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Introduction

Multiferroics [1] are materials in which several ferroic order parameters coexist and can
be coupled in different fashions.

Magnetostriction describes the coupling between deformation (&) and magnetization
(M); electrostriction, the coupling between ¢ and electric polarization (P); and mag-
netoelectric effect the coupling between P and M. The mutual control of the order
parameters by strain, electric and magnetic field, results in unique hysteretic behav-
iors.

The need for novel multifunctional materials has led to the renewal of interest in multi-
ferroics 2] as these compounds were first discovered in the 1960’s and studied for about
a decade. They have a very rich physics and are appealing for applications as they
possess simultaneously several order parameters [3|. Competitions between energies as-
sociated to order parameters leads to the apparition of regions with a coherent ordering
state, called “domains” and the boundaries between adjacent domains, called “domain
walls”.

In the domains, multiferroicity can provide complex entanglement of the order param-
eters whereas in the domain walls, resulting from the broken symmetry of the order
parameter, they can have rather different properties from those in the domains : e.g. un-
compensated magnetic moments [4], a reasonable conductance [5] as well as promising
photovoltaic properties [6]. This offers exciting opportunities to control these nano-
metric objects using number of external fields and allows to establish a new paradigm
of ferroic devices where the domain walls, rather than the domains, are the active
elements.

Among all multiferroics, BiFeOjs is a material of choice because its two ordering tem-
peratures are well above 300K [7]. It is a ferroelectric antiferromagnet, and magneto-
electric coupling has been demonstrated in bulk [8] and in thin films [9]. Remarkably,
BiFeOs has the largest polarization of all known ferroelectrics (100pC/cm?)[10, 11].
A huge research effort is carried out worldwide to understand and exploit the physical
properties of this material, which requires to design and tailor BiF'eO3 on many scales
in order to control the domain structure [12]. In this sense, developing methods and
tools to control the domain structure is essential to explore new emergent phenomena
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8 Introduction

arising at domain walls. These entities are very peculiar and despite the significant
effort invested in those study, many aspects remain to be addressed. This is the aim of
the present PhD work.

Some of the original properties of BiF'eO3 have been investigated including its photo-
electric and magnetic properties. A particular attention is given to characterize in a
parallel fashion bulk properties and domain walls properties, using original techniques of
characterization such as Scanning Photocurrent Microscopy [13], scattering synchrotron
facilities or high field pulses.

The first chapter will thus give the basic physics of multiferrocity and BiFeOs.

The photovoltaic effects typically involve two basic processes, including generation of
electron-hole pairs as the electrical-charge carriers, and spatial separation of these pairs
to form a net electric current. Generation and separation of electrons and holes are
usually achieved at a pn junction in a conventional semiconductor solar cell. Ferro-
electrics are also natural candidates [14]| as they possess the essential necessary ingre-
dients, including the key advantage of an internal built-in electric field [15]. In that
case, photovoltaic effects are not constrained to an interfacial region and can produce
overbandgap photovoltages [16].

In chapter 2, T will describe ferroelectric photovoltaic mechanisms and review the history
and highlight works of this research field. Thereafter, experimental studies will be
described where new insights are given on the surprising bulk photovoltaic effect as
well as on the role of domain walls in photovoltaic mechanisms.

Spintronic applications hold a large part in BiFeOs literature [17]. Indeed, using a volt-
age to write a magnetic memory element and a magnetic field to read it, presents sig-
nificant advantages over the existing techniques. Applying a voltage for writing allows
a much reduced energy consumption as well as higher reliability and size can be scaled
down. Reading the memory magnetically has the advantage of being non-destructive,
unlike direct ferroelectric reading, which requires switching the polarization. For such
memories to actually work, the magnetic state must be electrically switchable and
magnetically readable. The first condition is met in BiF'eOs, because the easy plane of
its antiferromagnetic domains is correlated with the polar direction, and rotating the
ferroelectric polarization results in a rotation of the antiferromagnetic sublattice mag-
netization |8, 9] , i.e., the magnetic state of the sample can be changed by a voltage.
On the other hand, the second condition is not directly met, because antiferromagnetic
(or, at best, weakly canted antiferromagnetic) domains cannot be easily read.

In chapter 3, two approaches to this problem will be addressed. The first one consists
in studying exchange bias, i.e. the magnetic interaction between the spins at the up-
permost layer of an antiferromagnet and a thin ferromagnetic layer attached to it. The
exchange interaction modifies the magnetic reversal of the ferromagnetic layer, thus
translating a voltage-induced change in the underlying antiferromagnetic domains into
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a change in the hysteresis of the upper layer. This can then be read by conventional
mechanisms. The second aims at probing the theoretically predicted net ferromagnetic
moment which can exist in antiferromagnetic domain walls.

These Synchrotron studies have been performed in SOLEIL synchrotron on SEXTANT
beamline.

Finally, in chapter 4, an ongoing original study is introduced. The antiferromagnetic
structure of domains and domain walls are characterized using high pulsed magnetic
fields and atomic magnetic simulations. The preliminary results are very promising as
they evidence the magneto-electric coupling and provide clear hints about the contri-
bution of domain walls.
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Chapter 1

Multiferroic BiFeO3

Multiferroics are defined as materials that exhibit simultaneously at least two primary
ferroic orders : ferromagnetism, ferroelectricity, ferroelasticity or ferrotoroidicity. The
benefit of this multifunctionnality comes from the coupling between these orders as
shown on figure 1.1. For instance, spontaneous electrical polarization and magnetism
often coexist in iron based perovskites. This allows in principle to control the magnetic
order of the material with an applied electric field or the electric polarization with an
applied magnetic field.

Figure 1.1: Schematic of the three main ferroic orders and the associated coupling. The
magnetization M (controlled by a magnetic field H) is linked to the electric polarization
P by the magnetoelectric coupling. The deformation £ (controled by the strain o) is
linked to M by the magnetostriction and the electric polarization P (control by the
electric field) is linked to € by the electrostriction or piezzoelectricity. Reproduced from
ref [18].

Many magnetic materials and also most of the classical ferroelectrics belong to transi-
tion metal perovskite, which makes this class the most promising one for multiferroic
materials. In these conventional ferroelectric perovskites, the transition metal atom
is usually displaced from the middle of the unit cell through an oxygen. If there is
no electron in the d-shell, this displacement is energetically favorable because only the
bounding orbital will be occupied. However if there is one d-electron in the d-orbital,
this electron will occupy an anti-bounding hybridized state and increase the total energy
of the system. As a result, a necessary condition (but not sufficient) for ferroelectric-
ity is that species possess an empty d-shell “d° — ness” which is not compatible with
magnetism originating from partially filled d-shell. This “exclusion” rule [3] allows only
a few materials to be simultaneously ferroelectric and ferromagnetic. This rarity can

11



12 CHAPTER 1. MULTIFERROIC BIFEO;3

also be understood using symmetry considerations. To be a ferroelectric/ferromagnetic
multiferroic, a material has to show neither spatial reversal symmetry nor time reversal
symmetry. Taking into account this symmetry consideration, only 13 groups of Shub-
nikov out of 122 allow this. Finally, it turns out that (so far) only one material shows
a magnetic order and ferroelectricity at room temperature, BiF'eOs. This is possible
because the ferroelectricity in this material does not only originate from the transition
metal but mainly from the bismuth atom.

Based on the microscopic origin of ferroelectricity, multiferroic materials can be classi-
fied in two classes [19] :

e Type I multiferroic : ferroelectricity and magnetism appear separately, with dif-
ferent microscopic origins and different order temperatures. The magnetoelectric
coupling is usually small.

e Type Il multiferroic : ferroelectricity and magnetism appear together, with a com-
mon microscopic origin and the same order temperature. In this case, magnetic
ordering induces ferroelectricity and the magnetoelectric coupling is strong.

In this chapter, I will come back on the microscopic origin of ferroelectricity and mag-
netism. I will also describe how these two order parameters can coexist and be used
inside materials. Finally I will detail the case of BiFeOs.

1.1 Ferroelectricity

In dielectric materials, the presence of an external electric field induces an internal elec-
tric field. Contributions come from free charges, electric dipoles or atomic polarisability
which tend to screen the applied electric field. Under certain conditions, electric dipoles
of the material can be aligned in the same direction and give rise to a spontaneous po-
larization. This phenomenon is called ferroelectricity in analogy to ferromagnetism and
was discovered by Valasek in 1920 [20]. Ferroelectric materials are characterized by a
transition temperature, the Curie temperature 7T, between a paraelectric phase and a
ferroelectric phase.

1.1.1 The paraelectric phase

In the paraelectric phase, the polarization is proportional to the applied electric field,
the response is linear and can be written as :
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where gy is the vacuum permittivity, x the dielectric susceptibility tensor and E the
applied electric field.

The total response of a paraelectric material to an applied electric field is given by the
electric displacement field D :

D =¢E + ¢oxE (1.2)

where ¢gF is the contribution of free charges and oy £ the contribution of bound
charges. We introduce the material dielectric constant :

er=14+x% (1.3)

which can be seen as the ratio between the response of a material and the vacuum, to
an applied electric field :

_€0E—|—P

" 1.4
2 - F (1.4)

1.1.2 The ferroelectric phase

In the ferroelectric phase, the center of mass of crystal positive charges is different
from that of negative ones. There is a spontaneous electric dipole (or polarization)
even for zero applied electric field. This dipole (or polarization) is oriented along a
crystallographic direction and can be reversed along an equivalent direction with an
applied electric field. Figure 1.2 shows the polarization versus applied electric field
curves for an ideal ferroelectric material in the paraelectric phase and, in the ferroelectric
phase below the Curie temperature.
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+P

v

Figure 1.2: In red, schematic of the polarization response versus applied electric field
(E) for a ferroelectric material in the paraelectric phase. The slope of the line is the
dielectric snsceptibility. In blue, schematic of the ideal hysteresis loop of a ferroelectric
material below the Curie temperature. The spontaneous electrical polarization can be
switched from one saturation state (+P;, —P;) to the other by applying an electric field
(E) larger than the coercive field (+E,,—E.) of the material.

The response of the material describes a hysteresis loop between saturation polarizations
+P,. The orientation of this polarization can be returned by applying an external
electric field which is larger than the coercive field E.. For an ideal ferroelectric, at zero
electric field, polarization can be P, or —P;, depending on the poling history. In the
ideal case, the remnant polarization P, is equal to the saturation polarization.

We can classify ferroelectric materials in two classes which depend on the nature of
their phase transition :

e The phase transition is called displacive when electric dipoles are not present
in the paraelectric phase. They appear in the ferroelectric phase due to the
displacement of the ion in the unit cell which is contracted by the decrease of
temperature. This is a first order phase transition with a discontinuous variation
of the polarization at the transition temperature.

e The phase transition is called order-disorder when electric dipoles are already
present in the paraelectric phase. The phase transition results in dipoles ordering
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and leads to the apparition of a spontaneous electrical polarization. This is a
second order phase transition with the polarization tending continuously towards
zero at the Curie temperature.

Microscopic origin of ferroelectricity is linked to phase transition and thus can be de-
scribed with thermodynamics and the Landau theory [21].

In the Landau assumption, free energy is an analytical function of the order parameter
which comes from the symmetry of the high temperature phase. Therefore the free
energy of the system can be described as a power expansion of the order parameter
P close to T,. For a non polarized crystal, the symmetry imposes F(P) = F(—P).
Therefore, the free energy does not contain odd terms and can be written as :

F:a0+%P2+%P4+%PG+...—EP (1.5)

where o;are temperature dependent coefficients, E the applied electric field along the
polarization P.

At thermal equilibrium, the configuration of the system is given by :

oF
a—P:O:—E+a2P+a4P3+a6P5—|—... (16)
To obtain a ferroelectric state, we need that as vanishes for a temperature 7j. Thus it
can be expressed as : ay = (T — Ty) where 7 is a positive constant and Tj is equal or
inferior to T,.. A negative value of ap means that the non-polarized lattice is unstable
and the next term has to be considered :

If a4 is positive, ag can be neglected and the transition is second order. The shape
of the free energy at zero field with respect to the temperature is shown on figure 1.3.
Above T, F has only one minimum. Below 7, F' shows two minima for P, and —P..
The material is therefore ferroelectric with a spontaneous electrical polarization P; .

If vy is negative, ag cannot be neglected anymore and must be positive to counterbalance
the continuous decrease of the free energy. The transition is first order. At T, the free

energy shows simultaneously several minimums for P = 0 and P = +P; as shown on
figure 1.4. Thus Ty<T..

Below the Curie temperature T, the electric displacement can be written :
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Figure 1.3: Schematic of the evolution of the free energy versus polarization for tem-
peratures around a second order phase transition.

D =y, E + Ps (1.7)

If P is much larger than E. pe, F is negligible. Therefore, the (Gauss law for an infinite
sample with P, normal to the sample surface gives :

Py~ (1.8)

0[O

The unit commonly used for polarization is pC/cm? and spontaneous polarization is
usually in the nC/cm? range for perovskite based ferroelectrics.

1.1.3 Depolarizing field

Usually the polarization inside a sample is uniform with respect to its geometry. Only
the applied electric field Ey and the depolarizing field E; contribute to the macroscopic
electric field E :

E = Eo + Eq (1.9)
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1=F
T>1

T<T,

Figure 1.4: Schematic of the evolution of the free energy versus polarization for tem-
peratures around a first order phase transition.

For an ellipsoid shape sample a uniform polarization produces a uniform depolarizing
field opposite to the spontaneous polarization as shown on figure 1.5.

If P,, P,, P, are polarization components with respect to the ellipsoid axis, then the
depolarizing field components can be written :

(1.10)

Egy=——4Y (1.11)

Eq,=— (1.12)

where N,,N,,N, are the depolarizing factors which depend on the ratio between the
ellipsoid axes.

By taking N,,N,,N, as eigenvalues of a tensor, we can generalize the previous case :

Eq=-N— (1.13)
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Figure 1.5: Ellipsoid shape sample with a nuniform polarization. The polarization surface
charges are indicated and induced a depolarizing field F; which is opposite to P.

where N is a tensor of depolarizing factors.
The depolarizing field is only related to the shape of the sample.

In the infinite thin layer case, a polarization arising in the out-of-plane direction will
induce a surface charge density :

Upol:P'TAl (]]4)

where n is the unit vector perpendicular to the surface.

These charges generate a depolarizing field which acts against the ferroelectric polar-
ization :

Eq=—

(1.15)

Er€o

where € = ¢,¢¢ is the dielectric constant of the material. A simple numerical application
gives a depolarizing electric field of 3 GV /m for BiFeO3 which is much larger than the
electrical breakdown of the material. The screening of the polarization charges then
appears as a fundamental parameter of ferroelectric systems and moreover the boundary
conditions will be a key to understand the ferroelectric behavior.

1.1.4 Screening

A standard device configuration with electrodes on top of ferroelectric surfaces can pro-
vide an efficient screening of the polarization charges. The free charges of the metal
electrodes are accumulated at the metal/ferroelectric interface and screen the polar-
ization charges. For an ideal contact, all the polarization charges are screened by the
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metal free charges. In realistic system, the quality of the interface is not perfect and a
few Angstroms of roughness can lead to an imperfect screening of the polarization [22].
The potential at the interface directly depends of the imperfect contact width A ¢y :

Py
AV =Ny (1.16)

As a result, a small depolarizing field remains, as illustrated on figure 1.6, which modifies
the electronic properties of the interface. The depolarizing field is thus given by :

P

Ed = _2>\€ffd€0

(1.17)

where d is the sample thickness. Therefore, one can change the interface properties by
reversing the polarization below the electrodes.

Mefr Aefr

;>
P

CECECEORC)
0N ONONONO)
®060 66
(ONONONONO)

Ed

|

Figure 1.6: Schematic of a metal/ferroelectric/metal structure in capacitor configura-
tion. The imperfect screening of the polarization charges leads to a depolarizing field
Eq4 which in turn influence the electric fields at the interface.

There are several other screening processes, illustrated on figure 1.7, which contribute
to decrease the depolarizing field even when there are no electrodes on top of the
ferroelectric surfaces :
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Figure 1.7: Schematics of screening processes in ferroelectric materials : (a) Each
domain stray field induce by polarization surface charges decrease the depolarizing
field of each neighboring domain. (b) Adsorbat of polar molecules (water) on the
surface screens the polarization surface charges. (c) Free charges as electrons or oxygen
vacancies (red circle) can migrate in the material to screen the polarization surface
charges.

e In a ferroelectric material one can generally find different domains. Inside each do-
main, the spontaneous polarization has a unique direction which changes between
different domains. On the figure, the polarization is opposite in each domain and
the depolarizing field is zero because each domain screens the adjacent one. This
is why, naturally, ferroelectric materials show a domain pattern when they are
elaborated without specific precaution.

e Free charges inside the ferroelectric material can also be a screening source. As
ferroelectrics are usually good insulators, the free charges come from defects. In
oxide ferroelectrics oxygen or cation vacancies are the main defects and provide
a efficient screening of the polarization.

e Adsorbates on the sample surface (like water, organic compounds...) provide
dipoles to screen the depolarizing field.

1.2 Magnetism

The filling of the atomic orbitals with electrons is given by Hund’s rules, and results
from the competition between the Pauli exclusion principle and the Coulomb repulsion.
As the Pauli exclusion prevents two spins to occupy the same quantum state simulta-
neously, two parallel spins have to reside in different orbitals whereas two anti-parallel
spins can reside in the same orbital. Therefore two parallel spins save some Coulomb
energy compared to two anti-parallel spins. A mechanism able to induce magnetic
moments on atoms with partially filled external orbitals. The exchange interaction
between magnetic species in a solid leads to a magnetic order which depends of the
system symmetry :
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e For positive exchange interaction, magnetic ordering leads to a net magnetic mo-
ment at zero field, one talks about ferromagnetism.

e For negative exchange interaction, magnetic ordering leads to a zero net magnetic
moment, one then talks about antiferromagnetism.

These energy terms are in competition with thermal agitation and above a Curie tem-
perature (T¢) for ferromagnetism and Néel temperature (T) for antiferromagnetism,
the magnetic order disappears in a paramagnetic phase.

1.2.1 Paramagnetism

The magnetization M, which is defined as the magnetic moment per unit volume, is
proportional to the applied magnetic field :

M = yH (1.18)

Where y is the magnetic susceptibility tensor and H is the applied magnetic field.

Materials that show negative magnetic susceptibilities, x < 0, are called diamagnetic
whereas materials with positive magnetic susceptibilities, x > 0 , are called paramag-
netic.

The magnetic susceptibility can also be described by the Curie law :

(1.19)

NIQ

where C' is the Curie constant.

Both the applied magnetic field H and the depolarizing field H; contribute to the
macroscopic magnetic field H:

H = H, + Hy (1.20)

Hy = -NM (1.21)
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Where N is the depolarizing tensor which only depends on the material’s shape.

The response of a paramagnetic material to an allied magnetic field is given by :

B = jo(H+ M) (1.22)

Where ppis the vacuum permeability and B the magnetic induction.

We introduce the material’s permeability constant p to define the reaction of a material
to an applied magnetic field. The relation between the induction B to the excitation
H is expressed as follows :

B = (1 + x)H (1.23)

pr =1+ x and p1 = pop

Thus :

B = H (1.24)

The larger the permeability of the material, the bigger its ability to concentrate the
magnetic flux.

1.2.2 Exchange interaction and anisotropy

Below the ordering temperature, the exchange interaction leads to a parallel arrange-
ment of the direction of the spins. This interaction can be described by the Heisenberg
Hamiltonian :

H = —2J;;S; - S (1.25)
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Where J;;is the exchange integral between spin \S; and spin 5.

If J > 0 then the interaction is ferromagnetic otherwise if J < 0 the interaction is
antiferromagnetic.

The macroscopic magnetization will tend to be oriented in an “easy” axis direction
which is determined by the symmetry of the crystal through the magnetocrystalline
energy.

In fact, the crystal field resulting from the material’s symmetry tends to modify the
shape and the orientation of the charge distribution (orbital). As a result, the spin-
orbit coupling leads to favorable directions of the spins. The result is a preferential
orientation of the macroscopic magnetization in some crystallographic directions of the
crystal.

1.2.3 Ferromagnetism

For a ferromagnetic material, the exchange integral is positive (J > 0). Then spins
are parallel and oriented in the same direction as shown on figure 1.8. This indices a
spontaneous microscopic magnetization.

Figure 1.8: Schematic of parallel alignment of the spins in a ferromagnetic material
which induce a spontaneous microscopic magnetization.

The exchange interaction is a short-range force. Then after a certain number of aligned
spins, the minimization of the magnetostatic energy tends to favor spins aligned in
the opposite direction. At the macroscopic scale, the magnetostatic energy imposes
different orientations of the magnetization in what are called magnetic domains. Two
adjacent domains are separated by a domain wall where the magnetization smoothly
rotates between the two orientations of the magnetization. Magnetic and ferroelectric
domain walls will be introduced later in this manuscript.

This domain structure is the steady state of a virgin magnetic sample, which induce
a zero net magnetic moment. Applying a magnetic field leads to the displacement of
the domain wall and the saturation of the sample with a magnetization parallel to
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the applied magnetic field. Often this also leads to a spontaneous magnetization at
zero field. The representation of the magnetization versus applied magnetic field is an
hysteresis loop.

1.2.4 Ferrimagnetism

In many ferromagnetic crystals, the magnitude of the spontaneous magnetization at 0
K is not consistent with a ferromagnetic ordering of the total magnetic moments of the
constituting ions. We call ferrimagnets compounds which have two antiferromagneti-
cally coupled magnetic sublattices with different saturation magnetizations as shown
on figure 1.9. This results in a net magnetic moment.

Figure 1.9: Schematic of anti-parallel alignment of two magnetic sublattices in a ferri-
magnetic material. Fach lattice has a different magnetic moment and this arrangement
leads to a spontaneous magnetization.

For instance, ferrites, which have a spinel structure, have one lattice of Fe3tantiferromagnetically
coupled with a lattice of Fe?". The resulting magnetic moment is therefore non zero.

In this case, the three exchange integrals Ja4, Jgpand Jap are all negatives but Jp is

larger and induces a predominant antiferromagnetic coupling between the lattice A and

the lattice B with a ferromagnetic coupling inside each lattice A and B. This simple
example is not representative of the complexity of ferrimagnetic materials where usually

ionic species A and B are from different nature.

1.2.5 Antiferromagnetism

In an antiferromagnetic material, the exchange integral is negative (J < 0) and results
in an antiparallel coupling between two ferromagnetic sublatices as shown on figure
1.10. For an homogeneous sample, there is no net magnetization.
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Figure 1.10: Schematic of anti-parallel alignment of two magnetic sublattices in an
antiferromagnetic material which results in a zero net macroscopic magnetization.

For perovskite structures, depending on the system symmetry, different organizations of
the sublattices are possible. This results into three structure classes which are described
on figure 1.11.

AFM A-type AFM C-type AFM G-type

Figure 1.11: Antiferromagnetic structures in perovskites.

The superexchange mechanism is the main exchange interaction in magnetic insulators.
The coupling takes place between two magnetic cations through a non-magnetic anion
resulting from the overlap of the localized orbitals of the magnetic element with those
of intermediate ligands. As shown on figure 1.12, 3d wave functions hybridize with p
wave functions of the ligand resulting in a delocalization of the 3d electrons by hopping
between the two metallic sites through the ligand. The antiparallel spin configuration
between the two metal ions increases the probability of hopping since two spin up or
spin down electrons cannot occupy the same state by the Pauli exclusion principle.



26 CHAPTER 1. MULTIFERROIC BIFEO;3

Figure 1.12: Schematic of the superexchange mechanism. 3d wave functions hybridize
with p wave functions of the ligand resulting in a delocalization of the 3d electrons
by hopping between the two metallic sites through the ligand. The antiparallel spin
configuration between the two metal ions increases the probability of hopping.

The superexchange interaction is predicted by empirical Goodenough-Kanamori-Anderson
rules and can describe the exchange behavior in most of the cases. According to these
rules, a 180° superexchange (the magnetic ion-ligand-magnetic ion angle is 180?) of two
magnetic ions with partially filled d shells is antiferromagnetic, whereas a 90° superex-
change interaction is ferromagnetic.

Often, the antiferromagnetic ordering is not perfect and shows a canting of neighboring
spins. To understand this, one needs to consider an additional anti-symmetric exchange
coupling between electron spins on neighboring metal ion sites : The Dzyaloshinskii-
Moriya (DM) interaction [23, 24]. This interaction favors a canting of antiparallel spins,
leading to a small net magnetization of the originally antiferromagnetic crystal, called
weak ferromagnetism. This interaction gives a contribution to the total energy of the
form :

Hpy = Dy - (S5 x Sj) (1.26)

This energetic contribution forces the net ferromagnetic moment originates from the
spin canting to be perpendicular to the coupling vector D. This coupling vector is due
to spin-orbit coupling and can only be non-zero in a low-symmetry environment, in
which the ligand ion is displaced from its ideal crystallographic position as shown on
figure 1.13. D vanishes for local inversion center between the spin sites.
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Figure 1.13: Dzyaloshinskii-Moriya (DM) interaction where two spins S;, S; interact
through a ligand (green circle). The displacement of the ligand decreases the symmetry
and promotes the canting of the spins through the spin-orbit coupling. D is the coupling
vector which is correlated to the exchange interaction.

A rearrangement of the magnetic structure can result in the apparition of a magnetic
spiral when the consecutive canting angles have to be of similar sign. As shown on
figure 1.14, two types of spirals can be observed :

e Cycloidal, which gives a zero net magnetization

e Spiral which gives a small net magnetization.
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Figure 1.14: Magnetic structures : a. Cycloidal arrangement of the spins which gives
a zero net magnetization. b. Spiral arrangement of the spins which gives a small net
magnetization.

The response of an antiferromagnetic system to an applied magnetic field depends on
its magnetic structure and will be detailed in chapter 5.
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1.3 Magnetoelectrics

Magnetism and ferroelectricity have been considered exclusive because of the apparent
“exclusion” of their microscopic origin as mentioned above. They are also distinguished
in many respects. From a symmetry point of view, ferroelectricity is related to inversion
symmetry whereas magnetism is related to time reversal symmetry. Ferroelectricity can
be approached with a classical model of point charges, while magnetism is essentially
a quantum mechanical phenomenon. However, Maxwell’s equations unify the electric
(E) and the magnetic fields (B) into the electromagnetic field. This suggests that the
electric and magnetic properties should be seen in a unified way.

The magnetoelectric effect is the phenomenon of inducing magnetic (electric) polariza-
tion by applying an external electric (magnetic) field.

Since 1894, and the prediction of P. Curie [25] about the magnetoelectric effect, measure-
ments usually show weak coupling. The reason is that electrons contributing to the elec-
tric polarization and magnetization are different. On the other hand, strong magneto-
electric coupling can be seen when the effect originates from the same species.Therefore
we can separate magnetoelectric materials in two different classes which depend on the
microscopic origin of the coupling :

Direct coupling : Magnetic species are involved in the ferroelectric ordering. An
applied electric field acts on magnetic ion positions which change the crystal field and
tunes the overlapping wave functions. This magnetism-induced ferroelectric material is
called improper ferroelectric. The two orders have the same ordering temperature and
induce a strong magnetoelectric coupling. Direct coupling is responsible for multifer-
roicity of type 1.

Indirect coupling : The electric and magnetic orders result from different species
with two coupling sublattices. The displacement of one species by an applied field
induces an elastic rearrangement of the other species in the unit cell. This new config-
uration gives rise to new magnetic and electric configurations. This usually concerns
proper ferroelectrics and induces a low magnetoelectric coupling. Indirect coupling is
responsible for multiferroicity of type II. An other form of indirect coupling consists in
using one ferromagnetic material and one ferroelectric material to create a composite
heterostructure. Despite their interest, the origin of this coupling is too far from that
of single phase magnetoelectrics and thus they will not be described in this manuscript.

The magnetoelectric effect can be described with the Landau theory by writing the free
energy of the system in term of an applied magnetic field and an applied electric field.
From this, we derive the polarization and the magnetization as follows :

Pi = EO./Z‘]'HJ -+ Eﬁiijij + ... (127)
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Mi = ZCYZ']‘EJ' + EﬁijkEjEk + ... (128)

where o;is the 1st order susceptibility tensor and f;;;, is the 2nd order susceptibility
tensor.

A direct magnetoelectric coupling involves the linear coefficient «;; which is bounded
by the relation :

i < il 1.29
J Hjj (

According to this equation, a ferromagnetic (which has a high permeability) and a
ferroelectric (which has a high permittivity) material will have a strong magnetoelec-
tric coupling. Nevertheless, a lot of magnetoelectric materials have a low permettivity
or/and permeability which result in a negligible linear magnetoelectric coupling. Conse-
quently it is suitable for these materials to consider the quadratic coefficient 3;;; which
will dominate the magnetoelectric coupling.

The indirect magnetoelectric coupling is specific in each multiferroic material and the
case of BiFeQOs will be described at the end of this chapter. As BiFeOs also shows
direct magnetoelectric coupling, where the magnetic ordering leads to a net electrical
polarization, I will thus now detailed how a spin ordering can lead to ferroelectricity.

Direct coupling : spin origin

Various types of spin order [26] can potentially break the inversion symmetry and
produce a spontaneous electrical polarization. There are three major mechanisms for
ferroelectricity of spin origin : exchange-striction, spin current and spin dependent p-d
hybridization which are depicted on figure 1.15.

Figure 1.15: Three major mechanisms of ferroelectricity of spin origin: (a)—(c)
exchange-striction mechanism arising from the symmetric spin exchange interaction;
(d)—(f ) spin-current model arising from the antisymmetric spin exchange interaction
or inverse DM model; and (g)—(i) spin dependent p—d hybridization mechanism due to
the relativistic spin orbit coupling. Here, M and X indicate magnetic and ligand ions,
respectively. \S; and S; represent the spin orientations at each magnetic site, and e;; and
e; are the unit vectors. The unit vector connecting two selected sites (M—M for (d) and
M-X for (g), respectively). For each mechanism, the expected direction of magnetically
induced electric polarization P is also indicated. Reproduced from ref [26].
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Exchange-striction For a one-dimensional system, the Peierls’ theorem states that
a “one-dimensional equally spaced chain with one electron per ion s unstable”. The
total energy of this system will be lower if there is a distortion of the lattice where
every ion moves closer to one neighbor. This is also known as dimerization. Thus the
two different dimerized charges become a dipole moment and the periodic array of these
dipole moments produces a ferroelectric order. When an antiferromagnetic exchange
coupling between two neighboring spins is modulated by this atomic displacement, spin
singlet pairs are spontaneously created as mentioned above. This phenomenon is called
spin-Peierls instability which forms a periodic array of spin-singlet pairs by alternating
the strength of the exchange coupling between up-up (down-down) or up-down (down-
up) pairs.

This can be summarized as follows :

Pij X Hij(Si'Sj> (130)

where the symmetric exchange interaction between the neighboring spins .S; and S;
induces striction along a specific crystallographic direction and result in a spontaneous
electrical polarization.

This effect needs a commensurate spin order and a low symmetry. It was observed
in material such as perovskite type rare-earth (R) manganites, RMnO; for R =
Ho, Er,Tm,Yb and Lu [27].

Spin current model In the superexchange interaction, the hoping of electrons be-
tween the two metallic sites can be seen as generating a spin current, which is non-zero
when the spins are canted (for instance due to the DM interaction). In turn, the spin
current induces an electric field, i.e an electrical polarization given by the following
expression :

Pij aC ey X (Sl X SJ> (131)

where e;; is the propagating vector connecting the spins \S; and S;.

An other point of view suggests that the apparition of a canting between two neighboring
spin (in metal-ligand-metal configuration) leads to the displacement of the ligand atom
and therefore to an electrical polarization. This arises from the inverse DM effect.

Both theories point to the same equation, and show that non colinear spin structures
lead to an electrical polarization perpendicular to the propagation vector.
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This effect only needs spin-orbit coupling and can lead to incommensurate structures.
It was also observed in perovskite type rare-earth (R) manganites, RMnQOs but for
R =Tb and Dy [28].

Spin dependent p-d hybridization The spin dependent p-d hybridization is a
single spin site mechanism. The locally polar bond e; connecting the spin site ¢ and
the ligand site [ can be modulated by the spin-direction dependent hybridization arising
from spin orbit coupling. When the sum over the crystal lattice sites is not canceled, a
macroscopic electrical polarization can be observed and thus, formulated as follows :

Pil X (Sl . 811)2811 (132)

This effect needs spin-orbit coupling and a specific lattice symmetry. However it can
be commensurate or incommensurate. It was observed in frustrated spin systems with
triangular lattices as delafossite or C'd[l; structure.

1.4 BiF603

BiFeOj3 is the most studied type I multiferroic material as it is the only one which
shows electric and magnetic ordering at room temperature.

1.4.1 Structural properties

Between 1200K and 1100K, BiFeOs3 shows two structural phases, still not well defined
due to the proximity of the decomposition temperature. The most recent neutron
studies [29, 30| indicate that both the 5 and - phases are paraelectric orthorhombic
phases with Pnma structure. - is the high temperature phase (> 1198K) and £, the
phase between 1198K and 1100K.



32 CHAPTER 1. MULTIFERROIC BIFEO;3

Bi*?
(a) o = Lo (b) (c)
] . |
® ®
L ] ® @ ®
e A » ® A ¢
@ $ LA s ®
. B
° 8 N ® 'S
o @
e o
2 o E b Y : .
L ]
® ¢ @ . 3 pe
'Y » @ bt } ® @ P
A o ® & ) ¢ ” e R e
e X o *
L L ] ® L] [ ]
° L *
] ® L
. b - v ® cab i

Figure 1.16: (a) Hexagonal, (b) rhombohedral and (c) pseudocubic cells of BiFeOs in
the ferroelectric phase.

Below 1100K, BiFeOs shows a rombohedral o phase, which belongs to the R3c space
group [31]. The perovskite-type unit cell is stretched along the diagonal of the cube
which leads to a lattice parameter a,;, = 3.965A and a rombohedral angle a,., = 89.4A
at room temperature (figure 1.16b). Equivalently, the unit cell can also be described in
an hexagonal structure with lattice parameters, ape, = 5.58A and ¢y, = 13.90A (figure
1.16a). The rombohedral cell is so close to the ideal perovskite unit cell that it can be
considered as a pseudocubic (pc) unit cell (figure 1.16¢).

In addition, the slight rombohedral deformation leads to large oxygen octahedra tilts
(w =~ 11°) around the trigonal axis. In the crystal structure, two following oxygen
octahedra rotate in opposite directions leading one to consider two pseudocubic cells
which are connected by their vertices to fully describe the unit cell.

The BiFeOs crystal structure at room temperature breaks both inversion and time
symmetry allowing the coexistence of electric and magnetic orders.

1.4.2 Ferroelectric properties

In BiFeOs, the spontaneous electrical polarization mostly originates from Bi*T ions
containing lone pairs of 4s electrons which do not participate in the chemical bond.
This lone pair is highly polarisable and is displaced along the[111] . direction [32]. This
induces a deformation of the perovskite unit cell where bismuth ions are displaced by
54pm and in turn leads to a 13pm displacement of the iron ion Fe?*. The displacement
of the positive ions results in the oxygen octahedra buckle as mentioned above. This
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distortion of the unit cell breaks inversion symmetry, the centers of mass of positive
and negative charges are not superimposed anymore and thus a spontaneous electri-
cal polarization appears in the [111] . direction. As a result, the {111} axes are the
“anisotropy” of the polarization and leads to four possible in-plane variants of the po-
larization : [111], [111], [111], [111]. For each in-plane variant, the polarization can
point upwards or downwards and this finally gives rise to eight equivalent possibilities
for the polarization in BiFeOj3 as depicted on figure 1.17.

X

Figure 1.17: Schematic of the eight possible variants of the polarization in BiFeOs.

The insulating behavior of a ferroelectric is an important property in order to measure
the ferroelectric polarization. The high quality of BiFeOs single crystals synthesized
by Lebeugle et al. in 2007 [10] were determinant to obtain polarization loops at room
temperature and measure the largest ferroelectric polarization ever measured with 100
1C/cm?.

During a polarization loops, the direction of the polarization switches through a new
position depending on the direction of the applied electric field. As the [111] direction
is the polarization easy axis, the application of an electric field along a different axis
switches the polarization in an equivalent long diagonal which will become the new
polarization easy axis. In figure 1.18, an electric field is applied along the [001] direction.
The polarization switches along this direction through the closest equivalent direction
of the easy axis polarization.
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+P,

Figure 1.18: Schematic of the hysteretic behavior of a BiFeOj single crystal under
an applied electric field. The ferroelectric polarization switches along {111} equivalent
directions during the electric field sweep.

The polarization is generally measured along the direction of the applied electric field.
Thus each characteristic valiie results from the projection of the polarization along the
relevant axes.

The switching of the polarization leads to a rearrangement of the unit cell with the inter-
change of the distortion axis between the old and the new direction of the polarization.
This results in an elastic strain in the crystal and the formation of elastic domains which
follow the ferroelectric domains. Fatigne measurements on BiFeOssingle crystals show
that the structure and then the electric properties decrease rapidly with the increasing
number of strain loops performed.

1.4.3 Ferroelectric domains

In BiFeOs, the ferroelectric polarization has eight different orientation possibilities.
Consequently, two adjacent domains are separated by a domain wall which can be from
three different types depending on the angle between polarizations on both sides of the
domain wall :

e When only one component of the polar vector is reversed ([111] — [111]), the
polar vectors form an angle of 71° and the domain wall is called a 71° domain
wall.
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e When two components of the polar vector are reversed ([111] — [111]), the polar
vectors form an angle of 109° and the domain wall is called a 109° domain wall.

e When all components of the polar vector are reversed ([111] — [111]), the polar
vectors form an angle of 180° and the domain wall is called a 180° domain wall.

The latter is a purely ferroelectric domain wall, while the former two are also ferroelastic
domain walls (since there is a difference in spontaneous strain between the separate
domain regions). Consequently, the coupling between ferroelectricity and ferroelasticity
in BiFeOs; imposes orientation of domain walls. 71° walls are parallel to {110}planes,
109° to {100}planes and 180° to {111}planes. The different types of domains and
domain walls are illustrated on figure 1.19.

(a) (b) (c)

Figure 1.19: Schematic representation of (a) 71°, (b) 109°, (c¢) 180° domain configura-
tions in BiF'eOs. The green and red arrows indicate the direction of the spontaneous
polarization, while blue planes represent the most stable domain walls.

Since the work of Landau and Lifshitz in 1935 [33], and later Kittel in 1946 [34], on
ferromagnetic materials, we know that domain sizes scale as the square root of the film
thickness. This result from a competition between a surface energy coming from the
depolarizing field thus directly proportional to domain width (w) and a domain wall
energy that is proportional to the density of walls, inversely proportional to w. Both
energies can also be related to the film thickness (d) and the minimization of these
components leads to the following expression :

w= AVd (1.33)

where A is a constant.

This scaling has been extended experimentally to ferroelectric [35] and multiferroic [36]
materials. However for ultrathin films, the domain pattern does not follow this law
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anymore and could be explained by the non-trivial behavior of the polarization close
to the surface of ferroelectric (and multiferroic) ultrathin film [37].

1.4.4 Magnetic properties

Below the Néel temperature, Ty =643K, BiFeO3 shows a G-type antiferromagnetic
ordering, where each Fe3" is surrounded by six antiparallel spins on the nearest Fe3*
neighbors. These spins are not exactly antiparallels because of the DM interaction and
thus the local magnetoelectric coupling induces a long range superstructure consisting
in an incommensurate cycloidal ordering of the spins [38]. The cycloid has a long

period of 64nm and is described by a propagation vector q along the [110];,,6, [101]},0.,

and [Oil]pc directions. Antiferromagnetic moments are rotating in the planes defined
by the propagation vectors and the polarization [111],. direction .

[111]

A =64 nm

Figure 1.20: Schematic representation of the spin cycloid. The canted antiferromagnetic
spins (blue and green arrows) give rise to a net magnetic moment (red arrows) that is
spatially averaged out to zero due to the cycloidal rotation. The spins are contained
within the plane defined by the polarization vector (Pg) and the cycloidal propagation
vector (q). Reproduced from ref [§]

1.4.5 Magnetoelectric coupling

In 1993, Popov et al observed, by polarization measurements, the quadratic magneto-
electric coupling linked to the cycloidal ordering. By applying a magnetic field above
20T, the cycloidal order vanished and gave way to a linear magnetoelectric coupling.
These measurements revealed that the measured polarization in BiF'eO3 has two differ-
ent contributions of different natures : a first one which comes from the cell distortion
and a second one, from the cycloid. However, this will only be understood ten years
later [39].
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In 2006, Zhao et al [9], demonstrated by X-ray photoemission electron microscopy mea-
surements on thin film, the first observation of electrical control of antiferromagnetic
domain structure in BiFeOs at room temperature. These results in agreement with
theoretical calculations, show that the switching of the ferroelectric polarization by ap-
plying an electric field, leads in turn to the rotation of the antiferromagnetic planes. In
fact, the ferroelectric polarization seems to be fixed perpendicular to antiferromagnetic
planes and the rotation of the polarization induces a reorientation of the antiferromag-
netic order.

Later, in 2008, neutrons measurements on BiFeQOs single crystals have shown that the
direction of the ferroelectric polarization is fixed into the propagation’s plane of the
cycloid [8]. These neutron measurements bring out that an applied electric field can
rotate the polarization by 71° but it also rotates the cycloidal plane of 71°. The cycloid
and the ferroelectric polarization staying in the same plane as illustrated in figure 1.21.

Figure 1.21: Schematics of the planes of spin rotations and cycloids k vector for the
two polarization domains separated by a domain wall (in gray).

In BiFeQOs, the predicted magnetoelectric effect is an indirect and non-linear quadratic
coupling because of the apparent decorrelation between the apparition of the ferro-
electricity and the antiferromagnetism. Nevertheless, BiFeQOs is a particular case as
this compound possesses both a proper polarization arising from the Bi lone pairs
off-centering cations with different charges and a spin cycloid associated to a small
‘improper’ polarization (see spin current model). Both couple to minimize the total
energy, which imposes that the global polarization belongs to the spin rotation plane
and is perpendicular to its propagation vector [40].

More details on magnetoelectric coupling in BiF'eOs are given in chapter 4.
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1.4.6 Optical properties of BiFeO;

The propagation of light through matter is driven by the polarization of the materials.
As the polarization response to the oscillating field of light involves motion of masses,
there is a strong correlation between the frequency and the oscillating species. De-
pending on the frequencies of the incident light, dipoles, electrons, ions will contribute
together or independently to the material polarization. The electric displacement field
D gives the total response of the dielectric media under an applied electric field :

Di = €Z'j€0Ej (134)

For all rhombohedral media, in the principal axes system, the second rank tensor is
only characterized by two elements :

€1 0 0
E; = 0 &1 0 (135)
0 0 €3

They are called uniaxial media and BiF'eOs is one of them. In the pseudocubic reference
frame, there are six equivalent[110] axes normal to the [111] direction that form a
plane. Since a second-rank polarizability tensor cannot support a threefold rotational
anisotropy, the optical properties are essentially the same for any polarization in this
plane. Consequently, BiF'eO3 has uniaxial optical anisotropy with the optic axis along
the [111] axis. In the optical system of axes, two particular modes of propagation
can be described, an ordinary beam polarized in a plane perpendicular to the optic
axis and an extraordinary beam polarized in a plane containing the optic axis. The
Maxwell equations for harmonic plane waves in media with no free charges and no
charge currents, are given by :

A X E = —jwpopuH (1.36)

A X H = jwepeE (1.37)

Taking the curl of these equations gives the wave propagation equations :
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V2E = —w?nopeocE (1.38)

an identical wave equation can be derived for the magnetic field.

Finally, by considering solutions as sinusoidal plane waves, we obtain two different
solutions depending on the relative orientation of the incident polarized light with
respect to the optic axis.

e For an ordinary beam polarized :

nO

k® = wy/popeoe® = w— (1.39)
c

e For an extraordinary beam polarized :

ne

k® = wv/ popeoe® = w— (1.40)
c

where n°, n® are the ordinary and the extraordinary index, whereas k°, k¢ are the wave
vectors associated to the ordinary and the extraordinary waves.

The two states develop a phase difference as they propagate, which changes the total
polarization of the wave depending of the thickness crossed. Such media are called
birefringent and gives an optical contrast, as shown on figure 1.22, between two different
domains which will present two different orientations of the optic axis.
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Figure 1.22: Cross polarized optical image of ferroelectric domains in a BiFeOjs crystal.
Yellow dash line indicates the edge of a gold electrode. Green and red arrows show the
possible in-plane orientation of the polarization in two adjacent domains which leads
to an observable optical contrast.

For linearly polarized light in the (001),. surface plane of BiFeOs; as depicted on figure
1.23c¢, the incident beam polarization is never completely aligned with the optic axis of
the material ([111]). Therefore, there is never a unique extraordinary wave propagating
in the material.

Figure 1.23: (a) Real and (b) imaginary parts of the dielectric function e spectra
meastred along four different orientations of a single-domain BiFeOs (001) crystal.
(¢) Schematic depicting the direction of measurements. Reproduced from ref [41]

In a similar measurement configuration, Choi et al. [41] measured by spectroscopic ellip-
sometry the complex dielectric function along four crystal orientations (figure 1.23a).
They finally deduced the extraordinary and the ordinary index as well as the corre-
sponding extinction coefficient (fignre 1.23b), giving rise to a detailed description of the
optical properties of BiFeOj3 versus the energy of the incident light.

1.5 Synthesis of BiFeO; single crystals

BiFeOj3 single crystals are synthesized in the laboratory by Anne Forget and Dorothée
Colson [11]. The quality of their work gives us the opportunity to use single crystals
with low defect density, high resistivity and in a ferroelectric monodomain configuration.
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The alloy BiFeOshas no congruent melting point which means that, at the melting
temperature, with the right stoechiometry, the compound will be separated in a liquid
phase and a solid phase of BisFe Oy. As can be seen on figure 1.24, a solution to
crystallize the desired phase, is to introduce a solvent which is called the flux. Usually,
the flux is an excess of one species of the alloy, here Bi,Oj3, and it will shift the melting
point to a lower temperature where it will lead to the right phase (+ liquid). In the case
of BiFeQOs, the flux method allows to directly crystallize the a-phase which is already
ferroelectric and thus, essential to grow monodomain ferroelectric crystals. The melting
point has to be as close as possible to the S-phase border as the proportion of BiFeOs
will be given by the ratio N'P/M’P.
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Figure 1.24: (a) Binary phase diagram of BiyO3 and FesOs. (b) The red dash rectan-
gular region is magnified around the melting point.

With a ratio between 80 : 20 and 90 : 10 in molar percentage of mixing composed
by BiyO3: FeyOs, the a-phase of BiFeOsz can be crystallized. The mixing powder
is then placed in a crucible made in materials with no interaction with the contents
(Pt, Au, Al5Os...), and is introduced in a furnace. By following a well defined thermal
procedure, the powder is melted at the temperature of 850 °C, and slowly cooled down to
750 °C allowing the single crystal growth. Finally the high proportion of liquid solidifies
and stops the crystallization process. The solid mixing in the crucible is composed of
BiFGO3 and B’i25F6039.

The crucible is then broken and inside the solidified BiosF'eOs9 phase, one can find cav-
ities where crystals have grown as shown on images from figure 1.25a,b. The extraction
of the crystals from the crucible is done mechanically. Since BiFeQOs is ferroelectric
and ferroelastic, this extraction method is not the most efficient one because it can
induce strain in the crystals which lead in turn to the formation of multidomains. As
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the single domain is very useful to study ferroelectric properties, an observation with a
cross polarized microscope needs to be done before further experiments.
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Figure 1.25: (a) Optical image of a broken crucible. Red dash square indicates a cavity
where crystals have grown. (b) MEB image of as grown crystals in the cavity. (¢c) MEB
image of dendritic shape crystals. Crystals present an unusable rough face (middle of
the image) and a smooth face (left of the image) which can be used for measurements.

The crystals have thin dendritic shapes of hundreds of micrometers, with usually the
polarization lying along the long axis of the dendrite which is coherent with the strong
anisotropy of BiFeOs; and the minimization of electrostatic energy induced by the
depolarizing field. The thickness does not exceed 100 microns. Some crystals can
also have a plate shape with similar dimensions. Usually only one face is smooth,
thus usable for contacting, lithography etc... The other side is either covered by the
Bios FeOsg phase or its surface is rough.



Chapter 2

Ferroelectric photovoltaics

Nowadays, energies that come from resources which are naturally replenished on a hu-
man timescale are needed to decrease our dependency on fossil fuels. Solar energy
appears to be one of the most reliable and abundant energy sources which can be
used to produce electricity. Photovoltaic systems convert incident photons into flowing
charge carriers by taking advantage of the photoelectric effect discovered by Einstein
in 1905. After decades of development, there are numerous types of photovoltaic solar
cells based on amorphous silicon, dye-sensityzed, organic etc ... which are competing
to achieve the best efficiency for the lowest price. Ferroelectrics are thus also natural
candidates as they possess the essential necessary ingredients, including the key ad-
vantage of an internal built-in electric field. Unfortunately, ferroelectrics have several
critical drawbacks including too high bandgaps and recombination rates, which make
them noncompetitive for mainstream applications. These materials could however be
appealing for some specific applications owing to the multifunctionalities offered by
many of them. In particular, they are piezoelectric and some of them even possess
magnetic orders.

In this chapter, I will start by describing pn junctions which are used to separate photo-
generated charge carriers in standard solar cells. This system is well suited to introduce
the fundamental principles of photovoltaic. 1 will also review the actual knowledge on
photoelectric effects in ferroelectric materials to finally discuss our photoelectric studies
on mono and mulidomains BiFeQOs.

2.1 Semiconductor photovoltaics

A pn junction is formed when a p-type region is placed in close contact with a n-type
region in a semiconductor. Since they are doped differently, they have different chemical

43



44 CHAPTER 2. FERROELECTRIC PHOTOVOLTAICS

potentials and Fermi levels. At the interface between the two regions, the concentration
gradient of charge carriers is strong and a diffusion of electrons occurs from the region of
high electron concentration (n-type region) to the region of low electron concentration
(p-type region) as defined by Fick’s law :

Jp, = ¢D,Vn (2.1)

Jp, = q¢D,Vp (2.2)

where Jp,, Jp,are diffusion currents for electrons and holes respectively, Vn and Vp
are the concentration gradient and D is the diffusion coefficient for the appropriate
charge carrier and is given by Einstein’s relation :

kT

where k is the Boltzmann constant, 7" the temperature, ¢ the elementary charge and
it the charge carrier mobility. When the electrons diffuse across the p-n junction,
they recombine with holes on the p-type side. While charge carriers are exchanged,
an electric field is building-up against the diffusion of charge carriers and a depletion
region is formed across the interface. The gradient of electric potential which is formed,
leads to the apparition of a drift current :

Jn = qu, Vo (2.4)

Jo = qpp,Ve (2.5)

where J,, J, are drift currents for electrons and holes respectively, V¢ is the gradient
of electric potential and p is the mobility of the appropriate charge carrier. J,, and J,
flow in opposite directions.
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Figure 2.1: Schematics of a pn junction with its associated energy band diagram. ¢
is the voltage resulting from the imbalance of net charges at both side of the interface
and Ey the fermi level.

The width of the depletion region is related to the doping concentration on both sides
of the junction and at equilibrium, the drift current due to the built-in electric field
exactly compensates the diffusion current. Finally, there remains a net charge p at both
sides of the interface. Figure 2.2 shows the electric potential ¢ and the electric field &
in the pn junction. It depends on the charge density distribution p on both sides, and
is given by the Poisson’s equation :

Vip = — (2.6)

™D

with ¢ = —Vp and e=¢ge, the material dielectric constant. This description can be
extended to all interfaces and especially for metals/semiconductors where a depletion
region can be formed in the semiconductor to balance Fermi levels. These interfaces
are called Schottky contacts.
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Figure 2.2: Schematics of the electric potential ¢, electric field ¢ and net charges p
profiles in the depletion region of a pn junction. ¢ is the voltage resulting from the
imbalance of net charges at both side of the interface.

2.1.1 pn junction in the dark

The current-voltage (I-V) characteristics for a non-illuminated pn junction can be ex-
pressed by the equation :

eV
Jaark = Js {exp(k T) — 1] (2.7)
B

where J; is the saturation current, e the elementary charge value, kp the Boltzmann
constant, 7' the temperature and V' the applied voltage. Depending on the applied bias,
I-V curves show two different regimes :

e The forward regime : extra electrons are injected in the n-type region, increasing
the diffusion current, and thus decreasing the depletion region and the barrier
height.

e The reverse regime : extra electrons are injected in the p-type region, increasing
the drift current, and thus increasing the depletion region and the barrier height.
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2.1.2 pn junction under illumination

The absorption of a photon of energy greater than band gaps of semiconductor materi-
als, sends one electron of the valence band into the conduction band. This generation
of electron-hole pairs leads to an excess of carriers concentration An and Ap. The total
carrier concentration is then given by :

n=mng+ An (2.8)

p=po+Ap (2.9)

where ng and pg are the equilibrium concentrations of electrons and holes, respectively.
As a result, under illumination, the number of electrons and holes generated increases
with time and should tend to infinity without a limiting process. The recombination
of the electron-hole pairs, drives the system back towards equilibrium. Generation and
recombination are always happening in semiconductors, and their rate are in balance
at equilibrium. The recombination processes can be radiative when the electron in the
conduction band relaxes into the valence band with the emission of a photon or non-
radiative when the energy of the recombination is dissipated (electrons, phonons...).
Two main non-radiative recombination processes can be considered :

e The Auger recombination, where the energy is given to a third carrier, which
is excited to a higher energy level without moving to another energy band. Its
energy is then released to the lattice. Due to the three-particle interaction process,
Auger recombination is only significant for high carrier densities.

e The Schockley-Read-Hall (SRH) process, where the recombination occurs through
a trap or a deep impurity by a two steps process. First, a conduction electron is
captured by an impurity whose level lies deep in the band gap. At a later time,
this occupied center may capture a hole from the valence band or equivalently
emit an electron into the valance band, finally ensuring the recombination of
an electron hole pair. The resulting energy is exchanged with the lattice in the
form of phonons. Most crystalline imperfections (impurities, grain boundaries. . . )
can produce states in the band gap. Moreover dangling bonds or defects at the
surface also produce localized states with an energy within the band gap which
can be very effective recombination states. Localized states can absorb differences
in momentum between the carriers, hence they compose the dominant generation
and recombination process in indirect bandgap materials. SRH can also dominate
in direct bandgap materials under conditions of very low carrier densities.
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Taking into account these recombination processes, we can describe the evolution of car-
rier concentration under illumination as a function of generation G and recombination
R rates :

dn  dAn

R — 2.1
=g —Ge— R (2.10)
dp dAp

i Tl Ghn — Ry (2.11)

Where G and R are simply related to the lifetime of charge carriers 7, and therefore are
closely dependent on the dominant recombination process in the material. However,
the presence of an internal electric field, as in pn junctions, allows to separate the
electron-hole pairs and thus largely decrease the recombinaison rate (increasing the
lifetime of charge carriers). In fact, upon illumination, with an energy higher than
the semiconductor’s bandgap, electron-hole pairs are generated in both regions. The
intrinsic Fermi level is thus split into a quasi fermi level for holes (Er;) and for electrons
(EFe). Electrons flow from the p-type into the n-type region and holes from the n-type
into the p-type region. The flow of the photo-generated carriers causes the so-called
photocurrent , Jp,.

Ohmic metal-semiconductor contacts are made on both the n-type and p-type sides
of the solar cell, and the electrodes connected to an external load. In open circuit
condition, no net current flows inside the p-n junction. The photocurrent is balanced
by the opposite recombination current. The recombination current will increase through
lowering of the electrostatic potential barrier across the depletion region. In short circuit
condition, the photocurrent flows through the external circuit and gives rise to the so-
called photovoltaic current. The current-voltage (I-V) characteristics for a pn junction
under illumination can be expressed by the equation :

,
J=J {e:rp(k;—T) - 1] — T (2.12)

where Jp, is the generated photocurrent.
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2.2 Ferroelectric photovoltaics

2.2.1 The Bulk Photovoltaic Effect (BPV)

Ferroelectric photovoltaics was discovered in the early 50’s with the work of Chynoweth
et al [42]. They showed the existence in BaT'iO;3 of a weak pyroelectric current, as
well as a steady photocurrent above the Curie temperature. They attributed these
phenomena to the electric field related to a surface charged layer which persists above
the Curie temperature when the polarization vanishes. It took twenty more years to see
the first quantitative studies of the ferroelectric photovoltaic effect. In 1974, Glass et al.
[43] described the steady photocurrent and the high photovoltage observed in LiNbO3
bulk crystals under illumination by an asymmetric scattering of photoelectrons due to
the non centrosymmetry of their materials. The short circuit current J,. is therefore
proportional to the intensity I of the monochromatic incident light :

Jse = klaIlight (213)

where « is the absorption coefficient and k;is the Glass constant that depends on the
material and the energy of the incident photons. The total currents density through
materials can be described as :

J = (O’d + JP}L)E (2.14)

where E is the applied voltage, o4 the dark conductivity and o,, the photoconductivity
of the materials. Therefore the photocurrent J will produce an open circuit voltage,
Voc :

Jd
Ve = ——— (2.15)
(oF;] + O'ph

with d the distance between the electrodes. According to this equation, ferroelectric
crystals, with very low dark conductivity and photoconductivity, should provide very
high voltage. This unique characteristic of the ferroelectric photovoltaics devices was
called the anomalous photovoltaic effect (APV) and show an outstanding output photo-
voltage, a few orders of magnitude larger than the bandgap of the ferroelectric materials.
A V,. as large as 10* volts in some cases [43], was measured in LiNbO3 bulk crystals.
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Figure 2.3: (Left) Schematic of measurements of the bulk photovoltaic current in polar-
ized light. (Right) Ilustration of the tensorial nature of the bulk photovoltaic current
in z, y directions. Reproduced from ref [44]

In order to stress the tensorial nature of the photocurrent (figure 2.3) , one should prefer
considering the Glass constant as a third rank tensor which gives the second order
optical response of the material[45]. Therefore, in a non-centrosymmetric material,
under an incident electromagnetic plane wave :

E; = eEye! @) 4 et Eyel (@l (2.16)

where e, ex are the projection of the polarization vector of the radiation on the crystal
axes. The current density in the material can be given by :

Ji = Xijimg;@1€m! + Bijieser (2.17)

where the first term is the light entrainment effect and the second term the Bulk Pho-
tovoltaic effect (BPV). Phenomenologically, the electric current density j is quadratic
in the electric field and the complex photovoltaic tensor 3;;; can be separated into a
real part which is associated to the linear part of the incident light (LPVE) and a
complex part which is associated to the circular part of the incident light (CPVE). The
short-circuit current density is thus given by :

J5 = Bfﬂejel*l +i55[e x ;I (2.18)
Since the current density is a polar vector and, therefore, odd under the operation
of space inversion, the BPV effect is allowed only in materials that lack inversion
symmetry, respectively, in gyrotropic media for CPVE and piezoelectrics for LPVE.
Consequently, all non-centrosymmetric materials can exhibit BPV effect and this as-
sumption was largely confirmed experimentally on a large variety of materials including
non-ferroelectric materials such as GaP, Te, ZnO or HgS [46]... In 1981, this model
was detailed by von Baltz et al. [47] with a fully quantum calculation of the scattering
of excited electrons, leading to the modern shift current theory.
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2.2.2 The shift current theory

Non-symmetric optical excitations in k-space can take place in materials which have no
center of symmetry, as ferroelectrics, and leads to a net current flow from the asymmetry
of the potential. Bulk polarization is not required (no internal electric field), only
inversion symmetry must be broken. Perturbative analysis treating the electromagnetic
field classically yields the shift current expression :

Jq = 0y5gErEs (2.19)

where the BPV coefficients can be seen as a product of two terms [48, 49:

Orsq(w) = ez /dk]rs(n’,n”,k;w)Rq(n’,n”,k) (2.20)

/s
,n

with :
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(2.21)

Is = 7(

is the transition intensity, which is also proportional to the imaginary part of the per-
mittivity and thus to the absorption.

. a¢n’n” (k7 k)

R p—
’ ok,

P ——" (2:22)
is the shift vector, which gives the direction and the average distance traveled by the
coherent carriers during their lifetime. Recently, the modulation of the BPV effect in
ferroelectrics was studied by first principle calculation in terms of structural parameters.
It was found to originate from :

e Absorption, through the influence of the linear dichroism (birefringence).

e Shift vector direction and magnitude, through electrostatic control of electron
density delocalization.

Despite these new insights, the correlation between the shift current mechanism, the
structural and the electronic properties of ferroelectric materials is not well understood.
Especially the origin of the driving force of the charge carriers separation and transport,
which is usually provided by an internal electric field.
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2.2.3 Influence of the depolarizing field

In 2009, Choi et al [15] reported a diode like effect in BiFeOs single crystals in a
capacitor configuration. Results are shown on figure 2.4a. The forward direction of
the diode was closely related to the direction of the polarization and could be reversed
by an external electric field. Associated to the diode effect, a steady photovoltaic
current was measured and modulated with the incident light polarization. However
they only made assumptions on the possible origins of the observed PV effect : Optical
rectification, bulk effect, defects assisted or interface based photovoltaic, but none of
these explanations totally fitted with the results.

Figure 2.4: (a) J(E) curves of BiFeOjs after +150V, —150V. and +150V pulses, in
sequence. The diode forward and reverse directions switch when the direction of out-of-
plane polarization (P) is reversed by 150V pulses. (b) Schematic energy band diagrams
after upward poling. The electromigration of oxygen vacancies played a role in the
polarization switching, the diode like effect and therefore in the photoresponse of each
metal/ferroelectric interface. Reproduced from ref [15, 50|

Finally, Yi et al. [50] demonstrated that the diode effect is simply due to the remnant
depolarizing field induced by the imperfect screening of the polarization charges|51, 22,
52]. The forward direction gives the direction of holes flow and can be reversed with
the polarization switching. They have also shown that the electromigration of oxygen
vacancies played a role in the polarization switching and thus in the diode like effect as
illustrated on figure 2.4b. This observation was used by Moubah et al. [53] to measure a
diode like effect associated to photocurrent in a planar device of BiFeOj3 single crystals
(electrodes on top of the same polarization side). By applying an electric field under
strong illumination, they managed to move the oxygen vacancies in the direction of
the field. The resulting diode like effect which was observed was related to the change
of the electrostatic environment of the interfaces induced by the oxygen vacancies. A
year later, in 2010, Yang et al [16] worked on a periodic domain pattern, in BiFeOs
thin films, and observed a steady photocurrent of 120pA/cm? flowing against the net
polarization as shown on figure 2.5. Associated to this short circuit photocurrent,
they measured an over bandgap photovoltage up to 16V. These effects scale with the
number of domain walls and vanish when electrodes are perpendicular to the domain
walls. According to their simulations, they ascribed the effect to the potential drop
inside the domain walls. Consequently this creates a high electric field in the domain
wall which makes an efficient driving force to separate the electron-hole pairs. In the
domain, the internal electric field is too low and the recombination rate is high. This
model can be seen as an array of standard pn junctions in parallel configuration and
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opens new routes for domain wall nanoelectronics. At this time, the role of interfaces,
domain walls and depolarizing fields in ferroelectric photovoltaics seemed obvious.

Figure 2.5: Schematics of (a) the perpendicular device geometry and (b) four domains
(three domain walls) in an ordered array of 71° domain walls and detailed picture
of the build-up of photo excited charges at a domain wall. (c¢) Corresponding I-V
measurements of the perpendicular device geometry. Reproduced from ref [16]

By using an atomic force microscope (AFM) with a conductive tip, Alexe et al. [54]
attempted to measure the efficiency of charge carriers separation into BiFeO3 domain
walls. They found that charge carriers are generated and separated uniformly across
the sample regardless of where the tip is lying : on top a domain, or a domain wall. In
addition, Ji et al. [55] measured a photovoltaic current perpendicular to the ferroelectric
polarization in (111) BiFeOj thin films (figure 2.6a). By using symmetric Au electrodes
the effect of interfaces was ruled out and the sinusoidal modulation of photovoltaic
current with the incident light polarization, shown on figure 2.6b, remind that the BPV
is a part of the photovoltaic effect observed in BiF'eOs.

Figure 2.6: (a) Schematic of the epitaxial BiFeOs thin film with in-plane electrodes
and polarization along thickness direction under polarized light. The angle between the
polarizer transmission axis and the y axis is 9. (b) Normalized J, at different polarizer
angles. Reproduced from ref [55].

By using first principle shift current theory [48, 49|, Young et al. computed the bulk
photovoltaic effect in BiFeOs |56] and found a good agreement with experimental re-
sults. They emphasized that several processes can be part of the photocurrent and
thus one has to pay attention to the direction of each components of the photocur-
rent. The efficiency of ferroelectric photovoltaics should be improved with cooperative
rather than antagonistic interaction between different mechanisms : bulk, depolarizing
field, domain walls and metal /ferroelectric interfaces which are playing a major role in
the measured photocurrent. These observations lead Bhatnagar et al. [57] to verify
the behavior of samples with stripe domains under linear polarized light illumination.
They showed that the photovoltaic current measured in these samples could also show
sinusoidal response with respect to the rotation of the incident light polarization. More-
over, they calculate all the BPV tensor coefficients which were consistent with previous
calculations. They also observed that contrary to previous observations, 71° and 109°
domain walls showed different behaviors in parallel or perpendicular configurations.
They concluded that the BPV is the main photovoltaic effect in stripe domain sam-
ples. However, the different domain wall conductance leads to a modulation of the
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measured photovoltage depending on the orientation of the domain wall with respect
to the electrodes.

Figure 2.7: (a) Left. Schematics of a sample showing stripes, which represent the do-
main walls and how the vector E of the linearly polarized light is aligned with the
direction of the current flow J for the perpendicular case. Right. Normalized pho-
tovoltaic current measured at different incident light polarization angles for samples
with 71° (circles) and 109° (triangles) domains, respectively. (b) Schematic showing
the periodic arrangement of domains and domain walls in BiFeOs thin films for par-
allel (right) and perpendicular (left) geometry with respect to the domain wall. An
equivalent circuit considering that the domains bulk and domain wall have different
resistances, Ry and Rpy, is shown for both geometries. Reproduced from ref [57].

2.2.4 Summary and outlook

Ferroelectrics have several critical drawbacks including too high bandgaps and recombi-
nation rates, which make them uncompetitive for mainstream applications. In fact, as
most of the commonly used ferroelectric materials have a band gap larger than 3eV, only
light above the UV edge can be harvested which represents about 3.5% of solar energy.
BiFeO3 has a band gap of 2.7V [58] which makes it more competitive with around
25% of the sun energy harvesting. Moreover BiF'eOs is a most interesting material as
it combines, at room-temperature, coupled ferroelectric and magnetic orders, as well as
remarkable optical properties. Especially, most oxides have low absorption coefficients,
which require thicker samples that possess higher recombinaison rates than thin films
and thus a bad charge collection. Whereas BiFeO3 has an absorption coefficient three
to four times larger than BaTiOs or LiNbO3. However, the reports of high output
photovoltages, the possible interesting role played by their domain walls, or the direc-
tion switching of the photovoltaic current are making these materials reconsidered for
targeted applications. For instance, Guo et al. [59] demonstrated a novel non-volatile
memory array (figure 2.8) based on the photovoltaic effect in BiFeOs. The writing
consists in voltage pulses to switch the polarization whereas the read-out signal is given
by the sign of the photovoltaic current.

Figure 2.8: Performance of a prototype 16-cell memory based on the cross-bar architec-
ture. (a) Topography of the device with preset polarization direction. Blue: polarization
up, red: polarization down. (b) Voc of all 16 cells are indicated. These are measured
under 20mWem?2 light. Reproduced from ref [59].
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The long date study of ferroelectric photovoltaics has highlighted some physical prop-
erties of particular interest such as above band gap photovoltage, domain wall pho-
tovoltaics, switchable diode like effect or photocurrent modulation with the incident
light polarization. Two main causes stand out of the literature, the depolarizing field
and the BPV effect. Despite this relatively well identified phenomenon, the origin of
experimental observations remains often under debate. This emphasizes the complexity
of photovoltaic processes standing in ferroelectric materials. In fact, disentangling all
the photocurrent components is not an easy task but is on purpose to understand and
improve the photovoltaic properties of ferroelectric materials.

2.3 Experimental techniques

2.3.1 Scanning PhotoCurrent Microscopy (SPCM)

The Scanning Photocurrent Microscope (SPCM) [13] is a powerful technique to ad-
dress the photoactive region of a sample. Specifically, a focused laser spot is scanned
across the sample surface, while the reflected light and the photocurrent are recorded
simultaneously, providing reflection images and a correspondent photocurrent map of
the device. The photoresponse can be therefore correlated to its spatial origin.

The setup consists in a original scanning microscope [60] and a picoammeter which
communicate via a LABVIEW interface. The whole setup is sketched in figure 2.9.
After passing through a linear polarizer and a beam splitter, the laser beam, generated
by a red 632nm or blue 405nm laser diode, is highly focused on the sample by a Mitutoyo
BD PlanAPO 100 infinity-corrected microscope objective lens at normal incidence. The
spot size is expected to be of the order of the wavelength. The polarization of the
incident beam can be controlled by rotating a half-wave plate. The sample is mounted
on high precision XY translation stages, controlled down to 5 nm steps by dc motors
and piezoelectric actuators. The positioning of the studied zone of the sample is made
easier thanks to a standard coaxial optical microscope, using a green light emitting
diode as a light source and a camera, which allows to optically image the sample over
a wide field (few microns).
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Figure 2.9: Optical scheme of the SPCM setup. The sample is illuminated through a
microscope objective lens by a highly focused polarized laser beam. The reflected beam
is deviated toward a light intensity detection system, through a photoelastic modulator,
an analyzer, and an optical filter. An auxiliary imaging system allows a large scale
inspection of the sample. The picture shows the sample environment. Reproduced
from ref [60].

Optical measurements at the nanoscale are not possible without an enhanced stability
and sensitivity of the measurement setup. The whole setup is thus mounted on a vi-
bration isolated workstation, and thermally regnlated at 300 K to avoid thermal shift
of optical elements. In order to decrease the residual noise, the polarization state of the
laser beam is modulated at a frequency of 50 kHz by a photoelastic modulator. The
ellipticity and rotation can be measured at locked high frequencies f and 2f, respec-
tively, and normalized by the quasicontinuous incoming light intensity. After interacting
with the sample, the reflected light beam is deviated by the cube beam splitter, passes
through the photoelastic modulator (Hinds PEM-90), the analyzer and an optical filter
peaked at the laser wavelength, to finally illuminate a large area silicon photodiode
(Hamamatsu S1336-8BQ). The detected signal is made of a DC' contribution [, and
AC' components at the fundamental f and harmonic 2f frequencies. The normalized
magnitudes of AC' components, I/l andlyr/Iy, are measured thanks to a homemade
lock-in acquisition system.

Since the long working distance 6 mm of the microscope objective lens allows the
connection of the sample to measurement setups, a Keithley 6487 picoammeter is used
to measured the current while the beam is scanning the sample surface. The acquisition
process is then operated by an homemade LABVIEW interface where at a given time
interval, DC', AC optical signals and electrical current are simultaneously measured.
An image reconstruction via step-by-step scanning of the sample under the laser beam
is realized. The integration time of the picoammeter, which is the period of time
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the input signal is measured has to be well chosen because, it affects the amount of
reading noise, as well as the ultimate reading rate of the instrument. Therefore the
integration time need to be shorter than the optical measurements sampling to be sure
that each current is measured at the right image corresponding position. As a result,
this homemade Scanning Photocurrent Microscope allows us to simultaneously measure
the reflection image of the sample with the DC signal, as well as the rotation of the
light polarization with the AC' signal and finally the corresponding photocurrent.

2.3.2 Piezoresponse Force Microscopy (PFM)

The piezzoresponse force microscopy takes advantages from the piezoelectric properties
of ferroelectric materials to characterize their domain structures. It is a near field
microscopy technique, using a tip to locally measure an interaction with the surface.
The PFM analyses the piezoelectric response of a sample to an applied AC voltage
between the surface and a bottom electrode. Due to the coupling between strain and
an electric field, through the converse piezoelectric effect (CPE), the surface will be
deformed depending on the relative sign of the applied voltage and the polarization.
The induced deformation is given by :

Oi5 = dz’jkEk (2-23)

where o;; is the strain tensor, d;;. is the piezoelectric third-rank tensor and Ej the
applied electric field. The 27 possible coefficients of the piezzoelectric tensor can lead
to a quite complex piezoresponse from a material to an applied voltage. Fortunately, in
ferroelectric materials, the response can be considered as largely governed by the defor-
mation along the direction of the spontaneous polarization. Therefore, the tip induces
a bending of the cantilever where a laser spot is reflected on a quadrant photodiode
detector. The position of the laser spot on the photodiode follows the deflection of the
cantilever and converts it to an electrical signal. Two measurements can be performed

e The tip oscillates in the plane and the torsional bending of the cantilever leads to
a change in lateral deflection on the quadrant photodiode.

e The tip oscillates out of plane and vertical displacement of the cantilever leads to
a change in vertical deflection on the quadrant photodiode.

By using a lock-in amplifier, it is possible to extract the phase and the amplitude of
the electrical response, giving rise to images of the ferroelectric domain structures. For
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BiFeO3 (001) crystals, the ferroelectric polarization is along the [111] direction which
leads to eight possible polarization variants. Consequently, the in-plane and out-of-
plane signals are given by the projections of the polarization. For the out-of-plane
component, there are only two possible variants which can thus always be determined
in a single scan. However for the in-plane signal, the response depends of the scan
direction. Therefore, to analyze a sample, one needs to scan in two orthogonal crys-
tallographic direction to fully determine the in-plane component of the ferroelectric
polarization.

2.4 Bulk photovoltaic effect in single crystalline BiFeOs

The bulk photovoltaic effect is responsible for a non-trivial behavior of the photore-
sponse in non-centrosymmetric materials. This results in a modulated photovoltaic
current depending on the incident light polarization and the crystallographic direction.
In addition, the low conductivity of these materials gives rise to large photovoltages
which are much higher than their band gaps. Despite the relatively old research on
this topic, the origin of the effect is still under debate, especially its microscopic origin
i.e. the driving force on the charge carriers. In fact, it is very complicated to separate
the different contributions of the photovoltaic current in ferroelectrics where the bulk
component can be small compared to other sources coming from internal electric fields.

In this section, we use the SPCM setup, described above, to study the BPV in a BiFeOs
single crystal. An original electrodes shape allows to measure the photoresponse in
all crystallographic directions, without the necessity to rotate the sample, while the
incident linear light is fixed. This experiment gives a new insight on the BPV effect
and especially on the anisotropic nature of the photocurrent flow and its close relation
with the incident light polarization.

2.4.1 Photoelectric measurements

In order to study the BPV effect in BiFeO; single crystals, one needs to cancel the
internal electric fields to ensure that the measured photocurrent will only originate
from a bulk effect and not from a classical electric field assisted photovoltaic effect. In
BiFeOjs single crystals, the polarization is expected to be efficiently screened to pre-
serve the monodomain state. However, the good quality of our crystals, which show
very low leakage current (or strong resistivity), leads to a small internal screening of the
ferroelectric polarization. Consequently, an efficient external screening maintains the
ferroelectric monodomain state and is provided by a layer of adsorbates or/and metal-
lization of BiFeQs surfaces. As a result BiFeOjs single crystals provide an appropriate
model system to study the BPV effect.
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2.4.1.1 Samples selection

Symmetric gold electrodes were deposited on top of BiFeOjs single crystal (001) sur-
faces. Circular electrodes were fabricated by e-beam lithography and aim at measuring
the photocurrent as a function of the crystallographic orientation of the crystal.

Figure 2.10: Microscope image of the BiF'eOs single crystal (001) surface with two
circular shape electrodes. The main crystallographic directions are indicated as they
are projected on the surface. The projection of P is along the [110] direction. On the
right, these main directions are located in the pseudocubic unit cell.

The crystal shown on figure 2.10 has a 401m wide circular gap and has no bottom metal-
lic contact. PFM images as well as cross-polarized microscope images performed on the
surface confirmed the saturated monodomain state and give the main crystallographic
orientations. The Au/BiFeOs contacts lead to schottky barriers at the interfaces and
thus localized electric fields in the depletion regions which can be responsible for a pho-
tovoltaic current. In ferroelectrics, it is well known that a metal/ferroelectric interface
is never perfect and a small roughness can behave as a thin dielectric layer which will
decrease the screening of polarization charges at the interface. The resulting imperfect
screening of the polarization by top metal electrodes leads to a Schottky barrier height
dependent on the ferroelectric polarization direction and magnitude [52, 61, 62]. The
difference in barrier height is given by [22, 51]:

P
AQOB = )\effg (224)
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Where P;, €y and A\ sy are respectively the spontaneous ferroelectric polarization, the
vacuum permittivity, and the effective screening length. The built-in potential at the
interface depends on the sign and magnitude of this quantity. In our devices, this results
in symmetric contacts which can be ohmic or schottky depending if the polarization is
pointing nupwards or downwards respectively, as detailed below. Therefore, by choosing

the right crystal we expect to minimize the internal electric field and thus observe the
BPYV effect alone.

2.4.1.2 Macroscopic measurements

We performed current versus voltage measurements in the dark and under macroscopic
illumination with a non-polarized white light. These measurements were carried out
under a microscope where the light source is used to image and homogeneously illumi-
nate our sample. The electrodes are connected to a Keithley 6487 picoammeter/voltage
source which allows us to apply bias and measure the current flow.

1.0 | === Under illumination E
|1 the dark

0.0

Current (nA)

-40 -20 0 20 40
Voltage (V)

Figure 2.11: The T(V) curves measured in the dark and under illumination show negli-
gible photoconductance and zero voltage photocurrent.

The voltage is ramped from -40V to 440V and the current variation is shown in figure
2.11. The measured I-V characteristics show an ohmic behavior for hoth curves, from
which a global dark resistance (R~ 36(G{2) can be extracted, indicating that the Schot-
tky barriers at the Au/BiFeQOs interfaces are rather low. As the light is turned on, no
photocurrent is observed and the slight shift between both curves is associated to a bulk
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capacitance. As long as we measure with a non-polarized macroscopic illumination, the
circular symmetry of our electrodes averages all the components of a photovoltaic cur-
rent coming from the crystal symmetry. Breaking this spatial symmetry by illuminating
locally with linear polarized light should allow us to observe the BPV effect. This was
done by using the SPCM setup.

2.4.1.3 Spatially resolved photocurrent images

A polarized local illumination is coming from a 405 nm (blue) laser which is focused on
the BiF'eOs surface with a spot size around 600 nm and measured density of approxi-
mately 3 x 10*WW/em?2. The BiFeOs single crystal is placed on a XY translation stage.
We then measure the macroscopic current flowing between the two electrodes during
scans of the microscopic illumination. We are then able to spatially map simultaneously
the optical contrast coming from ferroelectric domains (if present) and the photovoltaic
current. Several scans were needed to cover the entire half circular area between the
electrodes. Photovoltaic measurements were performed with both electrodes grounded.
Resulting images are shown on figure 2.12 and clearly show a photocurrent which is
modulated by the crystallographic orientation and the incident light polarization state.
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Figure 2.12: Spatially resolved photocurrent images in the circular shape electrodes gap
(each frame corresponds to a full scan). Above each set of measurements the schematic
orientation of the linearly polarized incident light is represented with respect to the
BiFeO3 pseudocubic unit cell. The measured current is modulated by the incident
polarized light and the crystallographic direction.

We observe three main behaviors :
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e When the polarization of the incident light is along the [110] directions, the mea-
sured photocurrent appears to be almost zero everywhere in the gap except, in
the direction of the spontaneous polarization.

e When the polarization of the incident light is along the [110] directions, the mea-
sured photocurrent appears to be almost zero everywhere in the gap (not shown).

e When the polarization of the incident light is along a {100} direction, the mea-
sured photocurrent modulates with the crystallographic orientation and the inci-
dent polarization state.

These images clearly show that the photocurrent profile depends on the rotation of
the incident light polarization as well as the position along the half circle i.e. the
crystallographic direction. A quantitative analysis requires looking at radial line profiles
from one electrode to the other one as shown in figure 2.13.

~ 27

Current (pA)

10pm

Pasition (pm)

Figure 2.13: A line profile (yellow line) is taken on photocurrent images. The photocur-
rent is extracted by taking the difference between the base line (red line) and the top
of the Gaussian shape profile.

The measured shape of the current with a rather flat maximum halfway between the
electrodes; indicates that the observed photocurrent is not coming from a Au/BiFeO;
interface-based photovoltaic process. The fact that it is centered implies that the trans-
port phenomena is balanced between holes and electrons which thus have similar mean
free paths. As it is likely that the mean distance traveled before recombination is much
shorter that the inter-electrode distance, the yield of collection is expected to be very
low. By considering a continuous illumination for each measurement point, we can
estimate the yield of collection with a simple diffusion model from a constant source.
The concentration of photoelectrons reaching the electrode N(z,t) is thus given by :
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(2.25)

N(z,t) = Nyerfc (2%/1)7)

where Ny is the initial concentration, x the minimal distance between the electrode
and the laser spot, D the diffusion coefficient given by the Einstein relation D = %u
(u =~ 0.1em?/V's) and t = 75us is the electrons lifetime from ref [63]. As a result, the
ratio N/N, gives the yield of collection which is approximately 0.1% for the laser spot
positioned in the middle of the electrodes gap (inaximum of the signal).
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Figure 2.14: Measured photocurrent density versus crystallographic angle for three
directions of light polarization. A rotation of 90° of the incident light polarization leads
to a shift of 90° of the maximal photocnrrent. Lines are the data fitted with the formula
described in the following part of this section.

In order to associate a photocurrent value to a crystallographic direction, we have taken
the maximal variation of the current along its radial profile. Then, the current density
is estimated by considering that the photocurrent flows through a surface given by the
product of the spot diameter (500nm) and the absorption depth (é =32, 40, 50nm for
light polarization parallel to [110], {100}, [110] respectively [54, 64, 41]) as shown in
figure 2.16. From this procedure, it is then possible to plot the photocurrent density as
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a function of the angle ¢ and affect a specific crystallographic direction for each value
of angle. The results shown on 2.14, show a sinusoidal modulation of the photocurrent
with the crystallographic direction. The main direction of current flow is directly visible
on the photocurrent map as schematically shown on figure 2.15. Thus, these images
show an anisotropic current flow, with the anisotropy direction depending on the light

polarization.
(a) ?L,m (b
I

o

J <o J = constant

Measured photocurrent

Figure 2.15: Schematics of the measured images depending on the current flow (a) An
unidirectional vertically oriented current leads the electrons to be collected by the npper
electrode in the upper part of the detector whereas they are collected by the middle
electrode in the lower part. This results in an opposite contrast between the lower part
and the upper part of the detector which indicates the direction of the current flow.
(b) An isotropic current flow leads the electrons to be collected by the same electrode,
resulting in no contrast.

2.4.2 Bulk photovoltaic calculations

The observed behavior of the photocurrent is in good agreement with the BPV effect.
In order to confirm this statement, measurements have to be fitted with the BPV model.
The incident linear polarized light induces a photocurrent given by :

Jit = ﬂfﬂ@jezfught (2.26)

where f3;;; is a third rank tensor which has the symmetry of the crystal. BiF'eOs belongs
to R3c space group and gives in Voigt notation :

0 0 0 0 Bis —Ba
—B22 P2 0 P15 O 0 (2.27)
P31 Bai Pz 00 0
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where many of the 27 elements of the third rank tensor are reduced to zero owing to
symmetry operations. Generally the BiFeO3 symmetry is considered in the hexagonal
coordinate system which could be relevant for sample with (111) pseudocubic surface.
In our case, the laser spot hits the (001) pseudocubic surface and therefore we need to
rotate the matrix to match with our experiment. We used the methodology introduced
in Ref [57] to calculate the J,, J, current densities. The f3;; third rank tensor can be
rewritten as :

0 Bz Buz —far 0 0 B O 0
— Bz 0 0 0 Bozz P2z 0 Bz 0 (2.28)
Bi31 0 0 0 B2 O 0 0 Bs33

The following matrix is used to transform the ;5 third rank tensor from hexagonal to
pseudocubic coordinates :

(2.29)

=
Il
S
Shesl-sl-
Shsh-sh-

with the transform operation given by :

3

(Bpqr)pe :Z Rpi Ryj Rt (Biji)n (2.30)
ijl
1

The incident light propagates along the [001],. axis and thus the (5,4 )pc€je; term will
be reduced to a few coefficents :

612
2
e
Bur Bz Bz Pia Pis Pie 8 220812 + 12011 + 2e1e2016
Bor Bao Paz Poa Pos Pas 0 = 22 B2a + €12 Pa1 + 2e1€226
531 532 533 534 535 536 0 622532+€12531+26162536
_26162_

(2.31)
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Finally, after applying the transform operation and easy trigonometric transformations,
the photocurrent along the z and y axes are given by :

Jo = Liign [A + Bcos(26) + Csin(20)] (2.32)
Jy = Lignn [A — Beos(20) + Csin(26)] N
With :
— B22 Bis 2831 B
A= —3% \_f T35 T
B = 571; _ (2.33)
2822 B: B:
¢ EV RV A VW

I the intensity of the incident light, n the yield of collection and 6 the angle between
the crystal axis y and the incident light polarization. The obtained formula allows us
to calculate the expected BPV current in the z, y crystal directions ([100], [010]). The
photocurrent in all crystallographic directions is thus given by the projection of J, and
Jy on the direction of the measurement as illustrated in figure 2.16.

J=]xsing + ], cosg

Figure 2.16: Schematic of the model used to calculate the BPV current density. The
measured photocurrent in one direction is the projection of the J, and J, BPV compo-
nents on the direction of the measurement. The generated photocurrent flows through
a surface given by the product of the absorption depth i [54] and the spot diameter d.
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where ¢ is the angle between the x axis and the measured direction i.e. the crystallo-
graphic direction. The R-variant is then rotated in order to coincide with the crystal
polarization variant and a minus sign is introduced in front of the formula for the reverse
connection of the picoammeter. Finally, this leads to the expression below :

Jepv = Liigun [[—A + Bcos(20) + Csin(20)]sin(p) + [-A — Bceos(26) + C’Sin(?@)(]cos()gp)]
2.34

where Jgpy is the current density, and A, B, C the fit parameters associated to the BPV
coefficients for 6, the direction of the light polarization, along three crystal directions
([100], [010] and [110]).

This formula is found to give a very satisfactory fit to our results, as shown on 2.14.
The extracted coefficients, can be found in table 2.1 which reproduce quite well our
results. The 6 is found for each curve and coincides with the experimental rotation
with a slight variation of 1.5°.

A B C
77 x107°A/em?*  —5.6 x 107°A/em? 3.6 x 107°A/em?

Table 2.1: Fit parameters

Based on the reported value of 15 = 0V ! given in supplementary materials of ref [56],
we thus calculate all the associated BPV coefficients :

Theoretical 8 from ref [56] Experimental [
Boy =2 x 1074V 1 Bog = 1.4 x 1074V 1
S5 =0V ! S5 =0V !
Bap = 1.6 x 1074V 1 By = 1.7 x 1074V 1
Bas = 3 x 1041 Bas = 1.6 x 10-4V 1

Table 2.2: Comparison between experimental and theoretical BPV coefficients (/)

which are in good agreements with the previously measured coefficient values in ref [55]
and also calculated in ref [56].

We plot the expected shift current density on figure 2.17 in polar coordinates and
reveal the current anisotropy given by the symmetry. According to our measurements,
we observe three main directions of the current flow depending on the incident light
polarization and nicely observed on our images. The current directions are associated
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to a pure BPV effect with the current flowing in the direction of the polarization. For
incident light polarization along the [110] directions, the photocurrent amplitude is
under the detection limit of our setup and explain why no photocurrent was measured
in this direction.

180

270

Figure 2.17: Polar representation of the calculated BPV current density in BiFeOs
single crystal. The direction of the current anisotropy depends on the incident light
polarization represented by the two different colors.

These calculations also emphasize that our electrodes geometry associated to the SPCM
setup allows to directly image the BPV current anisotropy.

2.4.3 Multi-domain state

When a large voltage is applied between the electrodes, it is possible to generate a
multidomain state. The photovoltaic response of each domain depends on the new
direction of P as well as the internal electric fields.

After an electric field around 1 x 10°V/em was applied, the new ferroelectric domain
structure between the electrodes is shown in figure 2.18. The resulting structure consists
in two main domains where the polarization rotates by 180° between the upper part and
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the bottom part of the detector. Thus, a 180° domain wall separates the two parts of the
detector in the region corresponding to a measurement direction perpendicular to the
polarization i.e. the maximal amplitude of the photocurrent modulation between two
incident light polarization (2.14). Locally, smaller domains can be seen. This results
in a quite complex structure with three types of domain walls : 71°, 109° and 180°.
Nevertheless, the in-plane polarization has only two orientations along +/- y as shown
on figure 2.18.

Figure 2.18: (a), (b) Out of plane and in plane PFM images which show globally two
domains with 180° rotated ferroelectric polarization. (c¢) The corresponding scanning
microscope image which shows extra features as buried planar domains (bright con-
trast). (d) Schematic representation of the SPCM measurement configuration with the
region of interest in the middle of the detector.

In order to determine the role played by the ferroelectric polarization on the PV effect,
we focus on the [100] and [010] directions of the photocurrent obtained for [010] and
[100] incident light polarization respectively and associated to a pure BPV photocur-
rent. Theoretically, the 180° domain structure has to show no difference on the BPV
photocurrent between the two domains and should lead to an even contrast on images
with both domains. Resulting SPCM images taken in this region for different incident
light polarizations are shown on figure 2.19.
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Figure 2.19: SPCM images of the region with the maximal amplitude of the photocur-
rent modulation. The green dash line follows the domain wall between the up and
down oriented domains. The photocurrent is modulated by the incident light polariza-
tion with an opposite magnitude between the domains. A more complex behavior is
associated to the light polarization along the [110] and [110].

For light polarization along [100] and [010], an opposite contrast is observed. Therefore

the direction of the current flow is in opposite directions and unambiguously reveals the
role of the polarization in the PV effect which gives the direction of the current flow.

For light polarization along [110] and [110], surprisingly, a PV current is measured. We
attribute this photocurrent to the depolarizing field associated to the complex domain
structures.

2.4.4 Conclusions

In conclusion, we have shown that the photocurrent depends both on the incident light
polarization and the crystallographic directions. More than the current value, it is
the direction of the current flow which rotates with the incident light polarization.
This is consistent with the shift current theory and the so-called shift vectors gives the
main directions of current flow linked to the direction of the light polarization. We
succeeded in measuring a contribution of the BPV current which is not in the direction
of the polarization and our electrodes geometry associated to the SPCM setup allows to
directly image the current anisotropy i.e the shift vector direction. Finally, by switching
the polarization we have been able to show that the ferroelectric polarization gives the
direction of the current flow.
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2.5 Photovoltaic response around a single 180° do-
main wall in single crystalline BiF'eO;

Ferroelectrics are natural candidates |65] for photovoltaic applications as they possess
an internal built-in electric field [15]. This is a key advantage as one does not need to
tailor the electric field using electronic band bending at an interface such as in a pn
junction. Unfortunately, ferroelectrics have several critical drawbacks including too high
bandgaps and recombination rates, which make them uncompetitive for mainstream
applications [14]. However, the reports of high output photovoltages and the possible
interesting role played by their domain walls are making these materials reconsidered
for targeted applications|[66, 16, 6]. In fact, large photovoltages were observed in thin
films with a high density of striped domains (figure 2.5). The effect was thought to
be induced in the domain-walls themselves because of the presence of significant band
bending exactly in these entities. However it was argued the BPV effect could be at the
origin of the observed behavior [57]. The exact role played by domain walls is therefore
subject to controversy.

This section aims at measuring the photoresponse of a single domain wall in a BiFeO3
single crystal. After controlling the nucleation of a domain wall between two electrodes,
we will use the SPCM setup to locally map the photocurrent around the domain wall.

2.5.1 Samples and macroscopic measurements

The sample used in the present study is a high quality BiF'eOs5 single crystal grown as
detailed in chapter 1. It has the form of millimeter sized platelets with the short dimen-
sion along the [001] direction. The as grown sample is a ferroelectric monodomain with
the polarization along the [111] direction. 40nm thick gold electrodes were deposited
by electron beam evaporation using e-beam lithography in the pattern shown in figure
2.20a. The electrodes are spaced by 10pm and compose the plus and minus in an elec-
trical circuit consisting of a voltage source and a picoAmpmeter. The sample is first
globally illuminated in a conventional wide-field microscope to which a HeNe Laser
beam (A= 632 nm) is coupled and focused to illuminate (with an estimated density
around 1kW.cm™2) the entire region between electrode E; and Fy (figure 2.20b). The
voltage is ramped back and forth between -40V and 440V and the current variation is
shown in figure 2.20c.
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Figure 2.20: a) Single domain crystal of BiFeOs; with Au electrodes deposited on top.
b) Schematics of the measurement geometry where the laser light is shun in between
the electrodes. ¢) The T(V) curves measured in the dark and under illumination show
a small photoconductance with negligible zero voltage photocurrent.

The measured I-V curves show an Ohmic behavior, from which a global bulk resistance
(R =~ 68 G2) can be extracted, indicating that the Schottky barriers at the Au/ BiFeOs
interfaces are rather low. In this geometry, two Schottky junctions are indeed estab-
lished at the gold interfaces with crystalline BiFeOs in a head to head geometry. The
low barrier height obtained here indicates that the direction of the BiFeQO3 polariza-
tion is such that it generates positive bound charges imperfectly screened by the metal
electrodes [52, 61, 51]. Thus, the induced depolarizing field decreases the built-in field
at the interfaces resulting in negligible internal electric field as depicted on figure 2.21.
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Schottky contact Ohmic contact

Figure 2.21: Imperfect screening at the Au/BiFeOs interface. Depending on the orien-
tation of the polarization under the electrode, the contact can be Schottky or Ohmic.

As the light is turned on, a slight photoconductive effect appears at high voltage but
no photovoltaic current is observed at OV. Considering the physical mechanisms at play
in a typical photovoltaic device, we attribute this phenomenon to the absence of an
internal electric field separating the light induced electron-hole pairs. This observation
corroborates the imperfect screening of the polarization charges by the electrodes.

In order to study the effect of ferroelectric domain walls, the originally single domain
BiFeO;3 single crystal must be partially reversed. The procedure applied here was
to ramp back and forth a voltage applied across the electrodes, generating an electric
field aronnd 4+2.5 x 10°V/ecm. After several cycles, the 1(V) curves were found to
be strongly modified as shown in figure 2.22c. Beside the capacitance associated to
the measurements in the dark, one can clearly see, under illumination, the hysteretic
behavior often associated to the presence of multidomain states [67]. Interestingly, the
negative voltage part of this curve is almost reversible and coming back to zero, an open
circuit voltage around 1.3V can be observed associated to a photovoltaic current of 0.7
pA. When coming from large positive values, the open circuit voltage is 4.6V and the
photovoltaic current 4.5pA. We qualitatively attribute this behavior to a multidomain
state inducing the presence of an uncompensated internal field.
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Figure 2.22: a) PFM images of the sample with perpendicular and planar contrasts
after sweeping the electric field between the electrodes, evidencing the polarization
configuration schematized in b). ¢) The I(V) curves have dramatically changed as
under illumination, a large and hysteretic current appears at positive voltages. In
inset: hysteretic zero voltage currents and open circuit voltages appear which depend
on the polarization history.

At this point, the inhomogeneous nature of the ferroelectric configuration has to be
precisely determined. Therefore, piezoelectric force microscopy has been carried out
both in-plane and out of plane. As a result, one can see in figure 2.22 that under
the electrodes, the polarization is pointing downwards under F; and upwards under
E, indicating a change in the nature of the metal/ferroelectric contact. We can also
observe that both contrasts are reversed on each side of a domain wall located roughly
midway between the electrodes. Thus, as the polarization near one of the electrodes
switched, a unique domain wall separating two 180° domains propagated between the
electrodes, generating this model system.

This domain configuration is consistent with finite elements calculated electric fields in
the monodomain where the electric field is mostly along the z axis under the electrodes,
generating the antisymmetric contact, and mostly along x between the electrodes in-
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ducing the 180° domain wall after sweeping the voltage as depicted on figure 2.23.

10um
(n)23e3j00

Figure 2.23: Finite elements calculation of the electric field in monodomain BiF'eQOs.
Black arrows show the direction and the magnitude of the electric field. Blue arrows
indicate the resulting polarization in the domain pattern.

In addition, one can see that the intensity of the electric field quickly decreases with
the thickness of the crystal. This indicates that the induced domain pattern is confined
in around 5um under the crystal surface.

2.5.2 Spatially resolved photocurrent images

In order to disentangle the exact role played by domain walls in ferroelectric and con-
duction properties of BiFeQs, it is important to carry out local measurements in the
vicinity of these entities. Considering the widespread use of scanning probes, it is con-
venient to use a conducting tip [54] to perform a mapping of the currents induced by a
global illumination. Such studies have allowed to underline the special role of the tip in
concentrating the local electric field thereby significantly amplifying the photocirrent
collection . This technique is therefore well suited to studying the local collection of
the globally generated photocurrent. Tn order to investigate the local electron-hole pair
generation and separation, it would however be more appropriate to illuminate locally
and collect the entire photogenerated charges.

We 1sed the scanning photocurrent microscope to spatially map the photovoltaic re-
sponse of our sample. The experimental setup is schematically shown on figure 2.24a
and for each position of the laser spot, two quantities are measured : the polarization
rotation of the reflected light and the photocurrent collected by micron sized electrodes
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deposited in the vicinity of the scanned area. The first gives an image of the polariza-
tion domains while the second maps the local photocurrent generation. This technique
provides, in a unique fashion, an interesting way to study the role of domain walls
and metal/ferroelectric interfaces on photovoltaic properties. The corresponding opti-
cal polar rotation of the reflected light recorded while scanning the laser spot is shown
in Figure 2.24b,c. As expected, no contrast is obtained between the two domains.
However, a dip in intensity can be observed at the domain wall position as locally,
the average polarization goes to zero. The optical image of the domain wall could be
correlated to the presence of oxygen vacancies in the vicinity of the domain wall which
changes the local optical index of BiFeOj3 |68].

(a) <

(b)

Figure 2.24: Schematics of the optical measurement where a focused laser spot is
scanned on the sample and two quantities are recorded including the change of light
polarization and the current extracted through the electrodes. The latter allows to
map the photocurrent generation while the former gives the ferroelectric domain con-
figuration as shown on the two images where the dark line corresponds to the domain
wall.

This configuration is ideal for local photovoltaic measurements in order to disentangle
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the possible contributions stemming from the presence of the 180° domain wall. The
scanning photocurrent microscope developed here is the ideal tool to locally illuminate
the BiFeOj3 crystal between the electrodes as a voltage is applied. Thus, it is optically
possible to locate the 180° domain wall during electric field sweeps and it is observed
that the domain wall moves hysteretically in between two positions :

e When the domain wall is in the middle of the electrodes’ gap, cf. figure 2.24b,
the photocurrent is low.

e When the domain wall is distorted close to electrode Ey, cf. figure 2.24c, the
photocurrent is high.

The corresponding real time photocurrent images which are summarized on figure 2.25,
are very instructive. For the 0V image where the domain wall is positioned in the
middle of the gap, the current is mainly generated when the exciting spot is close to
electrode F4 and extending over about 2pm. This is consistent with the existence of a
depletion region, stemming from a Schottky barrier at the Au interface, resulting from
the polarization switching. In fact, the imperfect screening of the negative polariza-
tion charges increases the built-in field at the interfaces as shown on figure 2.21 and
induces a Ohmic to Schottky contact transition under E;. For negative (reverse) bias,
this depletion region grows continuously. This correlates with our observations for the
photocurrent maps and validates that it originates from this depletion. For positive
(forward) bias below V., this region shrinks and vanishes, which confirms the Schottky
nature of the observed photovoltaic effect. Above V,,. a significant photocurrent is lo-
cated between the electrode E and the domain wall, with an opposite value. When the
applied voltage exceeds 25V, the center of the domain wall abruptly moves to a new
equilibrium position while its left and right parts remain pinned. Thus, the domain
wall in this configuration is distorted [69] and a clear variation of the photocurrent is
observed. It is now much more intense and it is located on the left part of the domain
wall, towards the Fs electrode. When the voltage is ramped back to zero, the domain
wall keeps the same position and the photocurrent comes back close to E; with a differ-
ent photocurrent shape and intensity. Hence, this hysteretic behavior leads to two very
different states at zero voltage, depending on whether one comes back from positive or
negative bias. These 0V images are directly comparable as in both cases no electric
field is externally applied. The main difference here is the position of the domain wall
which can thus induce a fundamental difference in the photocurrent generation.
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Figure 2.25: The SPCM images obtained during voltage sweeps show a hysteretic pho-
tocurrent associated to the position of the domain wall which follow the macroscopic
I-V characteristic. Red arrows indicate the direction of the electrons flow. For clarity,
the color contrast is not in absolute value but it shows clearly that the photocurrent is
generated in different regions depending on the exact position of the DW.

We take this as evidence that the internal field is completely rearranged because of the
domain wall position and in turn generates different conditions for the electron-hole
pairs’ separation. Another, more straightforward, conclusion from the measurement is
that one cannot see any specific contribution of the domain wall itself, i.e. when the
scanned light spot touches the domain wall line. Instead, the photocurrent is always
located a little away from the domain wall which leads us to conclude that as an entity,
this 180° domain wall is not a region of enhanced photovoltaic effect. This result is not
consistent with the conclusions reached in ref [16] as it rather points to the importance
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of the bulk region in the vicinity of the domain wall. We attribute this to the effect of
the internal field.

2.5.3 Calculations and discussions

In order to confirm this last point, we carried out numerical simulations of the electric
fields generated in our sample and schematically described in figure 2.26. By using a
commercial 3D finite elements software, we solved the Poisson equation :

Vip =L (2.35)

€

for boundary conditions which are described below.

First, our Schottky contact is simulated taking a built-in potential (V};) value of -0.9
eV [58]and a 3D configuration mimicking that of our sample with two Au/BiFeO;
interfaces. We simulate the barrier using an effective dielectric layer with a screening
length A.f¢ around lnm. In order to reproduce the observation that the Au/BiFeO;
contact goes from Schottky to essentially Ohmic when polarization is reversed, one needs
a positive bound charge of about 1% of the full BiFeOs polarization, i.e. an incomplete
screening of 99%. The obtained Schottky contact has a barrier height of -1.8V, in
reasonable agreement with the -1.3V that we measure. The length of the depletion
region is estimated from the 0V measurement of figure 2.25 where the photocurrent is
located on a 2pm distance from the Au electrode. Considering oxygen vacancies as the
main doping contribution in BiFeOs, one needs around 1 x 10°em =3 oxygen vacancy
concentration to reproduce the width of the depletion region. Finally the simulation
map of the internal electric field gives a strongly localized field close to the Schottky
contact, in the predefined depletion region as shown in figure 2.26.

In the reverse regime, the electric field stays confined in the depletion region which
grows with the applied electric field. This is also called the desertion regime.
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Figure 2.26: Schematics of : (a) The 3D model used for finite element calculations
of the internal electric field. (b) A side view of the sample where the main boundary
conditions are represented. (c¢) The domain wall charge depending on the angle between
P and the normal to the domain wall.

In the forward regime, the simulation shown on figure 2.27a points out that positive
bias induces an electric field which is delocalized in the gap between the electrodes with
two maxima close to each interface. Thus it does not match our photocurrent images.
Interestingly, this can be fixed by attributing a small negative charges to the domain
wall, -0.00022 C/m?2, resulting in a screening of the left part of the domain wall as
observed on figure 2.27b.

This domain wall charging is actually to be expected if the domain wall is distorted
[70]. This is very likely to happen in our samples as response to the applied voltage,
parts of the domain wall remain pinned by some sample defects as illustrated in figure
2.26¢c. Moreover, depending of the orientation of the bending, the domain wall can be
charged by negative or positive charges according to the divergence of the polarization.
Since the shape of the photocurrent mapping fits with the x component of the electric
fields, E, can be considered as the main driving force for electron-hole pairs separation.
This is a clear evidence of the role played by the internal electric field in the separation
of the photogenerated charge carriers.



2.5. PV RESPONSE OF A 180° DW IN BIFFEOs 81

Figure 2.27: (a)(b)Positive bias induces a delocalized electric field along x which is
not consistent with the measured images. A small deformation of the DW leads to a
negative charge on the DW which reproduces the observations. The x component of the
internal electric field reproduces quite well the SPCM measurement shown in insert.

When +25V is applied the domain wall abruptly moves close to F4 and is now distorted
in the other direction, leading to net positive charging (figure 2.26¢). With this hypoth-
esis, the simulation map of figure 2.28, with surface charges of +0.00056 C/m? on the
distorted part of the wall, shows the presence of a strong internal field in the vicinity
of the domain wall reproducing quite well the photocurrent mapping. In addition, the
change of polarity of the domain wall leads to the inversion of the “photoactive” side
of the domain wall. Tn fact, the left side is now unscreened whereas the right side is
screened by the applied electric field. One can also emphasize that the modulation of
the measured photocurrent along the domain wall can be perfectly reproduced by the
electric field calculation which show three maxima, one at the interface and two at the
edges of the distorted domain wall.

Coming back to zero voltage, the photocurrent also comes back to the right part of
the domain wall. The depletion region is then extended to the domain wall as the
electric field created by the positive charges is in the same direction as that in the
depletion region. The distance between the domain wall and the depletion region has
to be smaller than the screening length in BiF'eOs5 to keep its inflience on the interface
electric field. Consequently, by applying a small negative bias, the domain wall will
be slightly displaced to the right and the system comes back to the classical desertion
regime with a continuous growth of the depletion region with applied voltage.
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Figure 2.28: Series of photocurrent mapping obtained during a (positive) voltage sweep
with associated simulations of the internal field. The domain wall is, at first, as-
generated by the nucleation procedure and gets sibsequently displaced when applying
25V. When coming back to zero voltage, the configuration is hysteretic. Red arrows in-
dicate the direction of the electrons flow. The color contrast is not in absolute value but
it shows clearly that the photocurrent is generated in very different regions depending
on the exact position of the domain wall.

Therefore, the overall picture leads to a convincing demonstrating scenario that the
photocurrent is closely associated to the presence of a significant internal electric field,
generated both by the Schottky contact with the Au electrodes and the bending of the
domain wall. The latter effect is responsible for the impressive difference in PV images
with the position of the single 180° domain wall. The domain wall is therefore becoming
an active entity as it acquires a surface charge controlled by its bending.

2.5.4 Conclusions

To conclude, we have shown that a 180° domain wall can be positioned between two
electrodes and reversibly distorted by an electric field. The distortion of the domain wall
leads to the apparition of charges which in turn influence the local internal electric field.
Our mapping of photovoltaic effects in the vicinity of a single 180° domain wall points
to the central importance of the internal field. Tn line with the physical mechanisms
at play in traditional photovoltaic systems, we argue that the presence of an intense
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local ‘internal’ electric field is a central prerequisite for efficient electron-hole separation.
The added value of using ferroelectrics lays in the possibility to dynamically change the
internal field configuration. In particular, domain walls can be generated and precisely
positioned in order to tailor the local photovoltaic efficiency in their vicinity. This
opportunity broadens the applicative potential of ferroelectrics for photovoltaics but
also for using domain walls as electronically active entities, even though our results
show that domain wall themselves do not exhibit specific photoelectric properties.
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Chapter 3

Soft X-ray magnetic resonant
scattering

The development of magneto-optical x-ray measurement techniques like x-ray mag-
netic circular dichroism (XMCD) or x-ray resonant magnetic scattering (XRMS) would
have been impossible without the availability of high-brilliance synchrotron sources.
Originally synchrotron radiation was observed as a parasitic effect in circular particle
accelerators dedicated to nuclear and elementary particle physics. Nowadays electron
and positron storage rings are built especially for the creation of synchrotron radiation.

=

-
tel \

Figure 3.1: Schematic of the SOLETL synchrotron reproduced from the SOLEIIL. web-
site.
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Electrons are first accelerated in a linear accelerator (LINAC), before being introduced
in the booster, where they are circularly accelerated to their final energy, close to the
speed of light. A relativistic batch of electrons is introduced in the storage ring where
they circulate at a constant velocity through a series of bending magnets separated by
straight sections.

As the electrons are deflected in the bending magnets, their acceleration gives rise to
an emission of radiation with an energy range from 0.1 to 15 keV. For each magnet,
a “searchlight” cone of radiation is emitted tangent to the trajectory and the angular
width of the cone is inversely proportional to the Lorentz contraction factor v . Since
v ~ FE, the energy of the electrons in the storage ring, high energy electrons naturally
result in low beam divergences.

Straight sections are formed with insertions devices, such as wavers or wigglers, which
are composed with array of regularly spaced magnets. By passing through the insertion
device, the electron beam is oscillating and a radiation is emitted for each deflection of
the electrons beam. The overlapping of the produced radiations leads to constructive
interference for wavelength selected by tuning the periodicity of the magnets array.
This results in a monochromatic beam of X-ray with controlled polarization state and
an enhancement of the photon flux.

The synchrotron radiation can thus be guided to an experiment “beamline” where it
will be used to probe the electronic properties of matter.

In this chapter, I will start by describing the main parts of SEXTANTS beamline and
the associated resonant magnetic scattering experimental setup. Located in synchrotron
SOLEIL, this soft X-ray beamline performed magnetic scattering experiments on vari-
ous samples. Then, the exchange magnetic coupling between a soft ferromagnetic layer
and BiFeOs will be investigated and finally I will discuss preliminary work on the
magnetization profile through network of multiferroic domain walls.

3.1 A soft X-ray scattering beamline : SEXTANTS

The first part of the beamline is composed of optical elements, such as mirror, monochro-
mator, shutter or slit confined in vacuum chambers. They are used to define the size
of the beam, as well as select the energy resolution and clean the parasitic diffusion.
Depending on the energy of incident photons, experiments can be done under ambient
air in a lead hut for hard X-rays or in a vacuum chamber without other protections for
soft X-rays.

SEXTANTS [71] is a soft X-ray beamline which is equipped with an experimental setup
from the Néel institute, called RESOX [72]| for REsonant SOft X-ray scattering. This
setup was developed by Nicolas Jaouen and Jean-Marc Tonnerre and is dedicated to
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scattering experiments in the energy range from 50 to 1800 eV with linearly or circularly
polarized incident light.

Scattering experiments are performed in 6 — 260 configuration where the incident beam
is fixed whereas the sample and the detector can rotate to reach a large angular range.
Measurements are performed at a fix energy, with a chosen incident polarized light. The
angle of measurements is defined by rotating the sample, and the detector measures the
intensity scattered by scanning the angle around the specular reflection. The alignment,
of the optical path in all the parts of the measurements setup is an important step to
obtain scattering spectra.

Figure 3.2: Schematic of the setup with : 1- The vacuum chamber. 2- The diffractome-
ter. 3- The magnetic coils. 4- The detectors.

The sample environment is composed of :

1. A vacuum chamber : The soft X-ray are absorbed by air, thus a vacuum of around
10~%mbar is needed. Moreover, the vacium allows to preserve the sample from
all sources of contamination.

2. A diffractometer : The diffractometer allows to place the sample in the incident
light beam and to find the diffraction conditions by controlling the 6 — 26, azy-
muthal ¢ and x angles. The § angle gives an other degree of freedom to the
detector by rotating around the x axis.
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Figure 3.3: Schematic representation of the diffractometer characteristic angles.

3. Magnetic coils : In order to perform magnetic measurements, magnetic coils are
placed around the sample and produce an in-plane magnetic field of 0.2T. However
the need of large angular range of detection in a limited volume (vacuum chamber)
prevents to apply an out-of-plane magnetic field.

4. Detectors : Two types of detectors are available on RESOX, a photodiode which
allows 1D measurements and a CCD camera for 2D measirements.

Figure 3.4: Schematic of the detectors in the vacuum chamber. On the left side, the
photodiode is holding on an arm with several slits. The CCI) camera is on the right
side. Both detectors are fixed on a rotating plate which allows to choose one of those
detectors without breaking the vacuum in the chamber.
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3.2 Exchange magnetic coupling between a soft ferro-
magnetic layer and BiFeO;

Multiferroic materials allow to control magnetization with an electric field. Since
BiFeOjs is antiferromagnetic and ferroelectric at room temperature, it is a good candi-
date for applications. Unfortunately the absence of net magnetic moment prevents to
directly control a magnetization with an applied electric field.

It was previously demonstrated that a 20nm thick ferromagnetic layer of Permalloy
(NiFe) can be coupled to a BiFeOs single crystal. These systems were studied by
Lebeugle et al [73] who showed, by Magneto optical Kerr Effect (MOKE) measurements,
that the magnetic moments in the Py layer have an easy axis of magnetization within
the sample plane. The direction of the easy axis is not necessarily in the direction which
minimizes the depolarizing field. Therefore this unexpected anisotropy was claimed to
be caused by the coupling with the underlying cycloidal order of BiFeOs. The local
interfacial exchange coupling between the BiFe(Os; and the Permalloy layer can be
written as :

1
Eea: = EJEISF . SC (31)

where Sc is the the local spin canting from the Fe3+ moment describing the cycloid
and thus would tend to imprint the cycloidal structure on the ferromagnetic layer.

However, since the length scale of the cycloid (64nm) is comparable to the exchange
length of the Permalloy (around 15nm), the ferromagnetic layer is not likely to adopt
a cycloidal arrangement. Instead they proposed that the coupling should induce a
wriggle in the ferromagnetic layer. They estimated an angle of 1.5° for the canting of
the ferromagnetic moments in the wriggle. The periodicity of the wriggle is expected
to be the same that of the cycloid.

In order to investigate the effect of the long range cycloid on a soft ferromagnetic layer
deposited on a BiFeOs single crystal, we used soft X-ray resonant magnetic scattering
(XRMS). The periodic structures are typically of dimensions that perfectly match the
soft x-ray wavelength and therefore can be accessed in soft x-ray diffraction in small inci-
dence geometry. The present results are based on a set of such measurements performed
at the 106 beamline [74] of the Diamond Light Source and at the Sextants beamline
[71] of the SOLEIL synchrotron storage ring using the RASOR [75] and RESOXS [72]
diffractometers.
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3.2.1 Samples and techniques

We use the BiFeOs single crystals described in chapter 1, and we deposit 10nm of Co
on top of monodomain samples in a Molecular Beam Epitaxy (MBE) chamber. The
interface is critical for exchange bias observation then we cleaned the surface with an
argon ions beam before deposition of the ferromagnetic layer.

Periodic pyyacs= 87nm

Surface

BFO

Figure 3.5: A cycloid in the BiFeOs crystal impinging the [001] surface at 45° makes
an interfacial 90 nm periodic structure.

Since the measurement of the coupling between the BiFeQOjs single crystal and the Co
layer is done at the sample surface, it is important to note that the periodicity of the
cycloid is projected on the sample surface as shown in Fig. 3.5. Consequently a cycloid
which propagates along the 111 direction gives a wriggle imprint with a 90nm period
on the surface.

XRMS is a powerful technique to observe magnetic orders by using the chemical selec-
tivity and the coherent beam of synchrotron radiation. A reflectivity configuration is
ideal to probe magnetic depth profiles, but in-plane structures can also be investigated
measuring off-specular scattering |76|. Therefore, the imprint of the cycloid in the fer-
romagnetic layer can be characterized in small incidence geometry by XRMS. Moreover
the periodicity of the imprint can be directly compared to that of the cycloid structure
by looking at F'e or C'o edges.
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Figure 3.6: Schematics of the scattering geometry used in the soft x-ray experiment.
The system is composed of a BFO crystal, an antiferromagnetic compound with long-
range cycloids, on top of which a Co layer has been deposited. Measurements of the
off-specular scattering allow us to access in-plane magnetic arrangements.

In the scattering configuration shown in figure 3.6, the reciprocal space is scanned in
the x direction with :

. DA
0= 27T5m95;n 0 (3.2)

where ¢ = k' —k the probe scattering vector, with k&’ and k the x components of the wave
vector of the incoming and outgoing waves respectively. This is done by controlling the
motor displacements of the diffractometer to perform rocking curves by rotating the
sample around the specular position with the detector ( 6 — 26) fixed. We are therefore
getting information on the in-plane magnetic modulations with the periodicity d = 1/¢,.

In the kinematical approximation, the detected intensity is proportional to the square
modulus of the scattering form factor (f ), summed over all positions of the magnetic
atoms. Considering dipolar processes only and neglecting linear magnetic dichroism, f
can be written as follows [77] :

— — —
fres = FO* . 4 iFOY - (" x @)+ FO(™* - W) (€ - ) (3.3)

with e and €’ the polarization vectors of the incoming and outgoing waves, and u the
unit vector along the layer magnetization.

The fist term corresponds to charge scattering while the other two are the first and
second order magnetic scattering. The first order in u consists of a polarization depen-
dent geometrical factor multiplying F("), which is the difference between the resonant
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optical response of the medium for opposite magnetization-to-helicity orientations. F(!
is directly related to the observation of x-ray magnetic circular dichroism in absorption
spectroscopy. We study here the resonant magnetic signal corresponding to an electric
dipole transition between the 2p level and the d band of the Fe and Co atoms (Ls 3
edges), adding a resonant component to the scattering amplitude. In such a process,
the spin-orbit interaction in the core-hole state (2p1/2, 2p3/2) and exchange interaction
in the d band act respectively as spin-dependent emitter and detector.

The experiments were performed at fixed wavelength in the soft x-ray range between
1.5 and 1.8nm. Looking at the relation for ¢,, we can evaluate , the position of the
satellite peaks, for a given Aand 6. Table 3.1 presents the Af values for an incoming
photon of 774€V :

20 10° | 12° | 14° | 18° | 22° | 28°
p=64nm || 8.24 | 6.87 | 5.88 | 4.85 | 3.75 | 2.96
p=90nm || 5.85 | 4.87 | 4.18 | 3.25 | 2.67 | 2.1

Table 3.1: Calculated values for Af at E=774eV

For small angles up to 20 = 10° , due to the difference between the position of the
satellite peaks, it is not possible to observe both periodicities with the same angular
configuration. For higher angles than 260 = 28°, the satellite peaks are too close to the
specular peak and it may even not be possible to see them. During the experiments
the best compromise was found for 26 around 13°.

The penetration depth of soft-rays at the L edge of 3d metals is around 74nm and
around 486nm far from the resonance. Since the Co layer is 10nm thick, the beam will
go through and reach the BiFeOs single crystal at the Fe edge. However, the signal
from the Co layer is expected to be small because of the slight canting of the C'o spins
(1.5°) and the low thickness with, thus, less C'o atoms contribution. On the contrary the
signal of the Fe atoms should be stronger (more atoms and bigger contribution), but
since it has to cross the Co layer, the intensity is considerately decreased. Consequently,
the beam has to be very bright to observe XRMS in both layer.

3.2.2 Results and discussion

The reflectivity spectra at the F'e and C'o L3 edges are shown in figure 3.7 where satel-
lites are visible on both sides of the specular reflection when at resonance. Those found
at the Fe edge are expected signatures of the cycloidal antiferromagnetic arrangements
at the BiFeQOs surface. At the C'o edge, similar humps can also be seen. These struc-
tures unveil the existence of periodic magnetic arrangements in the thin Co layer as
well. The satellites associated to the wriggle in the C'o layer appear less intense than at
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the Fe edge. In fact, one might also expect the exchange coupling to decrease as it is
stronger at the interface than at the top of theCo layer. The diffraction resulting from
the average signal over the entire layer is thus attenuated. This is the central result
as it directly demonstrates that the BiFeOj3 cycloids imprint a long-range modulation
into the adjacent ferromagnetic Co layer.
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Figure 3.7: Energy dependence of the scattering spectrum around the Fe and Co edges
showing the appearance of side peaks at resonance.

Antiferromagnetic cycloids in our single domain BiF'eOs crystals have three symmetry-

allowed propagation vectors, 71[110], 72[101], and 73[011], with antiferromagnetic mo-
ments rotating in the planes defined by the propagation vectors and the polarization
[111] direction [38]. All cycloids have a 64 nm period, but the (001) surface of our crys-
tal cuts cycloids 75 and 73 at 45°, thus resulting in a 90 nm periodic surface stricture
as shown in figure 3.5. On the other hand, cycloid 7; which is parallel to the surface
plane simply yields to a 64-nm-periodic footprint. However, the measured period in
figure 3.7 is around 120 nm, much larger than those expected at the surface. This
can be accounted for by considering the azimuthal angle of the incident and reflected
beams, which do not lay along the surface cycloidal propagation directions. Indeed, the

apparent periodicity can be written as :

p = po/cos(y) (3.4)

where p is the cycloid pitch in the BiFeQOs5 surface plane.

The presence of several humps in the data indicate that the x-rays are diffracted by
several cycloids with propagation vectors in different directions.
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Figure 3.8: Schematic representation of spin cycloidal orientation in BiFeOs and the
imprint wriggle in the C'o layer which can be modeled by two sinusoidal waves in the x
direction.

The Co layer has its magnetic moments coupled with those of the BiFeQOs cycloid,
resulting in a wriggle at the Co surface. The contribution can be thus decomposed
in two components as shown in figure 3.8 which can be modeled by two sinusoidal
functions. We can write the magnetization in the zy plane as two sinusoidal waves
propagating in the x direction :

My = My, coS(TI) (3.5)
My = My, SIn(TT) (3.6)
where 7 = 1/p.
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Figure 3.9: (a) Polar simulation of the satellite positions as a function of the azimuthal
angle fitting very well zigzag modulations with a period of 62 nm (the dot size represents
the error bars). (b) Experimental data at the Co edge for three azimuthal angles.
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Figure 3.9a presents the results of our simulations in a polar graph representing the
expected position of the off specular satellite peaks in reciprocal space as a function
of the azimuthal angle. Figure 3.9b shows three sets of data taken at the Co edge at
different azimuthal angles. The data points (color dots) fit very well on the modeled
lines, which evidence the presence of at least two different zigzags at different positions
in the sample. Indeed, for each azimuthal angle of figure 3.9 a different region is probed
by the x-ray beam. Black hollow circles determined from the dashed black scattering
curve belong to two different cycloids (blue and yellow). The attribution of the red and
green circles is not univalent: while both could belong to the same yellow cycloid, they
could also pertain the former to the purple cycloid and the latter to the blue one. It
therefore appears that at least two of the three symmetry allowed cycloids in a single
ferroelectric domain are present in our sample. This is in agreement with the recently
reported multicycloidal domains in single ferroelectric BiFeOs crystals [78], but not
to the previous neutron measurements which evidenced only one cycloid in a BiFeO3
single crystal.

The present results directly demonstrate that the cycloids go all the way to the BiFeOs
surface. The magnetic origin of the C'o peaks is confirmed by their disappearance off-
resonance and by their temperature dependence, as shown in figure 3.10a where the peak
intensity at the C'o L3 edge vanishes when approaching the Néel point of BiFeOs, in
close resemblance to the intensity of the BiFeQOs antiferromagnetic peaks measured
with neutrons [79].
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Figure 3.10: (a) Temperature dependence of the structures at the Co edge. The peaks
disappear concomitantly with those at the F'e edge as the temperature is raised to the
Néel point of BiFeOs. Our data are compared to neutron scattering measurements of
the antiferromagnetic peak of BiFeOs [79]. (b) Field dependence of the Bragg peak at
the Co edge at room temperatiire.
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To unambiguously demonstrate the magnetic origin of the Bragg peaks measured at the
Co edge, a magnetic field was applied in RESOXS diffractometer within two different
directions in the plane of the sample surface. We report the suppression of these peaks
when applying a small field of only 1500 G, meaning that the wriggle vanishes as shown
on figure 3.10b. This applied field is not strong enough to modify the cycloids in BiFeOs
but enough to dominate the interfacial exchange coupling at the interface. This further
evidences that the ordering of the C'o magnetization is driven by the presence of cycloids
in BiFeQOs3. It is difficult, from our measurements alone, to provide a complete picture
of the C'o magnetic structure, beside its period. Magneto-optical measurements show
an in-plane globally saturated C'o magnetization, suggesting that the cycloid imprints
manifest themselves as very small wriggles of the C'o moments.

It is possible to model the influence of the BiFeOs structure in the C'o using known
parameters. Let us consider a rigid interface magnetization in BiF'eOs consisting of
parallel linear chains oriented along the x axis with a magnetization following a cycloid.
The ferromagnetic overlayer is assumed magnetized in-plane. The total Hamiltonian
can be written in the form of three terms representing the exchange and Zeeman energies
along with an interface coupling interaction (anisotropy can be neglected) :

H=—Jpu lé %J(ZCOS[@(R) — 0(R + )] + cos[0i(R) — 0141(R)] — ppgHo zé

%COS[@(R) — @o] — JO%:COS[GI(R) — @o(R)]

where the atomic planes are indexed [, starting from 0 at the BiFeOs interface and
increasing going into the Co layer, the vector R specifies a lattice site on the [th plane,
and 7 is a nearest-neighbor lattice vector in this plane. The external field Hy is oriented
in-plane and Jj is the exchange interaction that couples C'o and Fe atoms across the
Co/BiFeOy interface, while Jp), is the exchange interaction in the ferromagnet, the
magnitude of the spin being normalized to 1.6;(R) is the spin angle at site R in the [th
layer, g is the field angle, and ¢o(R) is the canting angle at site R on the [ = 0 Fe
layer.

Minimizing the energy with respect to the angle 6(r) at site r and introducing the
canting angle relative to the field direction [80] leads to an arrangement forming a
zigzag following the cycloids and decaying along the direction normal to the BiF'eO3/Co
interface.
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Figure 3.11: Imprinted cycloidal arrangement of the BiFeO3 crystal into a wriggle in
the Co layer.

The in-plane magnetic order can also be schematized as zigzags with the same period as
the surface cut of the BiFeOs cycloid as depicted on figure 3.11. As in the case of spin
waves, it appears that the system’s energy is minimized when the Co magnetization is
parallel to the wriggle propagation vector. For an average 1° angle, consistent with the
above calculation, an anisotropy around 100 Oe can be expected, close to that measured
experimentally [73]. We underline here that this is conceptually quite different from
exchange bias, which is generally attributed to uncompensated spins at the interface
and controlled by a field-cooling procedure. In the present case, the induced anisotropy
is solely controlled by the antiferromagnetic cycloids which can be toggled by changing
the electrical polarization.

3.2.3 Conclusions

In conclusion, we provide a direct experimental evidence that long-range antiferro-
magnetic structures can be imprinted on soft ferromagnets through interface magnetic
exchange. Using soft x-ray magnetic scattering reflectivity we measure the magnetic
modulation in a cobalt layer deposited on multiferroic BiFeOj3 crystals containing anti-
ferromagnetic cycloids. The observed magnetic wriggles are understood using a simple
interfacial exchange coupling model. The propagation vectors of these structures define
the anisotropy axis known to exist in soft ferromagnets deposited on BiFeOj3 single
crystals. We underline here that the magnetic layer could thns also be used to reveal
antiferromagnetic long-range striuctures providing that the ferromagnet can be imaged
or probed, which is usually easier than magnetic imaging in antiferromagnets.

Unfortunately, the measurement of the C'o layer magnetization under an applied electric
field was not successful. Tn fact the relative orientation of the ferroelectric polarization
in our BiFeOssingle crystal with respect to the applied electric field in a capacitor



98 CHAPTER 3. SOFT X-RAY MAGNETIC RESONANT SCATTERING

configuration, prevents to homogeneously return the polarization. The sample becomes
multidomain with a 001 domain pattern which results in twin surface. Consequently, no
information from the satellite peaks could be obtained whereas we observed a splitting
of the specular peak as can be seen on figure 3.12. This specular splitting originates
from the multiple reflection on the twin surface.
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Figure 3.12: XRMS spectra at the Fe edge before and after applying an electric field.
The specular splitting results of the multiple reflection on the twin surface created by
the non homogeneous ferroelectric reversal.

The control of magnetization in the ferromagnetic layer is still to be demonstrated, by
improving the control of the ferroelectric polarization reversal by using a unique sample
presenting two regions with different in plane ferroelectric polarization, where one can
expect to see a difference between the wriggle orientation.

3.3 Magnetization profile through a network of mul-
tiferroic domain walls in BiF'eO;

Because of the magnetoelectric interaction, each border between two polarization do-
mains also corresponds to a magnetic wall. Privatska and Janovec [4] reported that
magnetoelectric coupling could lead to the appearance of a net magnetization in the
middle of antiferromagnetic domain walls. Specifically, they showed that this effect
is allowed for R3c space groups, which is the symmetry of BiFeOs, but their group-
symmetry arguments do not allow any quantitative estimate. Daraktchiev et al. [36]
have proposed a thermodynamic (Landau- type) model with the aim of quantitatively
estimating whether the walls of BiFeOs can be magnetic and, if so, to what extent
they might contribute to the observed enhancement of magnetization in ultrathin films.
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Their conclusion is that it is possible for a net magnetization to appear in the middle
of ferroelectric walls even when the domains themselves are not ferromagnetic. This
is, however, just a “toy model” which does not take into account the exact symmetry
of BiFeOs, so it cannot yet quantitatively estimate how much domain walls can con-
tribute to the total magnetization. The exact theory of magnetoelectric coupling at the
domain walls of BiF'eOs remains to be formulated.

The present study aims at measuring the magnetic moment associated to 71° domain
walls in BiFeQOs3 thin films with as grown stripe domain patterns. The samples are elab-
orated in the UMR CNRS/Thales by Pulsed Laser Deposition on DyScOj3 substrates.
The dichroic magnetic signal recorded in scattering conditions at the Fle Ly 3 edges will
measure the uncompensated magnetization of the domain walls. The selection of the
reciprocal space position corresponding to the domain walls periodicity ensures to probe
the moment of ONLY the domain walls. It is important to note here that the period of
electrical polarization is usually twice that of the domain walls. This allows to select
the right diffraction spot for the magnetic analysis. The magnetic moment inside the
walls could then be studied as a function of external parameters like magnetic field and
temperature (20-320K) available at the RESOXS soft x-ray diffractometer [72|. Peri-
ods in the 50 to 200nm range are well suited to the capabilities of the instrument. The
measurement will then give quantities like the average amplitude of the uncompensated
magnetic moment at the domain walls and the collective spatial arrangement of these
domain walls.

3.3.1 Samples and techniques

Since BiFeO3 belongs to the R3c space group, the polarization can point along one
of the four 111 directions, giving rise to eight possible domain variants. Following the
choice of substrate type, orientation, and/or vicinality, one can tailor the morphology
and type of ferroelectric and/or ferroelastic domains in epitaxial BiF'eOs films. In fact,
the strategy to control the domain pattern is to restrict the growth of possible domain
variants at the initial nucleation stage. With a four fold symmetry substrate, as (001)
SrT103, there is no restriction on the domain formation, resulting in equal probability
of formation for all domain variants.

Figure 3.13: Domain engineering using miscut STO substrates (with SRO bottom elec-
trode). With no miscut (left) the BFO grows with four polarization variants; with
miscut along [100] (middle), two variants are obtained; and finally with a miscut along
[110] (right), only one polarization variant is formed. Reproduced from ref [12]

By using substrates with miscuts [12], one can artificially break the original four-fold
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symmetry and along particular high-symmetry crystallographic directions, the eight
polarization variants of BiF'eO3 can be reduced to four, two, or just one polarization
variant as illustrated on figure 3.13. This is due to two important parameters :

e The miscut direction reduces the number of possible domains through the struc-
tural relationship between the rhombohedral distortion of BiFeO3 and the step
edge of the miscut substrate

e The miscut angle, the angle between the crystallographic plane and the physical
surface of the substrate, prevents 2D nucleation on the terraces and the formation
of multiple domains.

In addition, misfits introduced by using anisotropic substrates such as DyScOs3 can be
used to tune the strain in the BiFeQOs epitaxial layer. As a result, one can control the
magnetic properties of the films as shown in figure 3.14.

Figure 3.14: Free energy of the system relative to a pseudo-collinear order, showing the
stability regions for a number of cycloidal orders. Blue regions correspond to pseudo-
collinear order; pink region to the bulk-like cycloid, and the yellow region to a new
type-2 cycloid. Reproduced from ref [81]

In order to study the magnetic profile of BiFeO3; domain walls, we used BiFeO;
thin films with as grown stripe domains. The samples were elaborated in the UMR
CNRS/Thales by Pulsed Laser Deposition on DyScOs5 substrates. The atomic force
microscopy (AFM) image (figure3.15a) on the substrate surface shows periodic steps
with a 150nm period. After deposition, in plane PEFM image (figure3.15b) shows a well
arranged stripe domain pattern, whereas the out of plane image (figure3.15¢) shows
no variation which indicates that the film is only composed of 71° domains with in
plane variants. Note that the BiF'eO3 domains themselves are strictly non-magnetic as
the antiferromagnetic cycloids are not destabilized by the strain state induced by the
DyScOj3 substrate [81] (figure 3.14).
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Figure 3.15: (a) AFM image of the DyScO; substrate surface shows periodic steps with
a 150nm period. (b) Tn plane PFM image shows a well arranged stripe domain pattern.
(¢) Out of plane PFM image shows no variation which indicates that the film is only
composed of 71° domains with in plane variants.

Soft x-ray resonant magnetic scattering was carried out at the SEXTANTS beamline
at SOLEIL.
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Figure 3.16: Schematics of the scattering geometry used in the soft X-ray experiment.

The system is composed of a 25nm thick BiFeOs thin film with stripe domains. The
ferroelectric polarization is 90° rotated in the surface plane between neighbor domains.

In the scattering configuration shown in figure 3.16, thanks to a 2D CCD camera, the
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reciprocal space is directly imaged along two directions :

2
Qe = TﬁsinﬁsmAH (3.7)
2
Qy = ;sinAQ (3.8)

Similarly to what has been done in the previous part of this chapter, we study the
resonant magnetic signal corresponding to an electric dipole transition between the 2p
level and the d band of the Fe atoms (Lo 3 edges), adding a resonant component to the
scattering amplitude. Consequently, we expect to see diffraction peaks for all the order
parameters in the sample coming from resonant magnetic scattering superimposed on a
charge scattering response. First, the largest part of the scattered amplitude is coming
from the charge scattering term. The response can be calculated with a simple charge
density model where the scattered amplitude f(?) is given by the Fourier transfom of
the charge density p(r) :

1(7) = / p(r)eT T ¥y (3.9)

The average charge densities in the substrate and in the film remain homogeneous but
the broken spatial symmetry induced by the surface steps and the alternate polarization
domains should lead to resonant scattering. Therefore, one needs to find the periodicity
of the substrate surface steps and the ferroelectric domains of the film.

(b)

Figure 3.17: Fourrier transform of (a) the AFM image of the sample surface (3.15a),
(b) the in-plane PFM of the BiF'eO3 thin film (figure3.15b)
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A simple fourier transforms of the AFM image of the substrate and the in-plane PFM
image of the film can give a good approximation of what is expected as a scattering
response. Resulting images are shown in figure 3.15 and show two distinct series of
aligned peaks which are rotated by 48.6° with respect to each other. Each period can
be determined by measuring the distance in the reciprocal space of each peak from the
central peak. The extracted period of the surface steps is v/2 times larger because of
the tilt of the pattern.

3.3.2 Results and discussion

Diffraction pattern for different ¢ angles are shown on figure 3.18 recorded at 707 eV.

qy

Figure 3.18: Diffraction images of stripe domain BiFeOs thin film. The diffraction
pattern rotates with the azimuthal angle () and its period is found to be similar to
that of the surface steps (157nm). The direction of the incident beam with respect to
the ferroelectric domains is indicated in corresponding image corner.

Intense equidistant peaks are aligned in a direction that rotates with the relative orien-
tation of the incident beam with respect to the sample. The rotation axis is centered on
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the specular peak in the middle of the diffraction pattern. The relative angle between
the incident beam (30° from the sample surface) and the periodicity of the diffracted
pattern does not match with the ferroelectric domain pattern. In addition, the absence
of linear dichroism rules out the diffraction on the ferroelectric domains. Instead, it
seems to be coherent with these steps as the peaks follows the azimuthal angle and the
periodicity associated to the diffraction of the surface steps. One can see structural
peaks up to the third order spanning intensities of 5 orders of magnitude.

In order to, better image the higher orders, the specular peak is put out of the camera
and the first order peak is hidden by a beamstop.

The difference of two images record respectively with incoming left and right circular
polarization that is display in figure 3.19 will be called "’XMCD’ image in the follow-
ing. We thus observe on these "XMCD’ images, an other series of peaks whereas the
predefined structural peaks almost disappear. This series of peaks is not centered on
the main specular peak but is shifted and have a different orientation and periodicity.
This series of peaks is aligned in the direction of the stripe periodicity and rotate with
the sample around the main specular peak. It can also be seen on figure 3.19¢ that this
structure is symmetric with respect to the main specular peak. One can only partially
see the symmetric structure but this demonstrates that it is indeed there and that the
circular dichroism signal is reversed (black spot). This is typical of the diffraction of
chiral magnetic structures. The distance between two peaks follows the Bragg’s law
variation relative to the azimuthal angle and thus can be associated to the diffraction
pattern of a magnetic structure periodic in this direction .

Figure 3.19: XMCD images of the diffraction pattern which reveal an other series of
peaks. They rotate with the azymuthal angle. Black arrows indicate the two symmetric
series of peaks with respect to the main specular peak (hidden on these images).

In order to characterize the magnetic properties of this pattern, we thus focus on this
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second series of peaks. The 'XMCD’ images at the iron edge, out of resonance and at the
oxygen edge are shown in figure 3.20. At the Fe edge, the series of peaks can originate
from magnetism and ferroelectricity as the Fe ions are part of the two ferroic orders.
Out of resonance, the absence of these peaks points out that the periodicity is carried by
the Feions. Finally, the absence of peaks at the O edge rules out ferroelectricity as the
oxygen ions are much less influenced by the magnetic order than by the ferroelectric
order. We therefore conclude that diffracted pattern comes from a magnetic chiral
structure, i.e. a cycloidal arrangement.

()= (b) (c)

Figure 3.20: Images of the diffraction pattern (dash rectangle) associated to the mag-
netic structure, (a) at the Fe edge, (b) out of resonance, (c) at the O edge.

The second order structural peak was also shifted in order to obtain a much better
resolution of the diffraction pattern. The resulting "XMCD’ image is shown on figure
3.21 and thanks to the previous operation, line profile along the stricture gives now
three peaks related to magnetic dichroism. We summarized the diffraction pattern on
figure 3.21 where three periods can be extracted. The largest peaks give a periodicity
around 53nm and the smallest, around 210nm. Between this two peaks, a smaller one
gives a period around 110nm.

As discussed in the previous part of this chapter, the presence of a cycloid in a sample
can lead to a diffraction pattern which reveals the projection of the cycloidal period
on the surface. As the cycloid rotates in the plane formed by the polarization and the
direction of propagation, this plane toggles from one ferroelectric domain to the other.
Moreover, for each toggle, a domain wall is predicted to have a small magnetic moment.
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Figure 3.21: (a) 'XMCD’ images of the magnetic structure (the black line is the beam
stop which was unfortunately positioned there). (b) Line profile of the green dash line.
(¢) Schematics of the domain structure which leads to the observed diffraction pattern.
Cycloids rotate in a plane which toggle with the periodicity of the ferroelectric domains
but the propagation vector remains in the same direction. The green arrow gives a
period associated to the cycloid. The yellow arrow gives a period associated to domain
walls. The blue arrow gives a period associated to the cycloid toggling.

This magnetic structure can then lead to three order parameters :

e The 53nm period is associated to the projected cycloid.

This value is smaller to that in the bulk (90nm), but compressive strain induced
by epitaxial misfits, could influence its period which has never been measured
so far. The corresponding structure is found perpendicular to the stripes, along
[110], and corresponds to one of the allowed cycloidal directions for both types of

domains.
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e The 108nm period is associated to the domain walls. The peak is thus related to
a possible magnetic contribution in the domain walls.

This value is half the domain periodicity given by PFM measurements.

e The 210nm period is associated to the toggling of the cycloid plane between each
ferroelectric domain as well as the second order of the magnetic contribution of
the domain walls, which should be very small.

This value is close to the domain periodicity (240nm) given by the PFM measure-
ments.

In addition, the observation of a symmetric series of peaks with respect to the main
specular peak indicates that the overall observations are also modulated by another
periodic structure which is parallel to the stripe with an approximate 50nm period.
This structure could also be a cycloidal domain pattern, also allowed in this direction.

3.3.3 Conclusions and outlooks

In conclusion, we imaged the surface diffraction pattern of a cycloidal order modulated
by stripe domains with alternate in plane ferroelectric polarization. This observation
confirms that the cycloid is “printed” on the surface of the sample and is able to induce
a periodic structure which can be seen by circular dichroism. Moreover the alternating
ferroelectric polarization in each domain leads to a modulation of the cycloidal order
which also gives rise to diffraction peaks. Indeed, the propagation vector remains the
same in both populations of domains but the cycloidal plane toggles between the (112)
and (112) variants.

A signal arising from the domain walls was also measured and could be associated to a
net magnetic moment as it appears only by circular dichroism. However, the dichroic
signal is too small to lead to a reliable quantitative estimate.

Moreover, the diffraction pattern also indicates that there may be a periodic structure
in the direction parallel to the stripes. This could be consistent with the establishment
of other superimposed modulation running parallel to the stripes which could result in
a chessboard pattern. This is also consistent with micromagnetic simulations presented
in chapter 5.

Nevertheless, the goal of these measurements was to measure the magnetization profile
associated to the antiferromagnetic domain wall. We could not manage to observe the
diffraction pattern associated to the ferroelectric domains nor to the domain walls. We
emphasize here that we are not measuring the diffraction of the ferroelectric domains.
Indeed, in order to minimize the elastic energy in striped samples, the 71° domain walls
are parallel to the [101] direction, resulting in planes tilted in the sample thickness.
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Consequently, the periodic structure forms a 54° angle with the surface, leading to a
real 6 angle of 35°. Thus, the sample would have to be tilted in order to locate the
1D structure diffraction spot in the detector. This geometry shall be attempted in the
months to come.

It is important to note that the measurements presented here are still ongoing and this
chapter can still be considered as preliminary work.



Chapter 4

High magnetic field control of the spin
cycloid in multiferroic BiF'eO3

Bismuth ferrite BiF'eOs is by far the most studied magnetoelectric multiferroic material,
on account of having both the ferroelectric and magnetic ordering temperatures well
above room temperature [7]. This, combined with very large polarization [10, 11| and
coupling between electric and magnetic orders [8, 9] have made this material the most
promising candidate for magnetoelectric spintronic devices [17], leading to a very intense
research effort devoted to this material.

The DM interaction has been recently revisited and reformulated in the light of spin
currents and electric fields. It has thus been shown that electron hopping between
magnetically canted magnetic ions through oxygen atoms induces a small electric field
perpendicular to the hopping direction : Pg o< ;5 X (S; x S;) with e;; the vector linking
the cation neighbors along the cycloid direction and S; and S; their magnetization
vectors [26]. Interestingly the polarization induced by the cycloid can be singled out
in high magnetic field measurements as the long range magnetic structure disappears
above 20T |39, 82|. This allows one to study in some detail the magnetoelectric coupling.

Because BiF'eOs is essentially an antiferromagnet, the pure compound shows a rather
uneventful low field magnetization where magnetization is proportional to the external
field with a low susceptibility. This behavior is observed for all temperatures below
300K. For higher fields however, the Zeeman energy can dominate and the cycloid gets
unstable around 19T above which it is replaced by a global canting [39, 82]. The linear
high field magnetization extrapolates to a value of 0.25emu/g which can be attributed
to the canting of magnetoelectric origin. The destruction of the cycloidal structure
was also shown to produce a linear magnetoelectric effect as well as the appearance
of a toroidal moment evidenced by the asymmetry of the off diagonal components of
the linear magnetoelectric effect tensor [83]. A detailed experimental and theoretical

109
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magnetic field evolution of the cycloid and its disappearance was reported in 2006
[39, 82|. However, many things are not yet clear and in particular no specific study
as a function of the direction of a high magnetic field relative to the crystal axes has
been performed. Our high quality single ferroelectric domain crystals allow us such a
study which reveals some very interesting magnetoelectric properties of the cycloidal
arrangement.

4.1 Samples and techniques

The samples used for this high field study are again the single crystals in the form of
millimeter sized platelets with the [001] pseudocubic axis along the short dimension.
The cycloidal arrangements have been previously studied in our crystals and it was
concluded that at zero magnetic field, the cycloids are harmonic and often dominated by
a single entity along one of the three symmetry allowed axes [8]. Polarization switching
was also shown to toggle the plane of rotation of the antiferromagnetic spins, in good
agreement with the expected magnetoelectric coupling.

| (nA)

Figure 4.1: Pulsed magnetic field measurement of the current (black) near the field of
disappearance of the cycloidal order. Tntegrating the current leads to a polarization
change close to 10nC'/cm?.

The High-field measurements were carried out at the ‘T.aboratoire National des Champs
Magnétiques Tntenses’ in Toulouse (France) where pulsed fields of 50T are generated
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with a 10 milisecond rise time and 300 milisecond fall time in a cryogenic environment.
The field direction relative to the crystals can be varied within a set plane by rotating
the samples mounted on a plate around a unique axis. The single crystals were glued
with varnish and contacted in a capacitor fashion with silver wires linking the two top
and bottom contacts perpendicular to the [001] direction.

A typical measurement of the current generated in the circuit during the field pulse is
shown in figure 4.1. Near 20T, a negative current dip can be seen as the field increases
followed by a positive peak as the field comes back down. Hence, a flow of charges
in one direction as the cycloid disappears corresponds to the equivalent reverse flow
when the cycloid reappears. Experimentally, P is measured indirectly by integrating
the current generated in the circuit by the balancing of electric charges as P changes.

As a result, the current signal leads to a polarization of 10nC'/cm? and, thus AP/P =
10~*. This value is consistent with the polarization of improper ferroelectrics and it
is therefore attributed to the cycloid. This polarization change as the cycloid disap-
pears results from two magnetoelectric terms, linear and quadratic in magnetization
o Py oo ai My, + BijiM; My, with o and 8 the magnetoelectric tensors. Here, the AP
value is attributed mainly to the polarization of magnetoelectric origin linked to the
antiferromagnetic cycloidal structure.

In order to precisely measure the flop field, it is more convenient to measure the capac-
itance as it is difficult to precisely monitor a tiny current. ¢ can indeed be sensitively
measured at high frequency (70kHz). The cycloid disappearance corresponds to a clear
jump in capacitance directly related to the polarization. In fact, the electric field inside
a parallel plate capacitor is given by :

=P
S

(4.1)

where D is the electric displacement and ¢ the dielectric function of the material. In our
measurements, one can consider that D =~ P, the spontaneous polarization of BiFeQs.
This results in :

- é (4.2)

Furthermore, considering the power expansion in polarization of the free energy as
follows :
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1 1
F = 5aP? + ZbP4 +...—EP (4.3)

Minimizing the free energy with respect to P, leads to :

dF ;
TH=aP+bP .~ E=0 (4.4)

thus, £ = aP + bP? and minimizing E with respect to P gives :

dE 1
— = P2 ="z 4.
7P a+ 3b . (4.5)

with Py = P + AP(H) the magnetoelectric part of the spontaneous polarization being
small. Therefore, the jump in capacitance is proportional to that in P.

The response of the cycloidal state to a high applied magnetic field has been predicted
to be anisotropic [39] and depend on the cosine of the two relevant angles :

e ) the angle within the cycloidal plane

e ( the equatorial angle in the plane perpendicular to P

It is therefore interesting to study the behavior of single crystals with a unique polar-
ization state where large fields are applied along different directions.

4.2 Results and discussion

A typical set of data is presented in figure 4.2 where the capacitance (i.e. dielectric
constant), measured along [001] is seen to jump at different magnetic fields depending
on the field direction. Moreover, the jump itself has different amplitudes.
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Figure 4.2: a) Geometry of the measurement where the field was rotated in the plane
containing P[111] and the [001] direction (=90°) along which the capacitance is mea-
sured. b) High field measurements of the capacitance (along [001]) of a single polariza-
tion domain crystal as a function of the field direction. ¢) Summary of the flop fields
and the amplitude of the capacitance jump amplitude as a function of angle in the
measuring plane.

The field was set to be in the plane defined by the polarization direction [111] and the
[001] axis across which the capacitance is measured. The flop fields range from 17.8
to 23T and are found maximum parallel to P and minimum along [112], the direction
perpendiciular to one cycloidal plane. We note that the corresponding Hy,, versus
angle curve of figure 4.2 is globally close to the prediction of Fishman [84] (figure 4.3).
However it is interesting to note that the measured behavior is associated to cycloids
supposed not to be the most stable.

Figure 4.3: The critical field for longitude connecting z = (0,0,1) with (0,0,—1) through
(1,1,0) with 8 = cos™'(m - z). The insets show the trajectory for the pseudocubic unit
cell. Reproduced from ref [84]

In order to understand the magnetic dependence of the cycloid flop, a micromagnetic
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simulation code has been adapted to the BiFe(Os problem with the help of a team in
CEA Le Ripault. The code is based on magnetic molecular dynamics which solves the
lLandau-T.ifshitz-Gilbert equation for each atomic position.

For a given applied magnetic field, the magnetic state is given by the minimization of
the following Hamiltonian :

H = Heypen + Honis + Hze + Hryp + Hpur (4.6)

where the four terms are respectively the exchange, the anisotropy, the Zeeman, the
inhomogeneous magnetoelectric and Dzyaloshinskii-Moryia energies.

These can be individually expressed as (.S; and S; being neighboring spins on the chain)

® Hepop = J Y Si-Sj with J the exchange integral. This term promotes antiparallel
alignment of spins as J < 0.

e Huyis = K> (P -S;)? with K the anisotropy constant along the polarization
vector P. This term tends to align spins with the direction of the polarization.

e Hy. => ppS;-B with B the applied magnetic field. This term promotes parallel
alignment of spins along B.

e Hiyp =G> P-Ryyx(S;xS;) with G the inhomogeneous ME constant. This term
tends to impose a fixed angle between adjacent spins within a plane containing
P.

e Hpyr =), Di;-(SixS;) with D;; the Dzyaloshinskii-Moryia constant. This term
gives a small canting to two neighboring spins in the plane perpendicular to D.

First we set up a model consisting of a one-dimensional chain of antiferromagnetic
spins under an applied magnetic field parallel to P where the flop field is found to be
maximal, around 23T.
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Figure 4.4: One-dimensional chain of antiferromagnetic spins which show a cycloidal
ordering.
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At low field, the magnetoelectric effect dominates and the equilibrium state is a cy-
cloidal ordering of the spins as shown on figure 4.4. At 15T, the cycloidal ordering
is destabilized in the direction of the applied magnetic field B. This results in an
anharmonicity of the cycloidal ordering as can be seen on the top view of figure 4.5.

1 [ Nrer

T

Figure 4.5: Side view (up) and top view (down) of the cycloidal ordering at 15T.

Finally, at 18T, the cycloid flops and rotates in a plane perpendicular to the applied
electric field in order to align the weak ferromagnetic moment induced by the spin
canting parallel to the applied magnetic field. The resulting magnetic structure is
shown on figure 4.6.
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Figure 4.6: Side view (up) and top view (down) of the cycloidal ordering at 18T. The
cycloidal order is lost and the spins have flopped.

The flop field is found lower than that measured in our crystals, indicating that the mag-
netoelectric coupling is a little greater than the presently accepted one. Interestingly,
the measurements show a strong irreversibility as can be seen on figure4.7.

For the same crystal it can be seen that below 6T, the capacitance increases with
field and comes back reversibly. However,when the maximum pulsed field is increased
to 22.5T, the capacitance first increases but then decreases above 7T and shows a
marked dip at 18T indicating the cycloid disappearance. It comes back from the max-
imum 22.5T irreversibly (black curve) and the zero field level is decreased by about
1fF. Subsequent 6T and 25T pulses, both positive and negative show a reversible and
reproducible behavior.

When pulsing with a higher field of 50T, the capacitance starts by following the previous
curve (it lags slightly behind on the graph but this is an experimental problem due to
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the dynamical effect of the fast pulse rise), but coming back from the maximum field
the cycloid reappears at a slightly higher field (19.5T) and the zero field capacitance is
slightly decreased. Subsequent field pulses reproducibly follow the 50T curve.

As the macroscopic ferroelectric monodomain was subsequently checked to survive the
entire field sequence, the changes must originate from the polarization induced by the
cycloids. This is surprising as, by construction, the three allowed cycloids should pro-
duce a polarization parallel to the global macroscopic one. Indeed, at zero field, the
free energy is minimized by the cycloids’ geometry where the propagation vector (q)
is perpendicular to the polarization and the antiferromagnetic spins rotate in a plane
containing P and ¢ [85]. This was corroborated by our previous neutron measurements.
Hence, the cycloids are most likely to lie along the three ‘allowed” symmetry directions.
Two things can therefore change during the experiment: the population of ¢ along these
three directions and the cycloidal domain size.

Although it is hard to assess the latter, one can try to understand how the field can
influence the domains populations. If at zero field, the free energy is equally minimized
by the ¢ vectors along [110], [101] and [011], the stability of these differs as a field is
applied at a given angle. Indeed, the magnetic evolution is rather different when the
magnetic field is applied perpendicular to the plane of rotation or in this plane. In
the former case, the antiferromagnetic vectors gradually cant towards the field, thus
minimizing the Zeeman energy. In the latter, the cycloid distorts and this costs more
energy.

Thus, as already found by Fishman [84], the cycloid lying in the plane most perpendic-
ular to H should be the most stable. This is however not consistent with our angular
variation of flop fields. Beside this enigma, one can notice that in our geometry, the two
other cycloids are degenerate in energy. Hence, it is very likely that after the flop, a cy-
cloidal multidomain is obtained. In that case, a high density of uncompensated domain
walls could contribute with a significant amount of linear magnetoelectric polarization.
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Figure 4.7: Evolution of the capacitance of a single polarization domain during consecu-
tive magnetic field pulses along the [001] direction. The first curve was measured in the
virgin state and as soon as the field exceeds about 7T, irreversible changes appear both
in the field at which the cycloids appear/disappear and in the zero field capacitance.

Unfortunately, it is very hard to image those domains and only synchrotron PEEM
[86] or SHG 87| could achieve such a measurement. On the simulation front, we have
started to perform two-dimensional calculations which are still ongoing. Preliminary
calculations show that indeed cycloidal domain walls are extremely perturbed regions
(figure 4.8).

4.3 Conclusions and outlook

We have shown that we can measure the small polarization associated to the cycloid
ordering through the capacitance and thus €. This quantity allows to precisely measure
the magnetic field induced disappearance of the cycloidal ordering. The study of the
irreversibility of the capacitance shows that the as-grown 'mono’ cycloidal state quickly
disappears after the first field sequence, resulting in a multidomain cycloidal state.
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Figure 4.8: Two dimensional simulations of the cycloidal domains.

We believe that the extra polarization is coming from a high density of domain walls.
Work is still in progress but two dimensional simulations are interesting as they give
indications that close to domain walls, bubles could be generated. Thus it is perhaps
also consistent with the surface diffraction results previously discussed.



Conclusion

In the present thesis, photoelectric and magnetic properties of both domains and domain
walls in BiF'eO3 have been investigated, using original techniques of characterization.

First, a Scanning Photocurrent Microscope (SPCM) was used to study the bulk pho-
tovoltaic (BPV) effect in BiFeO3 monodomain ferroelectric samples. By using circular
shaped electrodes, we managed to spatially map the BPV current and have shown that
it modulates in magnitude but also in direction with respect to the incident light po-
larization. Our measurements are consistent with prediction of the shift current theory,
for which we provided a direct observation, and observed anisotropic current flows in
different directions than that of the ferroelectric polarization i.e. the internal electric
field. Our attempt to tailor the internal field leads us to demonstrate that a 180° domain
wall can be positioned between two electrodes and reversibly distorted by an electric
field. This distortion leads to the appearance of charges which in turn influence the local
internal electric field in its vicinity. SPCM mapping of this system reveals that depolar-
izing fields can significantly improve the photovoltaic efficiency. Thus domain walls can
be generated and precisely positioned in order to tailor the local photovoltaic efficiency.
This opportunity broadens the applicative potential of ferroelectrics for photovoltaics
but also for using domain walls as electronically active entities. Our measurements also
emphasize the influence of the depolarizing field on the ferroelectric photovoltaics and
the necessity to take it into account in first principle calculations.

Secondly, the magnetic properties of BiF'eOs; were studied on single crystals by syn-
chrotron radiation and provide direct experimental evidence that long-range antiferro-
magnetic structures can be imprinted on soft ferromagnets through interface magnetic
exchange. This results in a magnetic modulation of a cobalt layer deposited on multifer-
roic BiFeOs crystals containing antiferromagnetic cycloids. The magnetic layer could
thus also be used to reveal antiferromagnetic long-range structures providing that the
ferromagnet can be imaged or probed, which is usually easier than magnetic imaging
in antiferromagnets. The imprint surface states were also imaged in thin films by sur-
face diffraction on a pattern of a cycloidal order modulated by stripe domains with
alternate in plane ferroelectric polarization. The alternating ferroelectric polarization
in each domain leads to a toggling of the cycloidal plane between two variants, which
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also gives rise to diffraction peaks. Moreover, the diffraction pattern also indicates that
there may be a periodic structure in the direction parallel to the stripes. This could be
consistent with the establishment of another superimposed modulation running paral-
lel to the stripes which could result in a chessboard pattern. This preliminary work is
promising as it indicates that domain walls generate specific structures with possible
uncompensated magnetization. In addition, the chessboard of cycloidal ordering has
to be further investigated, and especially imaged as it could originate from the chiral
character of the cycloids.

Finally the cycloidal ordering was also characterized through measurements of dielectric
susceptibility under high applied magnetic fields. The as-grown 'mono’ cycloidal state
quickly disappears after the first field sequence, resulting in a multidomain cycloidal
state which could lead to an extra polarization, coming from a high density of domain
walls. Most of this work is still in progress but two dimensional simulations are inter-
esting as they give indications that close to domain walls, bubles could be generated in
agreement with the measured surface diffraction patterns.
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