main wall are shown in Fig. 6.4. Starting at a saturating negative field,

the return to remanence leads to the formation of charged magnetic do-

main walls with a spin rotation of about 90◦. Reversal of the magnetic

field further increases the spin rotation and, thereby, the energy of the

charged domain wall. The system reduces its energy by first switching

every second stripe domain as this transforms all energetically unfavor-

able charged domain walls to lower-energy uncharged domain walls. Only

at much larger field the remaining stripe domains switch. Magnetization

reversal in this system is thus modulated by the energetics of the do-

main walls. The first switching field that causes the transformation from

charged to uncharged domain walls depends on the width of the stripe

domains. Narrow stripe domains reverse before the wider domains (see
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Figure 6.4. Magnetization reversal for a 100 nm thick Co40Fe40B20 film on BaTiO3 with
regular a1 − a2 stripe domains. The magnetic field is applied parallel to the
domain walls.

MOKE images for 12 and 13 mT in Fig. 6.4).

In contrast to parallel magnetic fields, all domains switch simultaneously

when the magnetic field is oriented perpendicular to the domain walls.

In this case, lower-energy uncharged domain walls form when the field is

reduced from saturation. To avoid the formation of higher-energy charged

domain walls during switching, magnetization reversal is completely syn-

chronized.

6.1.3 Reconfigurable magnetic logic

Selective switching in systems with regular modulations of magnetic ani-

sotropy can be used to performmagnetic logic operations. Considering two

projections of the magnetization, a total of four magnetic logic operations

are demonstrated for a CoFeB/BaTiO3 multiferroic heterostructure: AND,

OR, NAND and NOR. Throughout this section, charged domain walls will

be referred to as high energy domain walls (HE) and uncharged as low

energy domain walls (LE).

Considering three magnetic stripe domains, a magnetic field applied par-

allel to the domain walls can initialize the magnetization in four different

configurations (Fig. 6.5, top row). The respective domain walls have a

HE–HE, LE–HE, HE–LE and LE–LE structure, respectively. The pos-

sibility to do this derives from the dependence of magnetic switching on

domain wall type and the width of the stripe domains. Once initialized,

the magnetization orientation in the two outer domains significantly af-

fects magnetic switching in the central domain when a field is applied

along its anisotropy axis. The MOKE microscopy measurements of Fig.

6.5 confirm this. Switching in the central domain occurs at a small field

of 9 mT when it is bordered by two HE domain walls. A larger field of 15

mT is required for the LE–HE and HE–LE configurations and, finally, the
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Figure 6.5. a) MOKE microscopy images showing the magnetic configurations for a set
of 3 domains initialized by a magnetic field parallel to the domain wall, re-
ferred to as, respectively: HE–HE, LE–HE, HE–LE and LE–LE (top row).
The application of a magnetic field oposing the magnetization in the central
domain switches this domain without any effect on the side domains (bottom
row). b) Normalized magnetization of the central domain as a function of
magnetic field strength along the direction that is specified in a).

LE–LE state requires a field of 18 mT.

The distinct switching behavior for different domain wall configurations

defines two field ranges for magnetic logic operations. For an arbitrary

magnetic field between the switching field of HE–HE and LE–HE/HE–LE

(marked by 1 in Fig. 6.5, b)), only the central domain in the HE–HE

configuration switches. Moreover, for a higher field (marked by 2 in Fig.

6.5,b)), all the configurations switch except the LE–LE. Based on this se-

lective switching, a magnetic logic operator is proposed considering the

side domains as inputs (A and B, respectively) and the central domain

as output (Q). First, studying the y-component of the magnetization and

assigning logic "0" and "1" to magnetization pointing up and down, respec-

tively, the magnetization for each domain can be collected in a truth table,

determining the magnetic logic operations (Fig. 6.6). For a field in range

1 , the magnetic output switches from "0" to "1" only if both inputs are

off (left image in Fig. 6.6, a)). In the other three cases, the output signal

remains "0". The truth table of this logic element corresponds to a NOR

gate. If the magnetic field is increased beyond the switching field of the

LE–HE and HE–LE configurations, but below that of the LE–LE state

(marked by 2 in Fig. 6.5, b)), the magnetic output turns on if at least

one of the two inputs is off (three left images in Fig. 6.6, b)). The logic

element now functions as a NAND gate. A similar sequence of switching

events can be described when the magnetization component along the x-

axis (Mx) is used. In this case, the logic element operates as an AND or an

OR gate, depending on bias field. Measurements of Mx and My can, for ex-

ample, be performed by setting the reference layer of a magnetoresistive
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Figure 6.6. Reconfigurable magnetic logic operations corresponding to the regimes 1
and 2 . Logic "1" is assigned for magnetization pointing down (left) while
logic "0" corresponds to magnetization pointing up (right). The side domains
are the inputs of the magnetic logic operator (A, B) and the central domain
acts as output (Q). a) Between 9 and 15 mT ( 1 ), collecting the logic values
from the inputs and output with the previously defined "1" and "0", My re-
solves a NOR magnetic logic operator and Mx operates as an AND gate. b)
Between 15 and 18 mT ( 2 ), the magnetization solves NAND and OR logic
operations for My and Mx, respectively.

element on top of the magnetic output. In that case, the logic functionality

(AND/OR or NAND/NOR) has to be predefined before the logic operation

is executed. Note that a NOT gate is easily constructed by considering

two magnetic stripe domains separated by a LE domain wall (not shown).

Reversal of the magnetic field resets the system for new operations.

The magnetic logic operator is reconfigurable with two configuring factors:

the external magnetic field and the magnetization projection selected. In

this operator, the former defines the range of operation ( 1 or 2 ) and the

latter (My or Mx) defines the final logic operator among four possibilities.

Furthermore, these magnetic operations are non-volatile, maintaining the

result until the logic operator is reset by an external magnetic field. The

magnetic logic element can perform a complete set of boolean operations

and it can be downsized to about 100 nm2, which is limited by the break-
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down of domain pattern transfer when the width of the stripe domains be-

comes small (see Section 6.1.1). The logic operations are based on distinct

switching of four different magnetic configurations, achieved through ani-

sotropy modulations. Finally, these anisotropy modulations could also be

achieved through different approaches such as FIB irradiation [187–190].

Micromagnetic simulations support the experimental observation (Publi-

cation IV). The simulations were perfomred with Mumax3 using a cellsize

of 5 × 5 × t nm3, t the film thickness, a saturation magnetization MS =

1.2 × 106 A/m, a exchange constant A = 2.1 × 10−11 J/m, and a magnetic

anisotropy of Ku = 3 × 104 J/m3. Combining all energy contributions (Fig.

6.7), the simulations indicate that the total energy of the HE–HE configu-

ration is about 1 × 104 J/m3 larger than that of the LE–LE configuration.
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Figure 6.7. Energy contributions for LE–LE (top) and HE–HE (bottom) magnetic con-
figurations, extracted from micromagnetic simulations. The energy contribu-
tions are: anisotropy (Ean), magnetostatic (Ems), exchange (Eex). The total
energy (Et=Ean+Ems+Eex) is also plotted.

6.2 Electric field driven magnetic domain wall motion in
[Cu/Ni]5/Cu/BaTiO3 multiferroic heterostructures with
perpendicular magnetic anisotropy

In this section, Cu/Ni multilayers coupled to a bulk BaTiO3 single crystal

are considered for electric-field control of magnetism. The multiferroic

heterostructure of [Cu (9 nm)/ Ni (2 nm)]5/Cu (9 nm)/ Fe (1 nm)/ /BaTiO3

is deposited at room temperature with MBE. The multilayer is capped by

a 5 nm Au film to prevent oxidation.

Epitaxial Cu/Ni has been extensively studied as a system with strong per-

pendicular magnetic anisotropy [51–55]. The perpendicular magnetic ani-
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sotropy is of magnetoelastic origin, due to the tensile strain introduced

in the Ni film by a lattice mismatch with Cu. As a result, Cu/Ni/Cu

sandwiches show strong perpendicular anisotropy in a wide thickness

range [51–55]. The elastic origin of this anisotropy yields high sensitivity

to the application of external stress.

The as-grown epitaxial Cu/Ni multilayers are elastically decoupled from

BaTiO3 due to the a large lattice mismatch of about 11%. Despite this

large lattice mismatch, the Cu/Ni multilayers are epitaxial (see publica-

tion II). From x-ray diffraction, a tensile strain of 1.9% is derived for the

Ni layers in the as-grown state. This strain agrees well with model calcu-

lations that consider the Cu/Ni multilayer as a free-standing membrane.

The tensile strain induces perpendicular anisotropy.

Considering an initial a − c ferroelectric domain configuration, the appli-

cation of an out-of-plane electric field grows c-domains for a field parallel

to the polarization in c-domains or a-domains for a field antiparallel. The

change from a- to c-domains reduces the tensile strain in the Ni layers,

driving the magnetization in-plane. Conversely, changing from c- to a-

domains re-establishes a large tensile strain and, thereby, perpendicular

anisotropy. Due to the elastic decoupling in as-grown multilayers, the

first cycle of electric field initiates the transfer of the ferroelectric domain

pattern.

MOKE microscopy imaging of a sample with a − c domain pattern trans-

fer to the Cu/Ni multilayer demonstrates the direct correlation between

ferroelectric polarization and magnetization orientation (Fig. 6.8). The lo-

cal measurement of a hysteresis curve yields a square hysteresis loop and

an open slanted hysteresis, corresponding to out-of-plane and in-plane

magnetization, respectively (Fig. 6.8,a) 1 ). The application of a con-

tinuous out-of-plane electric field grows the c-domains at the expense of

a-domains, with a direct effect on the magnetization (Fig. 6.8, a) 2 ).

Increasing the electric field saturates the polarization in a single ferro-

electric c-domain, i.e., magnetization in-plane. The measurement of an

hysteresis curve over the whole visible area yields a closed slanted hys-

teresis curve, corresponding to uniform in-plane magnetization (Fig. 6.8,

a) 3 ). When the electric field is switched off, stripe domains are re-

stored ( 4 ). The application of an electric field opposite to the polarization

shrinks the existing ferroelectric c-domains (Fig. 6.8, a) 5 - 6 ). At a cer-

tain field, the internal polarization in the remaining c-domains switches

to align parallel with the external electric field. After polarization switch-
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Figure 6.8. a) Polar MOKE microscopy images of a Cu/Ni multilayer under a perpendic-
ular electric field. The local hysteresis loops resolve in-plane and perpendic-
ular magnetization on top of c- and a-domains, respectively ( 1 ). The appli-
cation of a perpendicular electric field grows c-domains, driving the magne-
tization in plane ( 1 - 3 ). The removal of the electric field relaxes back the
multidomain configuration ( 4 ), and a field opposing the c-domain reduces its
size in favor of a-domains ( 5 - 6 ). Polarization reversal in c-domain triggers
the growth of the c-domain, driving the magnetization in-plane ( 7 - 9 ). The
removal of the electric field relaxes again a multidomain configuration ( 10 ).
b) Schematic representation of the ferroelectric-ferromagnetic correlations in
the visualized area in a).

ing, c-domains grow at the expense of the a-domains (Fig. 6.8, a) 7 - 8 )

until saturation (Fig. 6.8, a) 9 ). Finally, removal of the electric field

results in a multidomain configuration (Fig. 6.8, a) 10 ). The change in

magnetization orientation corresponds to the BaTiO3 domain response to

the external electric field (Fig. 6.8, b)), which determines the size of the

magnetic domains.

Electric-field controlled magnetic switching in [Cu/Ni]5/BaTiO3 proceeds

by lateral motion of magnetic domain walls that are strongly pinned onto

the ferroelectric boundaries in the BaTiO3 substrate. To analyze electric-

field-driven magnetic domain wall motion, we focus on an area of the

Cu/Ni multilayer with one magnetic domain wall (Fig. 6.9, a)). Polar

MOKE microscopy hysteresis curves of the in-plane and perpendicularly

magnetized areas yield, respectively, slanted and squared hysteresis curves

(Fig. 6.9, b)). Local longitudinal hysteresis loops in the in-plane magne-

tized domain resolves a uniaxial anisotropy perpendicular to the domain

wall (Fig. 6.9, c)).

The application of an out-of-plane electric field pulse to the [Cu/Ni]5/BaTiO3
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Figure 6.9. a) MOKE microscopy image of the Cu/Ni multilayer. b) Polar MOKE hys-
teresis curves for two neighboring domains. The rectangles in a) illustrate
the area of data collection. The measurements indicate that one of the do-
mains exhibits PMA (domain with red rectangle), while the magnetization of
the other domain is oriented in-plane (domain with black rectangle). c) Local
longitudinal MOKE hysteresis loops for the domain with in-plane magnetic
anisotropy, i.e., both curves are measured in the black rectangle. The orien-
tation of in-plane magnetic field is parallel (blue curve) and perpendicular
(black curve) to the domain wall. The magnetic domain wall does not move
in a magnetic field because of strain coupling to a ferroelastic domain wall in
the BaTiO3 substrate.

multiferroic heterostructure results in a finite displacement of the domain

wall (Fig. 6.10). During the experiment, the multilayers are grounded and

the electric field pulse is applied to the back of the BaTiO3 single crystal.

The application of a positive electric field (E+) enhances c-domains at the

expense of a-domains. The opposite effect results from a negative electric

field (E−), growing a-domains at the expense of c-domains. The change

in domain size proceeds through domain wall motion, reversibly for both

electric field polarities (Fig. 6.10, a)). As a result, E+ moves the domain

wall down (Fig. 6.10, a), black dots) and E− moves the domain wall up

(Fig. 6.10, a), red dots).

From the MOKE microscopy images of electric-field-driven domain wall

motion, the domain wall velocity as a function of electric field strength can

be extracted. To extract the velocity (v), the domain wall displacement (x)

is measured after a square pulse of duration Δt. The pulse duration (Δt)

is adjusted for a domain wall displacement Δx � 5 μm. The domain wall

velocity (v) as a function of electric field strength is presented in Fig. 6.10,

b)). For an electric field sweep from 2 kV/cm to 15 kV/cm the domain wall

velocity increases by five orders of magnitude. The exponential variation

of v with electric field (E) is explained by thermally assisted depinning

of the ferroelectric domain wall in the BaTiO3 substrate. The maximum

measured velocity in the experiments is 1 cm/s. While this velocity is

lower than experiments in current-driven domain wall motion [191,192],

the reported value is three orders of magnitude faster than previous ex-

periments on Fe/BaTiO3 [29].

Complementing the experimental data, micromagnetic simulations yield

more information on the domain wall dynamics and the domain wall pro-
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Figure 6.10. a) Polar MOKE microscopy images demonstrating reversible electric field
driven domain wall motion. A negative electric field pulse moves the do-
main wall down ( 1 ), on the other hand, a positive electric field moves
the domain wall up ( 2 - 3 ). Cycling positive and negative electric fields
reversibly move the magnetic domain wall ( 4 - 10 ). b) Domain wall ve-
locity as a function of external electric field for both positive and negative
fields. The exponential velocity dependence with electric field indicates a
thermally activated domain wall motion regime. The colors in a) and b)
show the same electric field polarity.

file. The simulations, performed with Mumax3, consisted of a 2-nm Ni

film with a cell size of 2.5 × 2.5 × 2 nm3. As input parameters, an ex-

change constant A = 7.3× 10−12 J/m, a saturation magnetization MS = 4.8

× 105 A/m and a damping parameter α = 0.015 were used. Domain wall

motion is modeled by the shift of the anisotropy boundary between two do-

mains with in-plane and perpendicular anisotropy, respectively. The shift

of the anisotropy boundary is set to one discretization cell (Δx = 2.5 nm)

and the simulation time step was used to define the velocity (Δt = Δx
v ).

In plane periodic boundary conditions were used to mimic the thin-film

geometry.

Fig. 6.11 shows an overview of the simulation results. Under static con-

ditions and zero magnetic field (Fig. 6.11, a)), the simulations reproduce

the domain configuration in the MOKE microscopy images of Figs. 6.9

and 6.10, i.e., one domain with in-plane magnetization pointing towards

the domain wall and another domain with PMA. The 90◦ magnetic do-

main wall that separates the two domains is of the Néel type. At high
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domain wall velocities v, the magnetization within the wall tilts towards

the y-axis. The tilt angle depends on the direction of domain wall motion

and steadily grows with v. Above a critical velocity vcrit, here correspond-

ing to the velocity at which the magnetization points along +y or -y, the

spins within the magnetic domain wall start to precess continuously. This

dynamic behavior, which is similar to Walker breakdown in magnetic do-

main walls that are driven by a magnetic field or electric current, results

in the emission of spin waves. Fig. 6.11 d) shows an example.

The application of a magnetic field does not move the magnetic domain

wall, in agreement with experiments, but it changes its spin structure

(Fig. 6.11, c)). Besides, a magnetic field either stabilizes or destabilizes

the domain wall at high velocities, depending on the directions of applied

magnetic field and domain wall motion. In general, external magnetic

fields that suppress magnetization tilting towards the y-axis enhance the

critical velocity. The simulated variations of vcrit with in-plane magnetic

fields along the x- and y-axes are summarized in Fig. 6.11, e).

Elastic coupling of Cu/Ni multilayers to BaTiO3 enables electric-field switch-

ing of the magnetization between in-plane and perpendicular orienta-

tions. Pattern transfer of the ferroelectric domain configuration to the

Ni thin films creates in-plane magnetized domains on top of c-domains

and perpendicularly magnetized domains on top of a-domains. The ap-

plication of an out-of-plane electric field pulse to the multiferroic hetero-

structure displaces the domain walls. This electric-field-driven domain

wall motion is reversible, depending on electric field polarity. Therefore,

purely electric-field-driven domain wall motion in a system with perpen-

dicular anisotropy is achieved. Finally, an external magnetic field tunes

the domain wall dynamics as an independent parameter.
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Figure 6.11. a)-c) Micromagnetic simulations of the magnetic domain wall for zero and
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57



Results and Discussion

58



7. Conclusions

This thesis studies strain-coupling between a BaTiO3 substrate and vari-

ous ferromagnetic thin films. Strain transfer from BaTiO3 to a ferromag-

netic thin film induces regular modulations of magnetic anisotropy. As a

result, the straight stripe domains in BaTiO3 are imprinted into the ferro-

magnetic layer and the direction of ferroelectric polarization and orienta-

tion of the magnetic anisotropy axis are indirectly linked. Another impor-

tant consequence of strain transfer is strong pinning of magnetic domain

walls on ferroelectric domain boundaries. Two main systems have been

studied: CoFeB films on BaTiO3 with in-plane magnetic anisotropy and

Cu/Ni multilayers on BaTiO3 with perpendicular anisotropy. The main

findings are briefly summarized below.

In multiferroic heterostructures with in-plane magnetization, such as films

of CoFeB on BaTiO3, two types of magnetic domain walls can be initialized

by an external magnetic field: head-to-head/tail-to-tail charged domain

walls or head-to-tail uncharged domain walls. In our system, charged and

uncharged domain walls form when the magnetic field is oriented parallel

or perpendicular to the domain wall, respectively. The energy and width of

charged domain walls are primarily determined by a competition between

magnetostatic and anisotropy energies while the profile of uncharged do-

main walls are mainly the result of a competition between exchange and

anisotropy energies.

Domain pattern transfer scales with the width of the domains. Ferroelectric-

ferromagnetic domain correlations are lost for a domain width smaller

than the magnetic domain wall width. Due to the different domain wall

width of charged and uncharged domain walls, two scaling regimes are

accesible. As a result, it is possible to write and erase magnetic stripe

domains in a rotating magnetic field. Moreover, magnetic switching in

strain-coupled CoFeB/BaTiO3 proceeds differently when themagnetic field
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is applied parallel or perpendicular to the magnetic stripe domains. If the

field is oriented parallel to the stripe domains, energetically unfavorable

charged domain walls form when the field is reduced from saturation. The

system lowers its energy by first switching every second stripe domain,

turning charged domain walls into uncharged walls. The other domains

switch in much larger field. This laterally modulated two step switching

process depends on the width of the stripe domains and the thickness of

the CoFeB film. If the field is oriented perpendicular to the stripe do-

mains, magnetic swithing in the domains is completely synchronized to

avoid the formation of charged domain walls.

The distinct switching fields of domains that are separated by charged and

uncharged walls can be used to initialize different magnetization config-

urations. For a CoFeB/ BaTiO3 multiferroic heterostructure with three

stripe domains, it is possible to use these configurations to perform logic

operations. Four logic operations are demonstrated for this system: AND,

OR, NAND, and NOR.While magnetic fields are used to initialize the logic

operator in proof-of-principle experiments, it is envisioned that electric-

field writing of magnetization could perform this function at much lower

energy costs.

In-plane/perpendicular anisotropymodulations are achieved in Cu/Ni mul-

tilayers that are elastically coupled to a BaTiO3 substrate with alternat-

ing domains with in-plane and perpendicular ferroelectric polarization.

The correlations are as follows: on top of domains with in-plane polariza-

tion, the magnetization in the Cu/Ni multilayer is oriented perpendicular

and on top of domains with perpendicular polarization the magnetiza-

tion is in-plane. This modulation is caused by strain transfer and inverse

magnetostriction. Similar to CoFeB/BaTiO3, the magnetic domain walls

in Cu/Ni multilayers on BaTiO3 are strongly pinned on the ferroelectric

boundaries.

The application of an electric field across the BaTiO3 substrate of a [Cu/Ni]5
/Cu/BaTiO3 multiferroic heterostructure switches the magnetization from

perpendicular to in-plane or vice versa, depending on field polarity. More-

over, an electric-field pulse displaces the magnetic domain wall, yielding

reversible electric-field driven domain wall motion. At remanence, the

in-plane and perpendicular domains are separated by a 90◦ Néel domain

wall. Due to strong pinning of the domain wall, the application of an

in-plane magnetic field parallel to the domain boundary transforms the

Néel wall into a 90◦ Bloch wall. This tunability of the domain wall profile
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affects the critical domain wall velocity.

In summary, the results of this thesis demonstrate electric field control

of magnetic switching and reversible magnetic domain wall motion in

strain coupled multiferroic heterostructures with in-plane and perpen-

dicular magnetization. As only limited current is flowing through the

insulating BaTiO3 layer, both operations are performed using low power.

The findings provide proof-of-concept of a low-power alternative for non-

volatile magnetic memory or logic devices that are based on the use of

intense currents or magnetic fields. In this concept, the low power would

be achieved through electric-field-written or current-written magnetiza-

tion. Practical realizations would require downscaling of the multiferroic

heterostructures. This is non-trivial and should be addressed in future

studies.
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