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Abstract

The demands from electronic devices have always been to be portable, fast, non-
volatile, more intelligent and to consume low energy. One way towards this goal
is to introduce multifunctionality of materials in devices. Ferromagnetism and fer-
roelectricity are two order parameters that can be coupled in a limited number of
multiferroics and their coexistence implies the control over magnetisation and polar-
isation with both electric and magnetic fields. Similar properties were observed at
ferromagnetic/ferroelectric thin film interfaces and attracted attention, since high
quality thin film devices can be easily obtained nowadays through monitoring in
real time of their structural and physical properties. This effect was observed also
in tunnel junction configurations, devices which are formed from metallic electrodes
separated by a very thin insulating barrier. By combining a barrier with various
ferroelectric order parameters (ferroelectric, antiferroelectric, ferrielectric) and ferro-
magnetic electrodes, multi-field controlled multi-state non-volatile memory devices
can be obtained. Tunnelling processes, especially in junctions containing d orbital
elements are not completely understood and need deeper investigation.

In this thesis, multiferroic tunnel junctions with Lag 7Srg.3MnO3/PbTiO3/Co struc-
ture are shown to be functional down to 3 unit cells. Moreover, the domain structure
is shown to change with thickness, going through complex patterns including tor-
roidal flux closure structures.

The fabrication and working principle of the novel antiferroelectric tunnel junctions
are reported for the first time using Lag 7Sro3MnOs/PbZrO3/Co structures. Both
investigated systems exhibit a multiferroic interface characterised by a magnetoelec-

tric coupling which can be tailored by switching the ferroelectric polarisation.
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Chapter 1

Introduction

Nowadays there is an increasing demand for compact, multifunctional and interac-
tive electronics with low energy consumption which are implemented in many aspects
of people’s lives, from entertainment to health and public security. Semiconductors
which are at the base of microelectronics are shifting towards nanoelectronics and
approaching fundamental limits at the nanoscale, so there is an interest in intro-
ducing new materials and technology processes in practical applications. One way
to achieve novel devices is to use multiple functions of a material. A good example
are multiferroic materials, in particular those which exhibit magnetic (ferro-, ferri-
and antiferromagnetic) and ferroelectric (also ferri- and antiferroelectric) coupled
properties which imply multi-field control over the order parameters (magnetisation
and ferroelectric polarisation). The magnetoelectric coupling was observed also at
ferromagnet /ferroelectric interfaces in thin film structures. The advantage in this
case is the possibility of tailoring the final properties with the selection of the com-
ponent materials, which could be achieved once the processes at the interfaces are
fully understood.

In semiconductor devices, electric fields are used to control the electron transport,
while in magnetic materials, the spin up (majority) and spin down (minority) pop-
ulations are unequal and a current through these materials is expected to be spin
polarised, controllable by both electric and magnetic field. This additional degree
of freedom has been widely investigated and exploited within the field called spin-
tronics (spin electronics). One of the main emerging applications are the magnetic
tunnel junctions formed by two ferromagnets separated by a very thin insulating
barrier. They are characterised by a bi-stable resistance, yielding a performance
parameter called tunnelling magnetoresistance which can reach 103% [1].

Ferroelectric materials also attracted attention lately, due to improvements in the



growth processes allowing high quality epitaxial films to be achieved. Nowadays, lo-
cal investigations of the physical properties of ultrathin films can be performed with
atomic resolution [2, 3], monitoring of the structure in real time by reflection high
energy electron diffraction is very common and even the evolution of the ferroelec-
tric polarisation during growth can be obtained [4]. Ferroelectrics can be used on
their own in memory applications, replacing the plain insulator barriers in devices
called ferroelectric tunnel junctions which are bi-stable due to the polarisation ori-
entation and can reach up to 10 ON/OFF ratio [5]. When the evolution of domain
configurations during the switching process causes multiple resistive states, they are
called memory resistors (memristors). These kind of devices behave like biological
synapses and are promising in highly intelligent neuromorphic network applications.
By combining ferroelectric barriers with ferromagnetic electrodes, multiferroic tun-
nel junctions are obtained which can be used in high density multi-state storage
devices. In these thin film structures, the importance of the interfaces increases
and complex interactions can occur, affecting the spin transport. In particular, it
has been observed that a multiferroic interface occurs causing the surface density
of states (spin polarisation and tunnelling magnetoresistance) to depend on the
ferroelectric polarisation orientation. The tunnelling magnetoresistance was shown
to reversibly change its magnitude at polarisation reversal [6] and even its sign in
Lag 7Srg.3sMnOs (LSMO)/PbZry2Tip803 (PZT)/Co junctions [7].

LSMO/PZT/Co tunnel junctions present a multiferroic interface which allows the
modulation of the density of states in the ferromagnetic electrodes by switching the
orientation of the polarisation in the ferroelectric barrier; an effect which is present
also in other heterostructures containing 3d shell ions. Its origin was considered to
be the magnetic moment induced by the interfacial Co ions on the Ti ions. How-
ever, theoretical results also pointed towards the contribution of the Zr ions at these
interface effects, but there is no experimental confirmation up to date. One of the
aims of this thesis is to study separately the effects on the spin transport of the
Ti and Zr ions in multiferroic tunnel junctions. Because PZT is a known solid so-
lution of PbTiO3 (PTO) and PbZrOs (PZO) perovskites, the Zr/Ti composition
dictates its structure and properties. A straightforward approach in this study is to
fabricate tunnel junctions with PTO (PZT with composition x=0) and PZO (x=1)
barriers. The LSMO/PTO/Co and LSMO/PZO/Co systems are interesting even on
their own, since PTO is a tetragonal ferroelectric at room temperature while PZO
is an orthorhombic antiferroelectric in bulk form. While several experimental and
theoretical studies were performed on LSMO/PTO/Co tunnel junctions [8, 9, 10],

PZO has not been approached so far as a barrier in tunnel junctions.



Another aim of this thesis is to understand the processes occurring in multi-
ferroic tunnel junctions in the hope of finding a way to improve their performance
and by exploiting the barrier properties, even to obtain novel devices. By analysing
original experimental results with the help of existing experimental and theoretical
observations, this thesis presents the effect of the nature of the tunnelling barrier
on the spin transport in LSMO/PTO/Co and LSMO/PZO/Co tunnel junctions.
Chapters 2 and 3 introduce the background needed to understand the experimental
results, from the quantum tunnelling principles to the methods used in fabrication
and characterisation of the samples. Chapter 3 presents the practical aspects of
growth and characterisation of the samples after every step to ensure the high qual-
ity of the final devices and to help in understanding the overall behaviour of the
fabricated devices.

In chapter 4, LSMO/PTO/Co multiferroic tunnel junctions are shown to display the
characteristic four resistive states. The ferroelectric properties of the PTO films are
investigated for different thicknesses and the critical thickness where ferroelectricity
vanishes is determined. The evolution of complex domains with reducing thickness
is reported in a capacitor configuration; from almost classical antiparallel domains
through a disordered phase characterised by polarisation curling to a polarisation
oriented out of plane. The resulting barrier/electrode multiferroic interface deter-
mines a ferroelectricity-controlled spin transport which is investigated with thickness
and temperature.

In chapter 5, the behaviour of LSMO/PZO/Co tunnel junctions is reported for the
first time. The structures help in defining the concept of novel devices called anti-
ferroelectric tunnel junctions whose behaviour is studied at room temperature. At
low temperatures, the devices behave as four-states multiferroic tunnel junctions
from which two non-volatile resistive states are dictated by the polarisation direc-
tion, characteristic to ferroelectric tunnel junctions. A change in the tunnelling
magnetoresistance sign is observed with polarisation reversal and several responsi-
ble mechanisms are proposed.

Finally, conclusions are drawn in order to understand the observed tunnelling ef-
fects, especially the influence of the ferroelectric polarisation on the spin transport in
the investigated systems correlated with the behaviour observed in LSMO/PZT/Co
junctions. Then further questions and paths for future work arising from this study

are proposed.



Chapter 2
Theoretical background

Understanding the experimental results presented in this thesis requires knowledge
of electron tunnelling processes and properties of the materials composing the tunnel
junctions. The following section will cover the fundamental principles starting with a
brief introduction into quantum tunnelling in metal/insulator/metal junctions. The
advantages of using functional materials (ferromagnets over plain metallic electrodes
and ferroelectrics over plain insulating barriers) are highlighted and correlated to
the characteristics of magnetic tunnel junctions, ferroelectric tunnel junctions and
multiferroic tunnel junctions. Motivation of the choice of materials used in the tun-
nelling devices under study (SrTiOj3 substrate, Lag 7Srg.3MnO3 and Co electrodes,

PbTiO3 and PbZrOs barriers) and an overview of their properties are provided.

2.1 Quantum tunnelling

In a metal/insulator /metal (M;/I/Mj) junction, under certain conditions, electrons
can tunnel from one metal to the other when a voltage is applied. figure 2.1 a de-
picts a tunnelling junction which is a capacitor with M; and My metallic electrodes
separated by an insulating barrier I as schematically shown in figure 2.1 c. Across
the electrodes a small voltage is applied which injects electrons in M;. The elec-
trons having lower energy than the potential barrier given by the insulator, tunnel
through the barrier (from left to right 1—2) to Mg, where they can be found with a
finite probability. This quantum-scale effect originates from the particle-wave dual-
ity of the electron: the wave function of the electrons in My decreases exponentially
through the barrier (region I) and when the barrier is thin enough (of the order of
a few nanometers), it also extends significantly beyond the barrier, in My (region

III). The tunnelling process can be treated in terms of reflected and transmitted
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Figure 2.1: a) Tunnelling process highlighting the wave function exponential de-
cay through the barrier and transmission into the second electrode; b) asymmetric
square barrier profile with the wave function components for the two metals; c)
metal/insulator/metal tunnelling device schematics.

particles. The application of this quantum effect in real devices implies under-
standing, predicting and controlling the transmission and reflection coefficients for
a given barrier potential and an incident particle energy. In the following section,
tunnelling through an asymmetric square barrier with thickness d = 2a is treated in
one dimension [11]. The time-independent Schrodingers equation in one dimension
" B i)

“om gz T U@)Y(a) = Ey(z) (2.1)

Where E is the total energy of the particle, U(x) the potential energy function and

¥ (x) the spatial part of the full wavefunction in equation (2.2), m is the electron

mass and A is the reduced Planck’s constant.
E
U(x,t) =(z)exp (—zﬁt> (2.2)

In region I, II and III, the potential is defined by

0 T < —a;
V=<0, —a <z <a; (2.3)
-U1 z>a



and the Schrodinger equations can be written in the form:
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with the solutions:

¢1($) — etk + o e iz 4 < —a;
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Ua(x) = BT 4+ BehT o> a:

where «, o, C, D, 8 and (' are arbitrary complex constants and k1 = v2mE/h,

ko = \/2m(E — Up)/h and k3 = \/2m (U1 + E)/h inside the barrier. In the clas-

sically forbidden case when the energy of the quantum particle is lower than the
potential barrier (E < Up), ka is imaginary and & = /2m(Uy — E)/h is convention-
ally used. ae1®, Ce*2% and B'e*3* represent the waves travelling in the positive
direction of z and o/e~*1% De~2% and Be~**37 are waves travelling in the opposite

direction (Figure 2.1 b). The solution in the three intervals can be rewritten as:

1 (x) = aetT 4 ofe T o g
o(z) = Ce™ + De™ " —a<z<a; (2.6)

Y3(x) = fleF® 4 BemFT 1 > q.

The wave function matching method gives the conditions at the boundaries (¢ (z)

and its first derivative are continuous). At x = —a, they are:
aefikla + O/eikla = Ce H% 4 Detl@ (27)
ik <ae*ik1“ - a'eikla) =k (Ce " — De"*) (2.8)
Atz =a,
Clef@ + De Ho — leik‘ga + Be—ikga (29)
kCe™ — kDe ™ = ikg (5’6““3“ — Be*ik?’“) (2.10)



Equation (2.7) can be multiplied with ik; and the addition and substraction of

equation (2.8) results in the dependencies of @ and o on C and D:
2ikyae”*1 = Ce™ (k) 4 k) + De"(ik; — k) (2.11)

2ikia’ et = Ce " (iky — k) + De(iky + k) (2.12)

A similar treatment (multiplication by &) is applied to (2.9) and (2.10), resulting:
26Ce" = B'e*3% (5 4 iksg) + Be 3% (5 — iks3) (2.13)

2kDe " = B'e*3% (5 — iks) + ek + iks) (2.14)

By using equations (2.11) to (2.14), the relation between « with 8 and ’. The

elements of the transfer matrix M can thus be determined.
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By using the hyperbolic functions, sinh(2ka) = (e*** — e72%%) /2 and cosh(2ka) =
(62’” + e_2m) /2, they can be written as:
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Finally, the transmission and reflection coefficients are obtained:
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The particle has a non-zero probability of travelling beyond the barrier even when
the energy is lower than the barrier potential (E < Ujy). The results in equations
(2.20) and (2.21) correspond to inelastic tunnelling and can be reduced to elastic
tunnelling when k; = k3. For high, wide barriers (2ka > 1), the transmission

coefficient simplifies to:

(2.22)

2m(Uy — E
T x exp (—2ka) x exp (—2m(())a>

h

In conclusion, the transmission decreases exponentially with the barrier thickness
and m!'/2. Particles of low mass are more likely to tunnel than heavier particles.
In practice, the Wentzel-Kramers-Brillouin (WKB) approximation is used to treat
more complicated shaped barriers as a succession of square barriers of different

heights when potentials U(z) do not vary rapidly [12]. The transmission coefficient

T  exp (—2 "y 2m(U;f”> ) da:) (2.23)

becomes:

—a

2.2 Transport mechanisms in thin film structures

In real metal/insulator /metal devices such as the one in figure 2.2 ¢ the reflection
and transmission coefficients are related to physical observable quantities such as
charge current and conductance, helping to determine the junction performance.
The tunnelling current from M; to My electrode (left to right) is given by the

characteristics of the barrier and electrodes:

+o0
L52(V) Ni(E)No(E +eV)Tf(E)[1— f(E+¢eV)|dE (2.24)
—00
where N1 (F) and No(E+e€V) are the density of states at energy E and E+¢eV in M;
and My, respectively; f(F) and f(E+eV') are the Fermi-Dirac distribution functions,



e is the electron charge and V' the applied voltage. The tunnelling current depends
on the barrier thickness d, height ® and tunnelling effective mass of electrons me s
given by the probability of transmission through the barrier T exp(—dW).
The total tunnelling current through the junctions is I(V) = I19(V) —
I 1 (V):
+00
I(V) x Ni(E)No(E + eV)T[f(E) — f(E+eV)|dE (2.25)

—0o0

The electrons must be transported from the insulator/M; interface through the
barrier before being emitted into the second metal Msy. At the interfaces with My
and Ms the electron emission occurs depending on the rates of transfer across the
metal/insulator boundaries. As these bulk and interface processes are connected
in series, the resulting tunnelling current is limited by the ones that cause more
scattering [13].

Depending on the thickness of the insulator thin film, the resulting current can
be dominated by three tunnelling mechanisms: direct tunnelling, Fowler-Nordheim

tunnelling and thermoionic injection (Figure 2.2).

Figure 2.2: a) Tunnelling junctions barrier profile under applied bias; b) direct
tunnelling; c¢) thermionic emission; d) Fowler- Nordheim tunelling mechanisms; re-
produced from [20].

2.2.1 Direct tunnelling

In the case of direct tunnelling, the electrons tunnel through the barrier when their
energy is below the barrier height (Figure 2.2 b).

The Simmons model [14] is applied to general shape barriers at small voltages and
brings equation 2.25 to a simpler form which contains the mean height of the barrier
¢. The Fermi level (Er) is used to express the barrier potential U(z) = Er + ¢(x)



and equation 2.25 can be written as [15]:

4dmme

== [eV /OEFBV exp [—A(EF +— Ex)l/ﬂ dE,
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After integration, considering usually A(¢ + eV/2)Y/2 > 1, the following form is

obtained:
7 =Jjo (gféexp [—Agf)l/z] — (¢ + eV )exp [—A(QE + eV)l/Q} ) (2.27)

Where jo = 55mxg7, A = (47BAd/R)(2m)'/?), Ad is the effective thickness of the
barrier and ( is a correction factor. The experimental data is usually modelled in
the case of intermediate applied voltages. The approximations ¢ = ¢ — eV/2 and
B8 =1 are used. The current density has the following dependence on the barrier

mean height ¢ and thickness d:

o
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(2.28)
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where jo = 57> and A =4 ¥—p are constants, meys is the electron effective

tunnelling mass and d the barrier thickness.

The Brinkman model describes tunnelling through trapezoidal potential barriers [16].
Considering the barrier is characterised by the potential steps at the interface ®p ;
and ®p 9, the applied voltage should be low such that eV/2 < ®p; and the barrier
thick enough that d[(2mey/h?)®p,])"/2 >> 1. Then the current density is given in
the following form [17]:

N

3
e [a ((@n2 - ) - (@n1+ )1
2
OJQ <\/®B,2 — % — \/@BJ —+ e;/>
3eV Vv Vv
x sinh !Za <\/<1>B,2 - % - \/q>371 + 2)] (2.29)
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nelling mass. In this model, the shape of the potential barrier is given by:

where C' = and meyy is the electron effective tun-

O(z,V)=Cp1+eV/2+2(Ppa—eV —Pp1)/d (2.30)

and does not consider the effect of the image force between an electron and the
surface of the metal which would produce a rounding off of the top corner of the

trapezoidal barrier leading to underestimations of the tunnelling current [18, 19].

2.2.2 Thermionic injection

The thermionic effect consists in an actual transfer of electrons through the junction.
In this case the thermal energy of the electrons is higher than the potential barrier
(Figure 2.2 ¢). The current density can be described by equation 2.31 at voltages
higher than 3kpT /e

1 e3E
. — A**TQ _ P —
T P kT 4mepe;

(2.31)

where ® is the potential barrier, A** the effective Richardson’s constant and ¢; the

permitivity of the ferroelectric responsible for image force lowering.

2.2.3 Fowler-Nordheim tunnelling

A triangular shaped barrier can be formed by applying an electric field across a rect-
angular or trapezoidal barrier. Fowler-Nordheim tunnelling occurs in these barriers
in a higher voltage regime, similar to direct tunnelling (Figure 2.2 d). The current

density in this case is:

3

€e’Mme 8 2m€ff Q)%

She z (2.32)
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The image force lowering does not significantly affect the tunnelling current at room

temperature.

2.3 Magnetic tunnel junctions

The observation of giant magnetoresistance (GMR) in 1988 [21, 22] triggered further

research on the spin of the electrodes and was quickly applied in the data storage
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industry, leading to the development of a completely new field called spintronics.
Nowadays magnetic tunnel junctions are widely known devices used in common
electronic devices [23]. Magnetic tunnel junctions rely on the magnetic properties
of materials and are basically tunnel junctions with ferromagnetic electrodes. The
application of magnetism in data storage is based on writing the information within
the magnetic state of the device and reading it through its resistance. The develop-
ment of this type of devices was mainly driven by practical industry requirements
of non-volatile, faster, smaller, more reliable and less power consuming magnetic

random access memories (MRAM).

2.3.1 Ferromagnetic materials

(a) Non-magnetic metal (b) Ferromagnetic metal
A
E

DOSJ pos 4 DOS{ pos 1t

Figure 2.3: Difference between the density of states (DOS) of a) non-magnetic metals
and b) ferromagnets.

Ferromagnetism originates from the energy splitting into majority and mi-
nority spin subbands in the partially filled f levels in rare earth magnets and d levels
in transitional magnets. Figure 2.3 shows the density of states (DOS) of majority
(spin up) and minority spins (spin down) of a ferromagnet in comparison with a non-
magnetic metal. The difference in energy between the two spin states is called the
exchange interaction energy. The nonvolatile nature of ferromagnetism is based on
spins aligning under a magnetic field and remaining aligned even after its removal.
The ferromagnetic behaviour is caused by coupling of the electron spins by exchange
and super exchange coupling. Spins of adjacent cations in transition elements such
as Fe, Co and Ni and their compounds are directly coupled in order to align in
the same or opposite direction depending on the interatomic distance (exchange
coupling). In oxides, the electron spins of the cations are shared through an oxy-
gen anion which facilitates the exchange (superexchange coupling) [24]. There are

cases of adjacent cations with spins opposing each other that create two intermixed
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(a) Ferromagnet (b) Antiferromagnet
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Figure 2.4: Schematic drawing of relative spin orientations in: a) ferromagnetic;
and b) antiferromagnetic materials.
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Figure 2.5: Normalised magnetisation hysteresis loops for magnetic field varied along
the easy axis (red) and hard axis (black) of a ferromagnetic sample.

sublattices. In the case they are as strongly magnetised, the material has no net
magnetic moment and is called a antiferromagnet (Figure 2.4 b). Ferromagnetism
and antiferromagnetism are superimposed on paramagnetism, so at the Curie and
Neel temperature, respectively they vanish and materials exhibit just paramagnetic
properties.

Depending on the size and shape of a magnetic material, it will minimize the magne-
tostatic energy associated with the surface poles by creating domains which can be
opposing each other or form closure domains. Magnetic anisotropy entails the varia-
tion of magnetisation strength with the direction of the applied magnetic field which
can be caused by three factors: crystalline, shape and magnetoelastic anisotropy.
With the origin in the lattice forces acting on the electron spin configuration, the
crystal anisotropy dictates the direction-easy axis (easy plane) on which the mag-
netisation tends to align and have a higher magnitude when magnetic field is applied

(Figure 2.5). The shape anisotropy is the attempt of the material to minimize the
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(a) Bloch domain wall (b) Néel domain wall
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Figure 2.6: Cross sectional view of the domain wall structure: a) Bloch domain wall
in thick films; b) Neel domain wall in thin films; reproduced from [28].

Figure 2.7: Intuitive image of exchange bias at the ferromagnet/antiferromagnet in-
terface illustrated on a hysteresis loop after field cooling from a temperature higher
than the Neel temperature of the antiferromagnet and lower than the Curie tem-
perature of the ferromagnet; reproduced from [30].

self-demagnetising fields by setting the surface poles further apart. In-plane mag-
netic anisotropy is therefore expected in thin films due to their reduced thickness
dimension; however perpendicular magnetic anisotropy is also possible in thin films
when caused by a dominating magnetocrystalline or magnetoelastic anisotropy.

Magnetic properties of materials in thin film form varies with their thickness, rough-
ness and morphology. Coercivity is proportional to the film thickness when Neel
walls are present and decreases with thickness in the case of Bloch walls. While
a combination of the characteristics of both types can be found (cross-tie walls),
mainly the Neel-type walls are more stable in thin films and the transition to Bloch
domain walls occurs when the thickness of the film reaches the domain size. The

two types of domain walls are represented in figure 2.6. The rotation axis in the
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Bloch walls is perpendicular to the magnetisation in the magnetic domains and to
the domain wall plane, while the rotation axis of the spins is perpendicular to the
effective magnetisation in the domains and is in the domain wall plane in a Neel
wall [25, 26, 27]. The coercivity of a ferromagnetic material can be artificially in-
creased by pinning its orientation using the coupling with an antiferromagnet. This
effect is called exchange biasing effect and is characterised by a shift of the hysteresis
loop on the field axis with a quantity called exchange field (Hgx) (Figure 2.7). The
coupling occurs at a ferromagnetic/antiferromagnetic interface below the Neel tem-
perature of the antiferroelectric after the structure was cooled in a field high enough
to saturate the ferromagnet [29]. This process usually results in a Hgyx opposite to

the applied field which is called negative exchange bias.

2.3.2 Magnetoresistance effects

The change in the electrical resistivity of a material caused by an applied magnetic
field is generally called the magnetoresistance (MR) effect and is conventionally de-
fined by the values of the high (Rpign) and low (R, ) resistance states of the device
(Equation 2.33). Though not under this name, the effect was studied for the first
time on Ni and Fe as far back as 1857 by Thomson [31]. In ferromagnetic materials
the change of resistivity usually depends on the angle between the magnetisation
and current directions and is called anisotropic magneto resistance (AMR) [32].
The low resistance and the change of just a few percent in AMR, devices limited
their aplicability in memory storage. A new effect with higher MR ratio was re-
ported in ferromagnet/non-magnetic metal lattices in 1988 and was named giant
magnetoresistance (GMR). This discovery is at the base of a new field of research
called spintronics which considers apart from the charge of the electrons, also their
spin [21, 22]. GMR was adopted in commercial hard disk reading heads and trig-
gered new research in GMR-based memory storage devices. However, the MR range
(4-8%) and the low resistivity were not completely compatible with semiconductor

applications.
o Rhigh — Riow

MR
Rlow

(2.33)

2.3.3 Tunnelling magnetoresistance

A better signal for MRAM technology was offered by combining the magnetoresis-
tance effects with quantum tunnelling through an insulating barrier in devices called
magnetic tunnel junctions (MTJ). By using ferromagnetic electrodes, the junction

resistance depends on the angle between their magnetization direction giving rise to
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the tunnelling magnetoresistance (TMR) effect (Figure 2.8 a) defined by:

R-—R.  2PP
TMR = - 2.34
R, 1- PPy (2:34)

where R— is the resistance in the parallel magnetisation orientation and R- the
resistance in the antiparallel orientation and P; and P, are the spin polarisations at

the two interfaces.
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Figure 2.8: a) Resistance change of a magnetic tunnel junction correlated with the
magnetisation switching in the top and bottom ferromagnetic electrodes; b) ON and
OFF states highlighting the electron spin scattering through the electrodes and the
tunnelling in the minority and majority spin channels.

The high value of the resistance and of the TMR (10%) at room temperature and
following development made these devices suitable as memory cells in MRAM storing
devices [33, 34]. The basic MTJ is composed of a soft ferromagnet (free layer)
and a hard ferromagnet (fixed layer) with the same easy axis of magnetisation.
Perfect parallel and antiparallel alignment can be obtained by having ferromagnetic
films with different values of coercive field, by changing the coercive field during
the lithography patterning process or by magnetically pinning one of the layers by
exchange bias with an antiferromagnet (AFM*). In a simplistic view, the majority
spins of the electrons are oriented in the direction of the applied magnetic field
and during the transport through the tunnelling junction get scattered more in
the ferromagnetic electrodes with opposite magnetisation than in electrodes where
magnetisation is parallel to their orientation. A very simple model for this process is

assuming two parallel channels corresponding to the two spin states. As a result the
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junction resistance is usually lower in the case of magnetisations aligned parallel to
each other in the two electrodes resulting in a positive (normal) TMR (Figure 2.8 b).
Apart from the nature of the ferromagnet electrode, the sign of TMR was shown
to depend dramatically on the ferromagnet/barrier interface [35], given by the spin

polarisations at the two ferromagnet/barrier interfaces P; and P, in equation 2.34.

2.4 Ferroelectric tunnel junctions

By replacing the insulating barrier in a tunnelling junction with a ferroelectric, the
polarisation orientation will influence the tunnelling current and two non-volatile

resistive states can be obtained [36].

2.4.1 Ferroelectric materials

Ferroelectric materials are characterised by the presence of a spontaneous polar-
isation even in the absence of an external electric field. A common structure of
ferroelectrics is the perovskite structure ABOg in which the ionic radius of A-site
cations is typically larger than that of B-site cations. Spontaneous polarisation is
caused by the ionic displacement inside the unit cell and can be switched in the
direction of an applied electric field when higher than the coercive field of the mate-
rial. This gives rise to two non-volatile states given by the field orientations which
incur from the P(FE) ferroelectric hysteresis loops. By increasing the temperature
the symmetry of the material is increased and ferroelectric properties are lost. The
temperature where this transition occurs is called the Curie temperature (T¢).
The general tendency to minimise the size of electronic devices brought attention
to thin films. Ferroelectrics in this form have different properties from their bulk
counterparts (Curie temperature, coercive fields) and the reasons are not completely
understood. By reducing the thickness of a ferroelectric, polarisation charges give
rise to a large depolarisation field which forces the ions into their paraelectric po-
sitions. Traditionally, the system reduces the depolarising field by separating into
domains and by screening it with charges accumulated at the electrodes [37]. In
practice loss of ferroelectricity occurs below a critical thickness, an effect attributed
partly to the quality of the devices. This has been improved over time leading to
effective thickness approaching the theoretical critical thickness.

There is a special type of material named antiferroelectrics which are similar to the
more known antiferromagnets. They exhibit a zero macroscopic polarisation in the
absence of an external electric field because they are formed of sublattices with local

polarisations that cancel each other. Due to the existence of local dipoles which at
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high fields can be oriented, antiferroelectrics are characterised by a double P(FE)

hysteresis loop.

2.4.2 Tunnelling electro-resistance

Two resistive states can be obtained from the polarisation orientations in the barrier
in ferroelectric tunnel junctions [38]. This is the origin of the tunnelling electrore-
sistance effect (TER) defined as:

_ Ry - By

TER
Iy

(2.35)
where R| is the F'TJ resistance when the polarisation is oriented towards one of the
electrodes, generally the one resulting in the higher resistance value (in this thesis,
towards the bottom electrode) and Ry the resistance in the state with opposite po-
larisation orientation.

Figure 2.9 shows the mechanisms causing the TER effect [36]. The inverse piezo-
electric effect is based on the strain resulted from applying voltage on the barrier
which is reversed with the polarisation orientation. Even though the piezoelectric
coefficient is rather small (~45 pC/V for PZT [40]), its contribution to the effective
thickness can be important due to the exponential decrease of current through the
barrier. Another mechanism is the interaction of the outermost ions in the barrier
with the innermost ions in the electrode. The extent of the orbitals’ overlap de-
pends on the ferroelectric ions displacements and affects the density of states and
thus the resulting tunnelling currents. In junctions with different electrodes, due to
dissimilar electrode abilities to screen the surface charges, an electrostatic potential
is created which adds to the barrier potential and alters its shape and height for the
two orientations.

The electroresistance (ER) is caused by competing direct tunnelling, Fowler-Nordheim
and thermionic injection mechanisms. The magnitude and sign of ER is determined
by the dominating mechanism which depends on the applied voltage and barrier
thickness as seen in figure 2.10 [41]. FNT appears to be dominating at high voltages
(> 1 V), while at low voltages a transition from direct tunnelling to thermionic
injection occurs with increasing thickness (d > 4 nm). ER can also be optimised by
using the electrodes screening abilities and their work function which influence the

barrier height.
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Figure 2.9: a) Ferroelectric P(V) hysteresis (top) with corresponding resistance
changes at the coercive voltage values (bottom); b) Schematics of changes in the
barrier potential caused by polarisation switching which reflect on the resistance
values in the two states; ¢) mechanisms leading to TER effect; adapted from [39].
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Figure 2.10: a) Tunnelling mechanisms contribution to the electroresistance (ER)
with variation of applied voltage and barrier thickness, higlighting the transition
regions; b) slice from the plot in a) representing the thickness dependence of ER at
high (red dashed-dotted line) and low voltages (solid blue and green dashed lines);
reproduced from [41].

2.5 Multiferroic tunnel junctions

Multiferroics are generally called the materials which present simultaneously two
order parameters. Multiferroic tunnel junction (MFTJ) devices are based on ferro-
magnetic electrodes and ferroelectric barriers which would allow the control of both
magnetisation and ferroelectric polarisation by electric and magnetic fields [39]. This
type of device exhibit both TMR and TER effects and thus exhibit four resistive
states. MFTJ are also the subject for fundamental studies due to the ferroelectric-
controlled spin properties observed for some interfaces and which are not completely

understood.

2.6 Materials used in multiferroic tunnel junction fab-

rication

In tunnel junctions highly oriented crystalline films are important in obtaining good
physical properties; the lattice matching at the interfaces improves the overall per-
formance of the devices. Particularly the quality of the barrier must be high to
ensure the film is still ferroelectric at the small thickness characteristic to tunnelling
junctions. High quality crystalline films can be obtained by pulsed laser deposi-
tion when choosing a suitable substrate and optimising the deposition parameters
for each material, so epitaxial growth is obtained. The multiferroic tunnel junc-
tions fabricated and investigated in this thesis are heterostructures as presented in
figure 2.11 a: LSMO bottom electrode and PTO or PZO barriers grown on STO
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Figure 2.11: a) Schematics of the fabricated multiferroic tunnel junctions; b)
schematics of in-plane lattice parameters of the STO substrate, pseudocubic LSMO
electrode and the PTO, PZT and pseodocubic PZO barriers.

substrate with Co sputtered on top.

2.6.1 Strontium titanate (SrTiO3) substrate

b) Pb

Figure 2.12: Representation of: a) STO, b) PTO unit cells [42] realised with Crys-
talMaker software using National Chemical Database Service [43].

Above T~110 K, strontium titanate (SrTiO3, STO) is a cubic perovskite with
lattice parameter a= 3.905 A (Figure 2.12) [43, 44]. STO is chosen as substrate to
closely match the LSMO in plane lattice parameter (a,.=3.889 A), having a lattice
mismatch, f, of 0.41% (calculated with Equation 2.36) which enables further layer-
by-layer growth (Figure 2.11 b).

f = (asubst - afilm)/asubst (236)

Where agupst (afim) is the in-plane lattice parameters of the substrate (film).
STO has diamagnetic properties with negligible effects on the deposited heterostruc-
tures properties [45].
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2.6.2 Lanthanum strontium manganate (Lag;Sro3MnQO3) bottom
electrode

LSMO is an oxide with a perovskite structure whose composition can be varied
with the substitution of La ions (1-x) by Sr ions (x). The mixed valences Mn3+
(corresponding to LaMnQ3) and Mn** (corresponding to StMnO3) are caused by the
different valence of the La3* and Sr?* ions. The resulting Mn*/Mn** ratio affects
both electric and magnetic properties of the material [46, 47]. The temperature of
metal-insulator and ferromagnetic-antiferromagnetic transitions coincide in the case
of single crystals and epitaxial thin films and can be significantly different depending
on the grain boundaries and structural defects. Electric and magnetic properties can
be affected also by other factors such as oxygen stoichiometry (effects on magnetic
saturation moment and transition temperature), lattice strains (leading to magnetic
anisotropy) and morphology [48, 49].

Field splitting and Jahn Teller effect on Mn ions are shown in figure 2.13. An
isolated Mn ion has 5 available 3d orbitals which in an ideal cubic perovskite undergo
a crystal field splitting resulting in a tg, triplet (dgy, dsz, dy.) and an e, doublet
(dg2_y2, dgz2_,2). In crystals with lower symmetry than cubic the degeneracy is

lifted and is called Jahn-Teller distortion. Compositions x=0.3 or 1/3 Sr are common
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Figure 2.13: a) Schematic representation of crystal field splitting in 3d band en-
ergy levels: isolated manganese ion (left), an octahedral crystal field (middle) and
a Jahn Teller distortion in the form of a tetrragonal crystal field (right) with the
coresponding electron localisation surfaces of the orbitals; b) majority and minor-
ity spin bands characteristic to half-metals illustrated in Lag/35r; 3MnOgs; adapted
from [50, 51, 52].

in practice for obtaining LSMO with ferromagnetic and metallic properties. For
x=0.3 the unit cell is rthombohedral with the lattice constants a,=5.471 A and
a,=60.43° [53]. In two-dimensional growth on the STO substrate, the mismatch
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compatibility between the two perovskites can make LSMO grow coherently, having
a resulting orthorhombic unit cell which is generally regarded as a pseudocubic.
LSMO is usually the material of choice in tunnelling devices because it enables the
analysis of tunnelling electrons spin [54] due to its high spin polarisation (100% spin
polarisation predicted, 95% determined by tunnelling experiments [55]). LSMO is
therefore a half-metal which means it is a ferromagnet with no electrons on one of
the two spin channels (Figure 2.13 b), giving it a semiconductor-like behaviour on
one spin channel and metallic on the other one [56]. In LSMO this is caused by the
relatively narrow majority spin band (1.5 eV) being separated from the minority
spin band by a relatively high exchange energy (2.5 eV).

Transport mechanisms are determined by the exchange mechanism and the magnetic
ordering by both super exchange and double exchange interaction between Mn ions
through O ions [57, 58]. The double exchange process takes place when the parallel
spin configuration is favoured, resulting in the transfer of one electron with the same
spin orientation from one Mn atom to another, while the super exchange results in
the transfer of an electron with antiparallel spin. By substitution of La with Sr, the
material is practically doped with holes and exhibits ferromagnetic properties at
charge densities of ~10?! holes/cm? [59]. The screening length is 2-3 A [60], larger

than in metals.

2.6.3 Ferroelectric lead zirconium titanate PbZr;,Tijs03

Lead zirconium titanate (PbZr,Ti;_,Ogs, PZT) is a solid solution of PbTiO3 (PTO)
and PbZrOs (PZO). At x=0.2, due to the low Zr content, its properties resemble
more closely to those of PTO (Figure 2.14). The materials crystallize in a perovskite
structure. PZT is tetragonal (ferroelectric) at room temperature with lattice param-
eters a=3.935 A and ¢=4.135 A up to T ~ 480 °C and above that, it becomes cubic
(paraelectric). Characteristic of a perovskite structure, the spontaneous polarization
is due to the shift of the ions in the unit cell. The high value of the polarization (105
pC/cm? [40]) is the reason it is preferred in studies on ferroelectric and multiferroic

tunnel junctions [61].

2.6.4 Ferroelectric lead titanate (PbTiOj3)

Lead titanate (PbTiO3, PTO) is ferroelectric (FE) at room temperature with large
spontaneous polarisation of ~94 uC/cm? [64]. PTO is tetragonal with in plane lat-
tice parameter a=3.894 A and ¢=4.140 A and goes through a tetragonal (ferroelectric)-
cubic (paraelectric) phase transition at To~ 490°C. The shift of the O, Ti and Pb
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Figure 2.14: PZT phase diagram highlighting the structure and Curie temperature
dependence on the composition, where Ap: antiferroelectric orthorhombic; PC:
paraelectric cubic; FRyp: ferroelectric rhombohedral at high temperature; FRp7:
ferroelectric rhombohedral at low temperature; FT: ferroelectric tetragonal, MPB:

morphotropic phase boundary and MPC: morphotropic phase composition; repro-
duced from [62, 63]

ions causing ferroelectricity in the tetragonal unit cell is seen in figure 2.12 b. PTO
is also ferroelastic with tetragonal c/a strain of 6%, higher than typical ferroelastic
materials [65]. This property is structure-dependent and is characterised, similar to
ferroelectricity, by a spontaneous macroscopic strain that can be switched to another

state with the application of mechanical stress [66, 67].

2.6.5 Antiferroelectric lead zirconate (PbZrO3)

PbZrO3 became technologically important due to its antiferroelectric (AFE) proper-
ties. PZO crystals typically have temperature, field and thickness-induced AFE-FE
phase transitions. PZO is AFE (orthorhombic centrosymmetric) at room tempera-
ture with lattice parameters a=5.88 A, b=11.787 A and ¢=8.231 A (Figure 2.15).
The approximation of the lattice with a pseudocubic unit cell having a,.=4.14 A s
also common. The antiferroelectric axis lies in the ab-plane and is caused by antipar-
allel pairwise shifts of the Pb ions accompanied by a ZrOg octahedra rotation. PZO
becomes FE (orthorhombic noncentrosymmetric) at low temperatures and para-
electric (cubic) above ~505 K. Under an applied electric field exceeding a threshold
value, a structural transition from orthorhombic AFE to rhombohedral FE takes
place due to the small energy difference between the two phases. In the case of thin
films, room temperature FE was observed below critical thicknesses, depending on

the system they were grown in [68, 69, 70].
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Figure 2.15: a) PZO orthorhombic unit cell; b) projection highlighting the displace-
ments of Pb ions and the pseudocubic unit cell and c) pseudocubic unit cell of PZO;
adapted from [71].

2.6.6 Cobalt top electrode

Cobalt is a ferromagnet with a very high Curie temperature (T ~1400 K in bulk).
The work function of pollicrystalline Co is 5.0 eV, depending also on the inter-
face distribution of crystalline facets [72]. The Thomas-Fermi screening length was
calculated 1.5 A in hexagonal Co [73]. When exposed to air, Co oxidises forming

antiferromagnetic CoO with a Neel temperature of ~293 K.

2.7 Summary

The quantum tunnelling process is presented as generally treated by quantum me-
chanics textbooks, then its practical importance is illustrated in real devices such as
magnetic and ferroelectric tunnel junctions. Multiferroic tunnel junctions are pro-
posed with LSMO and Co magnetic electrodes and PTO and PZO barriers grown
on STO substrate and the relevant properties of the used materials are briefly pre-
sented. The mechanisms leading to the TMR and TER effects are illustrated in par-
allel with the physical properties of the materials that causes them. The TER and
TMR effects, together with the junction resistance, yield the performance of the de-

vice and its applicability in memory circuits. The magnetoelectric coupling between
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the ferromagnetic electrodes and ferroelectric barrier can give rise to multiferroic-
like interfaces which are not yet completely understood and which will be treated

experimentally in the following chapters for the chosen systems.
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Chapter 3
Experimental methods

In this chapter the experimental techniques used in the study of tunnel junctions are
presented, starting from the fabrication process to determination of the electric and
magnetic properties. The equipment used in the film growth process is described to
illustrate the control of the deposition parameters and how these can affect sample
properties. The working principles of the equipment used for characterisation are
briefly described in order to highlight the relevant information obtained on the
systems under study. This is essential for determining the quality of the films and
interfaces and characteristics which determine the device properties and to help

understanding the experimental results.

3.1 Thin film growth

3.1.1 Pulsed Laser Deposition (PLD)

Tunnel junctions require high quality interfaces and films which can be obtained
with pulsed laser deposition (PLD); a physical deposition method successfully used
in fabrication of complex oxides with different structures and functionalities. PLD
was used for growth of the Lag7Srg3sMnOj3 bottom electrode and the PbTiOsg
and PbZrOj3 barriers due to its simple working principle and operation resulting
in stoichiometric transfer. A high powered UV laser ablates a target forming a
plasma plume which transfers material to a substrate placed opposite the target.
A schematic of the PLD deposition set-up is shown in figure 3.1. A PLD vacuum
chamber generally includes the target holders which can be rotated or raster-scanned
and the substrate heater with temperature controller. It is also connected to vac-
uum pumps to enable base pressures lower than 10~% mbar, gas supplies by valves

and pressure gauges that monitor and control partial pressure during deposition.
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Figure 3.1: PLD chamber and RHEED setup illustrating the laser beam ablating
the target and depositing material to the substrate. During the deposition, the
electron beam is oriented on the substrate surface and creates a diffraction pattern
on the phosphor screen.

The laser beam is directed by a system of mirrors and focused with a convergent
lens onto the target surface. The use of apertures and attenuators helps to obtain
a homogeneous spot with the optimum energy density. During the deposition pro-
cess, the laser is focused on a rotating target and ablates material within the laser
spot (typically for 10-50 ns). The electromagnetic energy of the laser converts to
electronic excitation, thermal, chemical and mechanical energy leading to a highly
directional expulsion of particles from the target by ablation and other simultaneous
processes such as evaporation, excitation, plasma formation and exfoliation. The
plume spreads normal to the target surface and is confined by the background gas,
causing atoms, molecules, electrons, ions, clusters and sometimes even micron-sized
particles to transfer to the substrate. Depending on the surface mobility and film-
substrate lattice mismatch, further growth occurs through rearrangement [74, 75].
Three growth modes can be observed on flat surfaces (Figure 3.2): layer-by-layer
(Frank-van der Merwe), island (Volmer-Weber) and both layer and island (Stranski-
Krastanov). The deposition process depends on the laser characteristics as well as on
optical, topological and thermodynamic properties of the target material. The laser
pulse energy density, frequency, gas pressure, substrate temperature and substrate-
target distance are all parameters that influence the quality of the deposited film
and need optimising until the desired structure and properties are achieved. PLD
can also present disadvantages such as macro-particle deposition, though that can
be overcome by carefully selecting the deposition parameters. While growth on
small areas (5x5 mm?) has been sufficient for academic research, up-scaling of PLD

was forced by industry requirements and nowadays films can be deposited even on

28



Time
[ ] e a e
[ ] s -
— ]
a) Layer- by- layer (Frank- van der Merwe)
s [

a8 [ ]
] Sk
= _se = HEEEENS
b) Layer + island (Stranski- Krastanov)
a a

]
. = -
e Nr r
c) Island (Volmer-Weber)

Figure 3.2: Representation of the deposition and growth illustrating differences in
growth modes: a) layer-by-layer (Frank-van der Merwe); b) layer + island (Stranski-
Krastanov) and c) island (Volmer-Weber).

200 mm diameter wafers [76, 77]. The high deposition rate and stoichiometric de-
position characteristics of PLD are extremely useful in obtaining oxides films with
complex structures. However volatile elements are an exception and to compensate
for the lack of stoichiometry, it is usual to have them in excess in the target materials
(Pb1.1TiO3 targets for obtaining PbTiO3 film) or use them as background gas (Oq

for oxides, Ny for nitrides).

3.1.2 Reflection High Energy Electron Diffraction (RHEED)

PLD is a more powerful tool when combined with reflection high energy electron
diffraction (RHEED) which helps monitoring of the film growth in situ in real time.
An electron gun emits electrons that scatter from the surface of the sample creating
a diffraction pattern on a phosphor screen as pictured schematically in figure 3.1
and 3.3. Due to the high energy electron beam (10-50 keV) that reaches the sur-
face under a grazing incident angle (0.1° — 5°), the electrons interact only with the
topmost atomic layers (1-2 nm depth), making the method very sensitive to the
surface and therefore to changes during film deposition. The Ewald sphere is a geo-
metrical construction that provides the relation between the orientation of a crystal
and the direction of the beam diffracted by it and can be used in understanding
how the RHEED pattern is produced and the information it offers (Figure 3.3).
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the Ewald sphere of the electron beam with selected sample reciprocal lattice rods
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Figure 3.4: a) RHEED specular spot intensity showing oscillations corresponding
to Lag.7Srg.3sMnOj3 layer-by layer growth; the moments where the laser started and
stopped ablating are marked; b) Determination of the deposition rate from the
number of deposited unit cells variation with the number of ablation pulses.
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The electron beam is represented by the Ewald sphere with radius r equal to the
reciprocal wavelength X\ associated to the electrons (r = 27/\) and with the centre
on the sample surface. The direction of the incident beam is along the radius of the
sphere and depends on the chosen incident angle. The reciprocal space lattice of a
two-dimensional sample is a lattice of infinitely thin rods perpendicular to the sur-
face corresponding to (hk0) planes. Diffraction conditions are met where the Ewald
sphere intersects the rods. For perfect surfaces the diffraction spots form concen-
tric circles called Laue circles for which the radius increases with the diffraction
order. The Oth diffraction circle corresponds to the smallest radius and is deter-
mined by the specular (mirror) reflected beam. A one-dimensional map is obtained
by projection on the phosphorus screen and captured by a digital camera. Kikuchi
lines originating from the diffuse scattering of electrons can be observed connect-
ing the intense diffraction points. Clear and sharp Kikuchi lines typically describe
flat and crystalline surfaces. Information on the dynamics of the growth process
is determined in real time from changes in the RHEED pattern and variation of
the specular spot intensity during the deposition. Layer-by-layer growth exhibits
oscillations of the intensity associated with stages of the layer formation. Maxima
in the intensity mean smooth surfaces and indicate the completion of the layer, and
minima in the intensity denote rougher surfaces due to the existence of incomplete
layers (Figure 3.4 a). The increase in intensity after ending the laser ablation indi-
cates the surface becomes smoother through adatom rearrangement. Based on the
specular spot monitoring, the growth rate can be accurately determined as shown
in figure 3.4 b for 60 layers of LSMO.

3.1.3 Co top electrode sputtering

After the PLD process the samples were immediately transferred to a chamber
which has a magnetron sputtering unit for Co electrode deposition. This method is
based on the irradiation of a cathode target material with highly energetic cations
which eject atoms, molecules and clusters towards the anode substrate [78]. A
polycrystalline film was obtained at room temperature in 2.5 x 1072 mbar Ar with

20 W magnetron power.

Co electrode patterning

The tunnel junction devices were patterned using photolithography, a process where
a pattern present on a mask is transferred onto a substrate by means of UV illu-

mination as described in figure 3.5 [79, 80]. Masks are generally quartz plates,
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Figure 3.5: Steps in the patterning process of the Co top electrode: photolitography
and wet etching.

transparent to UV with a non-transparent chromium defined pattern which enable
reproducing the pattern with a resolution roughly equal to the wavelength of the
exposure source. The process begins with a UV-sensitive polymer (photoresist) be-
ing spin coated onto the samples and baked allowing the solvents to degas, thus the
photoresist hardens. In a mask aligner, the substrate is brought close (in contact)
with a mask and exposed. A positive (negative) photoresist is more soluble on the
exposed (unexposed) areas and can be removed during the developing step. In the
present case, lithography is used to shape the 40x40 pm? area devices, using the
positive photoresist for both accurately patterning the top electrodes and protect-
ing them during the wet etching of Co. The samples are immersed in NHj3 solution,
etching just the unprotected Co areas. Finally the remaining photoresist is removed

with organic solvents.

3.2 Surface characterisation

3.2.1 Atomic Force Microscopy (AFM)

Properties of the tunnel junctions depend strongly on the quality of the interfaces.
To ensure high quality and reproducibility of the fabricated devices, the surfaces are
analysed before and after film depositions with an atomic force microscope (AFM);

a common tool for topographic mapping. Following the film depositions, insights
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Figure 3.6: Atomic force microscopy principle- reproduced from [81].

on the growth process (roughness of the surface, presence of terrace steps, existence
of incomplete layers) can be offered by AFM. During the acquisition the surface is
scanned with a very sharp probe placed at the end of a flexible cantilever. Changes
in repulsive/attractive forces occurring between the surface and the tip cause ver-
tical and lateral deflection of the cantilever which is monitored by means of a laser
beam reflecting off its back onto a four-quadrant position sensitive photodiode (Fig-
ure 3.6). AFM provides information on three-dimensional surface features with
typical height range of 8-10 ym with sub-nanometre resolution and lateral range up
to 100 um with resolution given by the radius of the tip (<100 A) [82]. The height
sensitivity makes it suitable for distinguishing step terraces that differ even by half
to one unit cell (~0.4 nm) present on the SrTiO3 substrate.

AFM can be used in 3 different modes: non-contact, contact and tapping (inter-
mittent contact) mode; only the latter two were used for characterization in this
thesis. The resulting images were processed using the Nanotec WSxM 5.0 soft-
ware [83]. AFM has been developed to function in certain modes such as magnetic
force microscopy or piezoresponse force microscopy in order to obtain also physical

properties of the materials.

Piezoresponse force microscopy (PFM)

Piezoresponse force microscopy (PFM) is essentially a contact-mode AFM where a
bias is applied on a conductive tip and represents an essential tool in nondestructive
imaging of polarisation domains and testing ferroelectric properties of materials at
nanoscale [84, 85]. In this thesis it was used to determine the ferroelectricity of

the PTO ultra-thin films and the value of the critical thickness when ferroelectrcity
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vanishes. PFM uses AFM in contact mode and detects mechanical deformations
(of the order of ~picometers) of materials under applied electric fields by using the
converse piezoelectric effect. During the scanning, an ac voltage is applied through
the tip and the amplitude and phase of the resultant displacement is recorded. Typ-
ically it can offer information on ferroelectric polarisation by imaging the amplitude
and phase signal of a certain area and by voltage spectroscopy (local hysteresis loop
measurements). Within PFM spectroscopy the sweep of a large applied bias voltage
causing the polarisation to switch under the tip overlaps with a high frequency small
amplitude bias voltage V,.. The resulting local piezoelectric response is measured
and provides information on the switching process (Figure 3.7). Due to the large dif-
ference between the signals associated with the topographical features and the small
piezoelectric signal from the sample, the overall signal is processed through lock-in
amplifiers and then the amplitude and phase images are obtained. Contrast in the
phase image is obtained from the offset of the output compared to the input. The
PFM experiments in this study were performed on the ferroelectric barrier surface
with the conductive AFM tip as top electrode using an Asylum MFP3D-SA system.
The sensitivity of the thin films is low and cannot be measured with a small voltage
without switching the polarisation or damage the sample. Alternatively, PFM was
used in dual ac resonance tracking (DART) mode where a dual excitation is applied
on the cantilever. The frequencies of the applied voltages are at or near the contact
resonance in order to improve the PFM signal and help in tracking changes in the

resonance frequency, reducing the topographic crosstalk.

Figure 3.7: PFM detection of the deformation resulting from the inverse piezoelectric
effect- reproduced from [86].

3.3 Structural characterisation

The structure of a film can be different from the structure of the bulk target from

which it was deposited due to the influence of the film/substrate interface and to
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unique size effects given by its thickness. Structural characterisation is therefore im-
portant in the fabrication process for structure and quality analysis of the resulting
heterostructures and leads to better understanding of their functional properties.
The structure of the deposited films was investigated using a Philips Panalytical
X'Pert Pro MRD X-ray and Phillips X’Pert MRD- type 3050/65 diffractometers,
both with wavelength characteristic to copper K, line, Ago1 = 0.1541 nm. The
macroscopic characterisation was combined with local characterisation, micromet-
ric samples were fabricated by focused ion beam using Jeol 4500 SEM/FIB. The

resulting lamellas were imaged by transmission electron microscopy (TEM) using
Jeol ARM 200F.

3.3.1 X-Ray Diffraction (XRD)
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Figure 3.8: a) Diffraction (reflection) process on parallel atomic planes; b) possible
rotations of sample position in XRD; ¢) RSM scans principle and d) RSM measure-
ment principle involving the Ewald sphere and reciprocal lattice of the sample.

X-ray diffraction (XRD) is a common characterisation technique that uses
elastic scattering of X-rays to provide information about quality, structure, preferred

orientation and composition of crystalline materials. When the incident X-ray radi-
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ation interacts with the crystal, its unique periodic arrangement of atoms gives rise
to scattered waves which create diffraction patterns characteristic to the material.
Sharp intensity peaks are measured when waves are scattered by sets of parallel

lattice planes and interfere constructively, satisfying Bragg’s law (Figure 3.8 a):
NAKal = 2dp sin 6, (3.1)

where n is the diffraction order, X\ is the X-ray wavelength, dp; is the spacing
between consecutive planes with hkl indices and 6 is the angle made by the X-ray
beam with the lattice planes of the crystal.

The position of the sample relative to the radiation direction can be modified by
rotation (w, ¢, x) or shift (x, y, z directions) for aligning purposes, gaining access
to different (hkl) planes and setting up different measurement types (Figure 3.8 b
and c). Symmetric (00/) w — 26 scan is a basic measurement performed on the
samples. For films with appropriate thickness, the resulting diffractogram is useful
in identifying the peaks from substrate and films and determining the out of plane
lattice parameter. In order to investigate the epitaxial relationship between the
grown films and substrate, reciprocal space maps were performed around selected
diffraction planes. Asymmetric peak scans offer information about both in plane and
out of plane lattice parameters thus on the degree of strain and relaxation of the
films on the mismatch substrate. Ewald sphere construction can also be employed in
the case of X-rays to explain graphically the reciprocal space map (RSM) principle
(Figure 3.8 d). The (hkl) sample planes are represented as points in reciprocal space
with the origin intersecting the sphere. For each reciprocal lattice point lying on
the sphere surface the diffraction condition is satisfied and it is recorded on the

diffraction pattern using an area detector.

3.3.2 Transmission Electron Microscopy (TEM)

XRD and RHEED use large sampling volumes and areas offering an average de-
scription of the entire sample and are best used in combination with local structural
characterisation. The latter helps in detecting the quality of the grown films, lat-
tice parameters, displacement of ions within the unit cell and possible defects at
nanoscopic scale. For this purpose, transmission electron microscopy (TEM) was
used. This technique consists of imaging the projection of very thin cross sections
of the bulk samples (<100 nm) while irradiated with an electron beam of uniform
current density. One of the operating modes is conventional TEM when the inter-

mediate lens focuses on the image plane of the objective lens and the resulting image
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Figure 3.9: Electron ray path in TEM in: a) diffraction; b) bright field and c¢) dark
field modes, depending on the diaframg and lens settings; reproduced from [89].

is a combination of all transmitted and diffracted electron rays with low contrast.
Bright-field and dark-field modes can be selected by placing an objective aperture
in the back focal plane of the objective (Figure 3.9). When it allows the transmitted
beam to pass, a bright-field image is obtained and when it allows the diffracted beam
to pass, a dark-field image is obtained. During the transmission process, electrons
are scattered due to nuclear interactions depending on the atomic number Z and
specimen thickness giving rise to the mass-thickness contrast: thick and/or high Z
atom areas appear darker than thinner and/or lower Z atom areas in a bright-field
image, while the opposite is valid for dark-field images [87]. Annular bright field
(ABF) and annular dark field (ADF) were combined to obtain both light and heavy
atoms columns position with picometer accuracy [3]. Acquisition, image processing
and numerical analysis were made using the Gatan Inc Digital Micrograph 3.0 soft-
ware. More experimental details are available in [88].

Generally, information on crystal lattice, orientation and defects in the structure
can be obtained from the diffraction pattern, using the electron diffraction mode
(selected area electron diffraction). In this case, the intermediate lens is focused on
the back focal plane and an intermediate aperture is positioned in the image plane
of the objective lens, analysing a relatively small area of the specimen. The selected
area is larger than the size of the films used in this study and does not allow their
separate analysis.

The quality of TEM samples is very important in obtaining qualitative images and

reliable numerical results. Samples suitable for TEM imaging are electron transpar-
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ent. Cross sections of the films can be obtained through the classical method by
cutting the macroscopic sample with a diamond wire saw, grinding and polishing it
using SiC abrasive paper and finally performing ion milling. The advantage of this
method is time efficiency since more samples can be ground and polished simulta-
neously and competes with its main inconvenience of destroying most or the entire

5x5 mm?

sized samples under study. Cross section lamellas can also be obtained
in a more controlled and non-destructive manner by focused ion beam (FIB) com-
bined with scanning electron microscopy (SEM) which affects only a reduced area of
the sample surrounding the lamella fabrication site. Platinum, tungsten or carbon
depositions on the surface are usually performed for mechanical protection and to
avoid charge build-up. A dual beam Jeol 4500 FIB/SEM was used in order to fabri-
cate the TEM specimen: milling using Ga™ ion beam and imaging with the electron
beam. A lamela is cut from the bulk, lift out from the sample and attached to a
TEM grid where it is further thinned down to electronic transparency and polished
to remove amorphous material with decreasing ion beam current and accelerating

voltage [90].

3.4 Magnetic and electric characterisation

3.4.1 Vibrating Sample Magnetometer (VSM) and Superconduct-
ing Quantum Interference Device (SQUID)

The macroscopic magnetic properties of the electrodes determine the tunnelling
properties measured in the microscopic tunnelling devices. Oxford Instruments vi-
brating sample magnetometer (VSM) and Quantum Design MPMS-5S supercon-
ducting quantum interference device (SQUID) magnetometer were both used for in-
vestigating the samples dependence of the magnetic moment on temperature, m(7")
and field, m(H).

The working principle of VSM is based on electromagnetic induction. The vibra-
tion of a magnetic sample produces changes in the magnetic flux inducing a voltage
across the terminals of the pick-up coils which is proportional to the magnetic mo-
ment of the sample. The VSM presents the advantage of fast measurements due
to continuous data acquisition while sweeping the magnetic field. In the case of
SQUID magnetometer, the principle is similar to VSM, but the sample is moved
more slowly in a number of discrete steps within a length of a few centimetres. The
flux change is detected by coils formed from a single superconducting wire. Thin
films as well as other samples with weak magnetic response are typically measured

using SQUID magnetometers due to their higher sensitivity (10~7 emu) compared
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to VSM (1075 emu) [91]. Shifts on the horizontal axis of the hysteresis loops can
occur due to small trapped fields in the superconducting magnets. When possible,
degaussing sequences were run before the measurements to minimize them and re-
sulted in residual values of the order of a few Oe. They can still be significant in
the hysteresis measurements, considering the bottom LSMO electrode is a soft fer-
romagnet (H. ~ 20 Oe at 10 K and ~ 6 Oe at 300 K). For this reason the magnetic
characterisation will be considered for qualitative analysis only [92].

In the case of the grown heterojunctions, the total magnetic moment measured
with VSM and SQUID magnetometers corresponds to the thin film and background
(sample holder, substrate, other films). In the simple case of a paramagnetic or
diamagnetic linear signal which is weaker than the film signal, it can be detected at
fields higher than the saturation field of the film and using the m(H) slope can be
extracted from the total magnetic moment. When that is not the case, the extrac-
tion procedure can be more complex [93, 94]. When conducting measurements with
VSM and SQUID magnetometers, running a separate measurement and performing
an extraction of the sample holder and substrate signal is recommended. There is
still no universal approach on how this should be performed, but the available op-
tions involve measuring the sample holder with an identical substrate; or the sample
holder with the same substrate either before film deposition (measuring substrate,
then depositing the film and measuring the resulting sample) or after the deposition
(measuring sample containing the substrate and deposited film, then removing the

film and measuring the remaining substrate).

3.4.2 Physical Properties Measuring System (PPMS)

The dependence of transport properties on magnetic field and temperature were de-
termined with a Quantum Design physical properties measurement system (PPMS).
A rotator sample rod was used to rotate the samplee inside the PPMS allowing mea-
surements with the magnetic field oriented in plane (perpendicular to the current)
and out of plane (parallel to the current). The Quantum Design set-up makes PPMS
a useful tool for investigating the LSMO metallic properties due to the built-in cur-
rent source and was used for Van der Pauw LSMO sheet resistance measurements.
Current-voltage (I(V')) curves can be used to evidence the two resistive states corre-
sponding to the polarisation orientations which represent the TER effect. The tun-
nelling barrier profile can be obtained from fitting the data with tunnelling model
equations presented in the previous chapter. The hardware is unsuitable for the
high resistance characteristic of tunnelling devices where a voltage source is needed

to keep the samples in tunnelling regime. Therefore for magneto-resistance and
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electro-resistance acquisition the PPMS was used to control the temperature and
magnetic field, and the transport measurements were performed externally using a
Keithley 2635 source-meter. Pulses for switching the polarisation orientation were

applied using a Tektronix AFG 3102 function generator.

3.4.3 Cryoprober

The junction magnetoresistance was investigated using a TTP4 Lake Shore cryogenic
probing station containing a superconducting magnet which creates a magnetic field
oriented in the plane of the sample. During the electric measurements the voltage
was applied between the LSMO bottom electrode contacted to the copper sample
holder and the Co top electrode patches in contact with the probe tip. Magne-
toresistance measurements, switching and (V') curves were acquired by TestPoint
software controlling a sourcemeter and also an arbitrary function generator used for

switching the polarisation direction in the ferroelectric barriers.

3.4.4 Ferroelectricity testing
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Figure 3.10: a) Transient current in a ferroelectric capacitor and triangular volt-
age applied during ferroelectricity testing; b) switching current-voltage (red) and
polarisation-voltage (green) hysteresis loops measured in a LSMO/PZT/Cu capac-
itor, illustrating the coercive field and remnant polarisation values.

In the case of films with switching currents higher than the tunnelling cur-
rents, the ferroelectricity and/or antiferroelectricity can be investigated by using
aixACCT TF 1000 and 2000 analysers which measure the ferroelectric polarisation.
This characterisation was possible for films thicker than tunnelling barrier thickness.
The values of the coercive voltage, remnant and saturation polarisations can be de-

termined from the resulting polarisation-voltage P(V') loops. A triangular pulse,
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shown in figure 3.10 a, is applied after pre-polarizing the sample with an identical
pulse. As shown in figure 3.10 b, for a 60x60 pm? Lag 7Srg3sMnO3/PbZrg2Tig O3/
Cu device, the measured transient current in ferroelectrics present two peaks corre-

sponding to the switching of the polarisation direction at the coercive fields.

3.5 Summary

The methods used in obtaining high quality tunnel junction devices and in their
characterization are presented. The aim is to help understand the importance of
growth monitoring, the reasons behind the use of different analysis techniques and
to detail how the experimental results presented in the next sections were obtained.
By using PLD combined with in situ RHEED monitoring in real time it is possible
to obtain epitaxial films and atomically sharp interfaces which are essential when
growing such thin films. When studying devices at the nano-scale, the structure,
quality of interfaces and defects can influence device properties, therefore a detailed
characterisation is necessary to ensure their functionality and the reproducibility of
the results.

The performance of the MFTJ was investigated from a magnetic and electric point of
view. The magnetic properties of the ferromagnetic electrodes dictate the behaviour
of the MTJ, while the ferroelectricity of the barrier is the defining characteristic of
FTJ. Though conventional TF Analyser measurements were not easily applied to
the measurement of ferroelectricity in tunnel devices due to typically low thickness,
it was evidenced locally by PFM analysis. The study of TER and TMR effects are
driven by possible 4-state memory applications and are at the base of fundamental

study helping to understand the observed tunnelling effects.
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Chapter 4

Fabrication and characterisation

of multiferroic tunnel junctions

The fabrication process is important for the resulting properties of the tunnelling
devices starting with the surface of the substrate to the patterning of the devices.
The structure of the films deposited by PLD adapts to the substrate lattice during
the epitaxial growth which can lead to properties different from the bulk material.
Moreover, the very existence of electrodes (having imperfect screening abilities) and
interactions of the ions (overlapping of d orbitals leading to hybridisation) at the
ferroelectric/ferromagnet interfaces can influence the overall behaviour of the device.
To help in understanding how the fabrication processes affect the device properties
presented in the experimental chapters, the films are characterised after the main

processing steps.

4.1 SrTiO;3; substrate treatment

In order to offer reliable information on electronic properties of the interfaces, tun-
nelling junction devices should present atomically abrupt interfaces between con-
stituent layers. High quality samples can be obtained by starting the fabrication
with substrates having atomically flat surfaces. This results in subsequent layer-by-
layer film growth and reproducible samples. As stated in the first chapter, the STO
substrate was chosen due to its small lattice mismatch with the LSMO and PTO
films used for bottom electrode and barrier, respectively; leading to their epitaxial
growth [95, 9]. Commercially available substrates with small areas (5x5 mm?) were
chemically and thermally treated to ensure an atomically flat surface.

STO cubic perovskite (a= 3.905 A) is comprised of alternating TiOo and SrO lay-
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Figure 4.1: a) AFM image of STO surface after HF etching; b) RHEED diffraction
pattern of (100) planes after annealing; ¢) STO surface after annealing process where
the green line is the height profile represented in d).

ers. The single-crystal substrates were cut under a small angle with the (001) plane
leading to the presence of step terraces with mixed layer termination. Immersing
the substrates in water for 10 minutes weakens the bonds in the SrO layer and
causes its removal when further immersed in hydrofluoric acid buffered solution
(H2O:NH4F:HF= 100:3:1 volumic concentration) [96]. After surface reconstruction
during annealing at 950°C for 2 hours, the terrace steps are TiOg terminated and
become better defined with micrometre widths and heights of only one unit cell
as seen in the atomic force microscope (AFM) topography (Figure 4.1 ¢ and d)
compared to the surface prior the thermal treatment (Figure 4.1 a). The smooth
surface is also highlighted by the RHEED diffraction pattern (Figure 4.1 b) through
the presence of intense diffraction spots and sharp Kikuchi lines. Slight elongations

can be observed in some cases due to the terrace steps on the surface.
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4.2 Growth and characterisation of (La,Sr)MnOj; bot-

tom electrode

Growth and surface characterization of LSMO

The range of Lag 7Srg.3MnOg3 thickness can be limited in experimental devices due
to the existence of the ’dead layer’. Despite the ferromagnetism and metallicity
of the bulk, below a critical thickness thin films with this composition can become
insulating, lose magnetic properties and have a reduced Curie temperature [97]. The
value of the critical thickness was attributed to technical aspects such as variations of
growth mode, oxidation level and nature of the substrates and was improved in time
by increasing quality of films and interfaces. Due to the importance of interfaces
in spintronic devices, the influence of the ’dead layer’ has to be avoided. Therefore
the LSMO thickness was chosen in order to be ferromagnetic and metallic at room
temperature, well above the critical thickness (8 u.c. for metallicity and 3 u.c. for
ferromagnetism) and thick enough so the nonmetallic nonmagnetic layer which can
form at the interface with the substrate became insignificant [97].

The LSMO bottom electrode was deposited from a polycrystalline target using a
multi-target RHEED-assisted PLD system with a 248 nm wavelength KrF excimer
laser. Prior to every deposition, target polishing and pre-ablation were performed
to avoid significant variations between samples. All LSMO growths took place at a
substrate temperature of 600°C in oxygen pressure of 0.15 mbar, with 0.88 J/cm?
laser fluence and 2 Hz repetition rate.

A RHEED phosphorus screen and a CCD camera were used to detect the diffraction
pattern from the sample surface in real time. The electron beam was aligned with the
(100) or (010) planes under a grazing angle with the substrate surface corresponding
to the (001) plane. kSA 400 acquisition software was used to monitor the specular
spot intensity. The presence of oscillations (Figure 4.2 a) indicates LSMO grows
layer-by-layer on STO with a rate of ~15 pulses/unit cell (~39 pulses/nm). The
laser ablation was stopped at the maximum intensity indicating the completion of
60 unit cells (u.c.). Further increasing intensity indicates surface smoothing through
adatom migration on the sample surface. The intense diffraction spots on the 0%
order Laue circle in the RHEED pattern for the (001) plane imply a smooth surface
with no significant changes of the in-plane lattice parameters compared to STO
(insert in figure 4.2 a). In order to obtain high quality tunnelling devices, the
barriers are further grown in situ on top of the LSMO electrode after selecting the
new target and setting up the corresponding parameters. Characterisation of the

films is performed ex situ, usually after the fabrication process is completed or on
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Figure 4.2: a) RHEED oscillations of the specular spot intensity showing the number
of LSMO layers deposited; insert: RHEED diffraction pattern after LSMO deposi-
tion; b) AFM image of the surface; ¢) (002) plane diffractogram of STO and LSMO
and d) RMS around the (103) plane of STO.

representative samples resulting from intermediate stages. Topography of a sample
after depositing 60 u.c. LSMO on STO shows a flat surface which preserves the
substrate steps (Figure 4.2 b). This indicates the termination of LSMO is MnO; as
dictated by the TiO2 termination of the substrate [98].

Structural Analysis

During the growth the rhombohedral (pseodocubic) bulk unit cell turns into a out-
of-plane oriented tetragonal unit cell [53]. XRD analysis shows the LSMO film grows
epitaxially with the same orientation (001) as the STO substrate, as indexed in the
w — 20 scan (Figure 4.2 ¢). Asymmetric reciprocal space maps (RSM) around the
(103) STO peak (Figure 4.2 d) show that the in-plane parameter extends to the
substrate lattice value under tensile strain, causing the out-of-plane parameter to
shorten. The value ¢ = 3.86 A was determined from the 26 — w scans around the
(002) diffraction peaks (Figure 4.2 c¢) and the in-plane parameter a = 3.90 A from

the reciprocal space map around (103) peak, using the known position of STO
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peaks for calibration. At the chosen thickness, LSMO grows fully strained on STO
and would start to relax to its bulk values at a much higher critical thickness of
~100 nm [99, 100]. Therefore the diffuseness of the LSMO (103) peak is attributed
not to the lattice parameter variation, but to existence of artefact streaks specific
to RSM scans.

TEM analysis was performed on the sample to study the LSMO structure locally.
A cross-section of one of the final tunnel junction devices cut on the (110) plane
direction is shown in figure 4.3 a. The LSMO film grows epitaxially in continuous
layers on STO and no significant defects are visible at nanoscale. In the annular
dark field image in figure 4.3 b) the high intensity of La and Sr atom columns is
caused by more electron scattering than from Mn and O atoms which are less visible.
The sharp interfaces are evident due to difference in Z number of the A-site atoms
which causes the contrast. The intensity profile of the atom columns indicates the
exact number of layers obtained from RHEED analysis and well delimited interfaces
with both the substrate and layers grown subsequently. The values of the lattice
parameters determined locally from atomic resolution TEM images (a = 3.88 A and
c=3.87 A) agree with the XRD values within the experimental errors which can be
caused by the drift of the TEM specimen during imaging, resolution of the image and

error of the sinusoidal function used for fitting the atom columns intensity profile.

(2) (b)

20 nm

Figure 4.3: a) TEM image of final LSMO(60 u.c.)/PTO(6 u.c.)/Co tunnel junction
illustrating the quality of LSMO film in report with the STO substrate and the PTO
film; b) high resolution scanning TEM image showing the in-plane and out-of-plane
intensity profile in LSMO: the highest peaks correspond to La/Sr atom columns,
the less visible ones out-of-plane correspond to the O/Mn columns.

Magnetic and electric properties

The applicability of the final junctions in practical devices is decided starting with

the temperature working range, coercive fields and resistance of the component
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films. The magnetic properties of LSMO grown on the STO substrate is given by
its lattice deformation. Stress-induced anisotropy is expected; due to the expansion
of the a parameter, the direction of the easy magnetisation is oriented in the plane
of the film [48, 100, 101]. It has been shown that step-induced magnetic anisotropy
can be induced by breaking the rotational symmetry with regular surface atomic
steps even in the case of low vicinal angles [102]. Magnetic properties are drasti-
cally influenced by the film thickness. 60 u.c. thick LSMO films were used in order
to obtain metallic ferromagnetic films up to room temperature with low coercive
fields [97].

The magnetic properties of deposited LSMO film were investigated to determine the
Curie temperature (T¢) and coercive fields. Hysteresis loops acquired with SQUID
magnetometer evidence the LSMO is ferromagnetic at T= 10 K and remains fer-
romagnetic at T= 300 K, showing a decrease in the coercive field from ~24 Oe to
~1.5 Oe as seen in figures 4.4 a and d. Normalised saturation magnetic moment
(m(T)/m(10 K)) was measured with temperature and illustrates how at T the fer-
romagnetic order is lost due to the randomizing effect of the increasing temperature
at Tc = 336 K (Figure 4.4 b). The value was determined from its first order deriva-
tive which indicates the abrupt drop of magnetisation. The value is lower than in
bulk (369 K [103]) and is similar to literature results obtained for the same compo-
sition, substrate and similar thickness values [97]. The distinct behaviour observed
at low temperatures is attributed to the STO structural transition. At ~ 103 K
STO goes through a phase transition from tetragonal to cubic phase and LSMO
adapts to the in-plane substrate changes which might cause the magnetisation easy
axis to rotate slightly out of the film plane. The value of the magnetisation at 10 K
is 457 emu/cm? and is comparable with that obtained for similar films in references
[97] and [100]. The small atomic magnetic moment calculated for Mn is 2.85 up
and is lower compared to the bulk (3.5 pp) and reference [100].

Transport properties of the LSMO film are affected by the magnetic behaviour of
the film. Temperature-dependent resistivity of the LSMO sheet was measured using
a Quantum Design physical property measurement system (PPMS). The R(T") mea-
surement was performed in 4 contact configuration during heating with 2 K/min
rate under a saturation magnetic field (-10 kOe). An insulator-metal transition
can be seen in the low temperatures graph insert (Figure 4.4 ¢) at T' ~10 K. The
ferromagnetic-paramagnetic transition can be correlated to a step-like feature in the
sheet resistivity at Tc=360 K, slightly higher than the experimental value obtained
from m(7T') and closer to the bulk 7. The rise in the resistivity when approaching

Tc is attributed to decreasing carrier mobility due to scattering by increasing ther-
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Figure 4.4: a) Hysteresis loop of LSMO magnetic moment measured at 10 K; b)
magnetic moment vs. temperature and its derivative indicating the Curie temper-
ature T¢; ¢) LSMO resistivity variation on temperature and its derivative showing
Teo = 360 K; d) hysteresis loops measured in-plane (easy axis) and out-of-plane at
300 K; LSMO resistance measured e) in-plane and f) out-of-plane at 300 K.
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mal spin fluctuations [104]. TMR effect is correlated with the relative magnetisation
orientation of the electrodes, therefore, the easy axis orientation decides the orien-
tation of the applied magnetic field during magnetic measurements. In the case of
LSMO grown on STO the easy axis is oriented in the film plane (Figure 4.4 d). The
main anisotropy measurements of the magnetoresistance at room temperature are
shown in figure 4.4 e and f. The in-plane and out-of-plane orientations of the mag-
netic field tend to align the local spins at different values reducing spin scattering

of the conducting electrons.

4.3 Growth and characterisation of PbTiO;3; barrier

The functionality given by the two resistive states characteristic of FTJ is deter-
mined by the ferroelectric properties of the barrier and sharp interfaces with the
electrodes. PTO films with thicknesses down to 3 u.c. were grown with the aim of
investigating the critical thickness where ferroelectricity would vanish in this sys-
tem. PbTiOs (PTO) ferroelectric barriers were deposited in situ on top of LSMO at
600°C, 0.2 mbar Og pressure, 0.45 mJ/cm? laser fluence and 4 Hz repetition rate. A
Pb1.1TiO3 polycrystalline target was used to compensate for the volatility of lead.
The RHEED diffraction pattern monitored by RHEED during the deposition; the
specular spot intensity oscillations indicate a layer-by-layer growth (Figure 4.5 a).
The resulting RHEED diffraction pattern in the inset indicates no significant change
from the STO and LSMO in-plane parameters, while the elongations of the spots
indicate the presence of the terrace steps on the surface. It was observed that even
when using the same deposition parameters the deposition rate can vary slightly
between samples (Figure 4.5 b), therefore the real time RHEED monitoring is nec-
essary to obtain the desired thickness and low roughness of the films. A growing
rate of ~41 pulses/u.c. (~102 pulses/nm) was determined from the 12 u.c. sample
growth.

The deposition of 3, 6, 9 and 12 u.c. of PTO was achieved by stopping the target
ablation at the maximum intensity of the specular spot indicating the completion
of the topmost layer. Further increasing intensity implies increasing smoothness of
the surface (Figure 4.5 a). The AFM topography of the PTO surfaces (Figure 4.5 c)
show almost complete formation of the last layers where the height difference is just
one unit cell, suggesting PTO is also TiO2 terminated.

Macroscopic and local investigations of the films by XRD and TEM analysis were
performed in order to explore the structure of the films and their relation to the

substrate and LSMO film. 26 — w and RSM measurements performed on samples
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Figure 4.5: a) RHEED oscillations showing layer-by-layer PTO growth; insert:
diffraction pattern after the deposition; b) deposition rate determined from RHEED
for 12 u.c. PTO film; ¢) AFM image of the PTO surface.

with reduced thickness exhibit broad low intensity peaks. XRD scans performed
on the sample with the thickest barrier, 12 u.c. are shown in figure 4.6. The RSM
shows a weak streak corresponding to the value of the in-plane lattice parameter
of (103) STO and LSMO peaks. This feature corresponds to the out-of-plane value
~4.08 A and can be observed only in the scans of samples containing PTO. The
same value is determined from the 26 — w scan after using the STO (002) plane for
reference and fitting the intensity with a peak function. The XRD peaks indexing
indicates that PTO grows completely strained on STO/LSMO, adapting to the STO
in-plane parameter.

High resolution scanning TEM confirms the number of layers and sharp interfaces
determined by RHEED monitoring. Images of devices with 3 u.c. and 12 u.c.
thick PTO barriers are shown in figure 4.6 c-f. Epitaxial growth of the PTO single
crystalline films on LSMO can be observed for all samples, as well as sharp inter-
faces; no intermixing of A-site atoms at the interfaces or defects are visible. The
in-plane parameter of PTO extends to adapt to the LSMO lattice and the out-of-
plane parameter decreases reducing the tetragonality of the PTO film. The effects
of thickness reduction on the macroscopic and local ferroelectricity and their effect

on the tunnel junctions properties will be discussed in detail in the next chapter.
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4.4 Growth and characterisation of PbZrO; barrier

PZO is a typical antiferroelectric when in bulk form, while in thin films it has been
shown to go through a thickness-driven antiferroelectric-ferroelectric transition. The
critical thickness where this occurs depends on the system: 6.5 nm was predicted
theoretically in a capacitor geometry [70], whilst ~10 nm was obtained experi-
mentally in PZT/PZO multilayers [68], and ~22 nm was experimentally observed
in LSMO/SRO/PZO/SRO heterostructures [69]. PZO films in a similar thickness
range were grown to obtain tunnel junctions with ferroelectric and antiferroelectric

barriers.

5.05nm

LSMO

PZO

Onm

(@)

(©)

Figure 4.7: a) RHEED diffraction pattern showing the additional spot caused by
the PZO film growth; b) AFM image of the PZO surface; ¢) TEM dark field image
of the local structure and d) increased magnification of the area marked in c).

PZO barriers with thicknesses of 11 (~4.5 nm), 16 (~6.5 nm), 22 (~9 nm) and
27 (~11 nm) u.c. were deposited with 1 J/cm? energy, 10 Hz repetition rate of
the laser, at 600°C substrate temperature, in 0.24 mbar Oy pressure. It is dif-
ficult to track changes in the intensity of the specular spot corresponding to the
STO substrate and previously grown LSMO film due to the appearance of an extra
spot which can indicate different in-plane lattice parameters from STO/LSMO or

3-dimensional growth. Though the surface of the resultant film is smooth, as shown
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Figure 4.8: RSM of STO/LSMO/PZO for a) 85 nm and b) 12.5 nm thick PZO; c-d)
P(V) hysteresis loops for the same thicknesses.

in figure 4.7 b, local analysis shows a few defects in the structure of the PZO film
such as dislocations and variation of thickness on larger scales.

Reciprocal space maps (RSM) of samples containing 27 u.c. PZO and significantly
thicker PZO (~85 nm) were performed to evidence the dependence of structure
with thickness variation. RSM was performed around the (103) plane of STO and it
was observed that thick PZO film (85 nm) grows on LSMO along two orientations:
orthogonal (001), and (120), planes (Figure 4.8 a). Polarisation-voltage hysteresis
curves and switching current-voltage dependence were measured using an AixAcct
3000 thin film analyser. On both directions, PZO is antiferroelectric as shown by
the two sets of four switching current peaks in the I(V) and P(V) hysteresis loops.
At small fields a ferroelectric hysteresis curve is overlapping with the antiferroelec-
tric double loop which implies a ferroelectric phase is present in reduced amounts,
most probably rhombohedral PZO, not detected in the RMS. At 11 nm thickness,
the dominant orientation is antiferroelectric (120), which determines the four weak
switching current peaks in figure 4.8 [105]. The nonzero values of the current at
zero bias could be caused by the presence of ferroelectric PZO, or due to current

leakage through the film.
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4.5 Co top electrode

A polycristalline Co top electrode was deposited ex situ by magnetron sputtering
at 2.5x1072 mbar Ar pressure and 20 W applied power. 40x40 pum? top electrode
patches were obtained by patterning the Co film by photolitography and wet etch-
ing: AR-P 3510 (from Allresist) positive photoresist was spin coated on the samples,
baked at 100°C for one minute and then exposed to UV light through a mask. The
exposed photoresist was then developed and Co was etched in the unprotected ar-
eas using commercially available 65% HNOg solution further diluted in water (1:50).
The advantages of using the 40x40 pm? squares with 10 um spacing is in obtaining

2

a large number of devices in a 5x5 mm* sample while having suitable dimensions

for electric contacts in the TTP4 probing station and PPMS.
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Figure 4.9: a) Magnetic moment variation with temperature and its first derivative
for a STO/LSMO/PTO/Co sample; hysteresis curves at b) 300 K and c) 10 K after
zero field cooling; d) hysteresis curves at 10 K after cooling the sample in -10 kOe
(blue) and +10 kOe (red).

The magnetic measurements of a STO/LSMO/PTO/Co structure are summarised
in figure 4.9. Temperature dependence of the total magnetic field shows clearly
the ferromagnetic order partially disappears at ~350 K corresponding to the T¢
determined for LSMO. The magnetic hysteresis highlights the existence of two hys-
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teresis loops as expected, one with lower coercive fields corresponding to the values
previously observed for LSMO and the higher coercive field values to Co. When
cooled with an applied magnetic field, the samples exhibit exchange bias: the hard
ferromagnetic hysteresis loop is shifted in the opposite direction of the field. The
behaviour is characteristic of Co/CoO interaction and is attributed to the oxida-
tion of Co at the surface or interface with the barrier [106, 107]. Pinning the Co
layer helps in obtaining stable magnetisation switching, ensuring completely parallel
alignment occurs, especially when the coercive fields of the two layers would have

close values [33].

4.6 Summary

This chapter illustrates how the samples studied in the following part were obtained,
to help in interpretation of experimental results and understand how properties of
the component films contribute to the observed effects in the whole device. The
films are analysed after every major step of the fabrication process to ensure func-
tional devices are obtained. Stoichiometric epitaxial growth of high quality films
using PLD can be obtained with optimal parameters. The RHEED in situ moni-
toring of the growth enables sharp interfaces and is a reliable method for real time
thickness determination, as confirmed by TEM analysis. The macroscopic transport
and magnetic properties of the electrodes were studied in this chapter due to their
importance to obtaining the TMR effect in the resultant tunnel junction devices
and understanding its origin. The selection, characterisation and optimisation pro-
cess of the component properties leads to devices which are functional up to room

temperature and use low fields for writing information.
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Chapter 5

Size effect in LSMO/PTO/Co

ferroelectric tunnel junctions

The tetragonal ferroelectric PbTiOs has shown promising results when used in tun-
nel junctions; it exhibits giant TER effect up to 103-10*% when grown on STO/SRO
and TMR at room temperature [9]. Even more interesting, lead titanate is one of
the components of the PZT solid solution which presents spin transfer control by
polarisation reversal in LSMO/PZT/Co tunnel junctions [7] which were attributed
so far to the Ti and Co interaction at the ferroelectric/ferromagnetic interface. The
LSMO/PTO/Co junctions can thus offer insights into the effect of the Ti-Co ions
hybridisation and help in understanding the effects observed in PZT.

This chapter presents the investigation of the fabricated LSMO/PTO/Co devices
and a view on their multiferroic tunnel junction performances. TMR and TER
which strongly depend on processes occurring at the ferroelectric/ferromagnet in-
terface are studied with reducing ferroelectric barrier thickness. Generally, due to
the increased depolarisation field, the ferroelectricity disappears at a critical thick-
ness which would render ferroelectric tunnel junctions non-functional. This chapter
studies the size effect on ferroelectric properties and domain configuration of the
films in devices containing lead titanate barriers having 3 u.c., 6 u.c., 9 u.c. and
12 u.c. thickness. The critical thickness is found for the LSMO/PTO/Co system
and the tunnelling properties are investigated by varying the contribution of the
interfaces compared to the barrier bulk effects. First, the direct tunnelling regime
used for defining most of the performance parameters is identified for the investi-
gated thicknesses and temperatures. In this regime, the two non-volatile resistive
states characteristic to FTJ which result from polarisation switching in PTO can

be read nondestructively, without affecting the polarisation orientation. Two addi-
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tional non-volatile magnetic states determined by the magnetisation alignment are
highlighted by resistance measurements during magnetic field sweeps. Moreover,
a magnetoelectric coupling characteristic to multiferroic materials and interfaces is
detected in LSMO/PTO/Co devices.

5.1 Size effect on polarisation domain structure in PTO

ultra-thin films

5.1.1 Formation of local polarisation vortices in LSMO/PTO/Co
tunnel junctions

Ferroelectric polarisation at all scales can form complex structures, different from the
simple Kittel-like domain structures as shown by recent studies [108, 109, 110, 111].
At ferroelectric-ferroelastic domain walls the flexoelectric response to strain gra-
dients enhances the polarisation curling while at non-ferroelastic walls continuous
polarisation rotations have rarely been observed [112, 2]. So far, studies of atomic
scale curling of polarisation and vortex formation were made on systems without
electrodes, by enhancing the depolarisation field. Vortices could, however, be more
easily investigated and manipulated by using electric field applied by electrodes in
a capacitor geometry. In this case, the screening effect of the metal’s free carri-
ers changes the constraints of the films from previous experiments and raises the
question of the stability of vortices. This question can be addressed by studying
capacitor devices containing a few unit cell thick ferroelectric films. The practical
applications of this kind of devices are FTJ that allow electrons to tunnel between
the two electrodes, similar to the better known MTJ [113]. Moreover, the value of
the tunnelling current encloses information about the polarisation state which can
be read nondestructively: by switching the ferroelectric polarisation orientation, a
modulation of more than five orders of magnitude can be obtained [114, 61, 115].
When the ferroelectric barrier characteristic to FTJ is combined with ferromagnetic
electrodes in MTJ, four-state multiferroic tunnel junctions are obtained which can
be controlled by both electric and magnetic field [116, 117, 8]. Depending on ion
interactions at the barrier/electrode interfaces, even polarisation-controlled spin fil-
tering could be observed [7].

When it comes to studying ferroelectrics in capacitor geometries, especially in the
case of thin films, it is expected that both the electrodes and their interfaces have
an important influence on the domain structure. An important characteristic of

the electrode is the free carrier concentration, since they are responsible for screen-
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Figure 5.1: a) Schematic oxygen displacement in the projection of the (110) plane
of a perovskite; b) oxygen displacement measured from an experimental image of
LSMO; reproduced from [3].

ing the depolarisation field produced by bound charges at the ferroelectric surface.
An asymmetry of the electrodes can therefore determine a complex domain pat-
tern [118].

In this section aberration-corrected scanning transmission electron microscopy was
used to study ferroelectric domains and domain walls in tunnelling devices having
PTO films with thicknesses of 3, 6 and 9 u.c. and LSMO and Co electrodes. Ex-
perimental details on the preparation, imaging, calculations and analysis can be
found in [88]. For this study TEM samples were obtained by a FIB standard lift-
out procedure followed by warming to 50°C for ~10 h prior to being inserted into
the TEM. In order to obtain the dipole distribution, lamellas with PTO in the ’as
grown’ polarisation state were imaged along the [110] axis simultaneously in annular
dark field (ADF) and annular bright field (ABF) modes, so both heavy and light
elements were visible with atomic resolution. After processes involving filtering and
Gaussian convolution of the image using an in-house program, the oxygen displace-
ment was determined relative to the A-site atoms as can be seen in the schematic
and experimental representations in figure 5.1. The B-site displacements (Ap) were
obtained relative to the centre of the O?~ octahedra from ABF images and were used
to determine the local dipoles. The displacement is proportional to the polarisation

with a constant s which can be deduced from bulk measurements:
PS = HAB (51)

The centre of the oxygen octahedra was determined as the centre of mass of the two
nearest oxygen atom columns. Quantitatively, the polarisation was calculated using

the volume of the unit cell v, the displacements of the O and B-site atoms from the
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positions of centrosymmetry (taken as the centre of the nearest A-site positions)

do,p and the effective charges of the O and B atoms Zp p:
1
Ps = 5(35020 —0BZpB) (5.2)

With decreasing thickness of the film, a transition of the domain structure occurs
from Kittel-like domains [119], as observed in thick films, through complex curling
to monodomain in the thinnest film. Unlike in thick films where domain walls are
thin and smooth [120], it is observed that in ultrathin ferroelectric films the complex
domain structure consists of polarisation curling, spanning from Bloch (Néel)-Ising

structures to flux closure and vortices.

Domain structure in 9 u.c.-thick PTO barrier

In figure 5.2 a can be seen the PTO film having 9 u.c. and interfaces with LSMO
and Co electrodes. The Z contrast makes the ADF image sensitive to chemical com-
position of the component films. The atom column intensity scales with the average
atomic number Z'7, demonstrating the sharp LSMO/PTO interface in figure 5.2 b.
The ABF image in figure 5.2 ¢ shows the O?~ columns and improved contrast and
allows determination of the column positions with picometer precision [121, 122].
The ferroelectric state of the PTO film is proven by the 2-dimensional quiver plot
in figure 5.2 e, where the polarisation points towards the top Co electrode in the
center, while on the outermost regions of the image it points towards the bottom
LSMO electrode. This is the illustration of a classic 180° domain structure. For
this thickness, the width of the Ising-type domain walls would be 2 u.c.. Instead,
a wider wall with roughness of ~ 4-5 u.c. is observed. Moreover, two vortices can
be observed in the polarisation map: one at the PTO/Co interface and the other
one close to the LSMO/PTO interface. Located at the domain walls, they form
a more complex structure separating the two domains. Here the dipole direction
changes continuously clockwise and anticlockwise, forming paired vortices opposing
each other, similar to the ones recently reported in PTO/STO superlattices [2].

It is worth noting that an atom column containing varying displacements perpendic-
ular to the electron beam would appear elongated, corresponding to the projection
of mixed positions. The absence of this effect implies that dipoles are constant
through the thickness of the specimen which would not happen in the case of Néel
and Bloch walls which would extend within the TEM specimen thickness. The re-
sults presented in figure 5.2 imply that at this thickness, and also for thicker films as

determined by ab initio calculations [123], the depolarisation field which is always
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Figure 5.2: a) Atomic resolution ADF image; b) atom column intensity showing the
different compositions of the films; ¢) ABF signal collected simultaneously with a);
d) magnified regions to show the LSMO and PTO structure with different contrast;
e) quiver plots showing dipoles measured from c); f-g) enlarged vortices from the
regions marked in e); h) average out-of-plane polarisation across the domains; error
bars are represented by standard error of the mean; reproduced from [3].
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present in ferroelectrics influences the polarisation distribution. This effect depends
on the electrode asymmetry. Figure 5.2 h shows the out-of-plane polarisation aver-
aged through the film thickness, smoothly changing between positive and negative
values at the 4-5 u.c. thick domain walls. When oriented toward the LSMO elec-
trode, an average polarisation of 8041 uC/cm? was determined, comparable to the
bulk value of 84 ;C/cm? obtained from the bulk ionic displacement [124]. The po-
larisation oriented towards the Co top electrode is reduced to 70+£2 uC/cm?. The
polarisation is mostly constant across the PTO film and even extends into LSMO
where displacements are detected in the first 2-3 u.c.(Figure 5.3). Compared to
Co which is able to screen both positive and negative surface charges, LSMO is a
half-metal having a lower carrier concentration and weaker screening abilities [54].
Generally, when there is not sufficient free charge for reducing the depolarisation
field energy in ultrathin films, they still display ferroelectric properties by forma-
tion of 180° stripe domains as shown by diffraction experiments in STO/PTO (9
u.c.) structures [125]. In the 9 u.c. PTO film under investigation, the cross section
suggests the same mechanism could be responsible for the observed polarisation

orientations.
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in e-g); reproduced from [3].
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Domain structure in 6 u.c.-thick PTO barrier

Next, the domain structure in films thickness reduced to 6 u.c. with LSMO and
Co electrodes is investigated. The high resolution ADF and ABF images highlight
good crystal quality with defect free sharp interfaces (Figure 5.4). The quiver plot
in figure 5.4 ¢ shows the PTO film is still in a polarised state, but with significantly
different domain pattern. Instead of the relatively well-defined domains with small
vortices in 9 u.c. PTO, a combination of Landau-Lifshitz flux-closure domains and
vortices is present. Large areas (~75 nm) reveal a high degree of disorder: areas
where the polarisation switches throughout the thickness of the film (Figure 5.4 e),
complex regions with curling (Figure 5.4 f) and (110) type domain walls forming
45° with the interface (Figure 5.4 g), typical to thicker films. At the Co interface,
the up to ~8 nm domain width can be observed, larger than in 9 u.c. PTO (~6 nm)
and it reduces to ~4 nm at the LSMO interface. The domains with parallel walls
forming 45° with the interface have constant thickness throughout the film and can
be as small as ~3 nm. The average domain width is 5.34+0.7 nm, in agreement to
the expected value of 5.2 nm obtained from the Kittel law for this thickness.

Some of the observed domain wall structures have been theoretically predicted for
this thickness. Therefore closure at the LSMO interface could be caused by the elec-
trode asymmetry [118]. Certainly the investigated PTO film is both ferroelectric and
ferroelastic and for small thicknesses, additional parameters such as inhomogeneous
electric fields might drive the system to a disordered phase described in literature as
incommensurate, where ferroelastic systems no longer undergo a simple para-ferro
phase transition [126]. Macroscopically, the effects of applying an external electric

field is the appearance of the TER effect, as expected for proper ferroelectric films.

Domain structure in 3 u.c.-thick PTO barrier

Decreasing the film thickness to 3 u.c. causes the domain structure to disappear
(Figure 5.5). The polarisation shows a significant gradient through the film, point-
ing towards the LSMO bottom electrode with remanent curling. The polarisation
value at the Co interface is 765 C/cm?, the same as its equivalent in 9 u.c. film
and reduces to zero towards LSMO. This result suggests that 3 u.c. is the critical
thickness for local ferroelectricity when grown under positive in-plane misfit strain.
Measuring TMR effect in tunnel devices with 3 u.c. PTO barriers demonstrates
that the film is functional. However the polarisation cannot be switched by means
of PFM (absence of phase and amplitude contrast and of local hysteresis loop) and

electrical measurements (absence of TER effect). This is most likely due to the
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polarisation gradient associated to a gradient in electric field and therefore with free
charges localised within the ferroelectric layer.

In this section it was shown how the domain structure varies with reducing the fer-
roelectric film thickness. At 9 u.c., PTO shows almost classic antiparallel domains
with rougher walls that can exhibit paired opposing vortices. Reducing thickness
to 6 layers of PTO, a disordered phase is observed with toroidal flux closure struc-
tures. By reducing the thickness to 3 u.c., polarisation oriented out of plane is
observed. The results indicate the polarisation curling, the formation of vortex and
flux-closure structures appear in ferroelectric ultrathin films despite the metallic
electrodes. Moreover, they offer the possibility to control these structures using

local electric field.
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Figure 5.5: a) ADF and b) ABF atomic resolution images; c) corresponding quiver
plot of the local dipoles in a 3 u.c. thick PTO film; reproduced from [3].
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5.1.2 Critical thickness for ferroelectricity in STO/LSMO/PTO

system

In real ferroelectric tunnel junction devices a switchable (yielding two resistive
states) stable polarisation of the barrier is critical for their functionality. Because
ferroelectricity is a collective phenomenon, in the case of thin films it is expected to
be suppressed and even eliminated at a critical thickness which can depend on the
nature and quality of the fabricated devices. The size effect on ferroelectricity of

the lead titanate films is further investigated.
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Figure 5.6: Local hysteresis loops for 6 u.c., a) and b) and 3 u.c., ¢) and d) PTO
films; the amplitude and phase were measured by PFM with electric field applied
on the conducting tip, a) and c¢) and in a remnant state after the field was removed,

b) and d).

When investigating a device with a top electrode by PFM, generally the film piezore-
sponse decreases with the electrode thickness and at ~35 nm Co, PTO domain
features would not be clearly distinguished [127]. Therefore PFM analysis was per-
formed on bare LSMO/PTO structures. The local amplitude and phase dependences
on the applied voltage are shown in figure 5.6. It can be observed that ferroelec-
tric properties degrade with reducing the PTO thickness from 6 u.c., where local
hysteresis loops show polarization switching to 3 u.c., where switching cannot be

detected. Figure 5.7 shows the amplitude and phase signals obtained for the 6 lay-
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Figure 5.7: a) 5x5 um? scan of 6 u.c. PTO film: a) PFM amplitude signal and b)
PFM phase signal; c-d) line profile corresponding to the blue lines in the amplitude
and phase scans.

ers PTO film. The polarisation was switched in the direction of the electric field by
applying -6 V bias (P towards the film surface: P1) through the tip and half way
through the scanning it was changed to +6 V (P toward the LSMO interface: PJ).
The 5x5 um? scans in figures 5.7 a) and b) were read using 400 mV and exhibit
both switched (2x4 pm? areas) and ’as grown’ polarisation states. The separating
domain walls are characterized by minimum values in the amplitude signal and zero
values in the phase signal as seen in the line profile (Figures 5.7 ¢ and d). It can
be seen that the polarisation in the 'as grown’ state of 6 u.c. PTO gives the same
signal as the polarisation oriented towards LSMO.

In the case of stress-free (001) PTO films it was shown by first principle calculations
that down to 3 u.c. thickness exhibit intrinsic perpendicular polarisation [128]. In
3 u.c. strained PTO in capacitor configuration, though shifts of the Ti and O ions
relative to Pb were observed locally by TEM, the polarisation cannot be switched
during PFM experiments. The different properties can be due to inefficient and
inhomogeneous screening of the conductive tip in air which cannot reduce the de-

polarisation field in comparison with Co top electrode. The lack of ferroelectric
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Figure 5.8: Hysteresis obtained by applying voltage pulses for LSMO/PTO/Co
samples with a) 12 u.c.; b) 9 u.c. and c¢) 6 u.c. PTO barriers; d) sequence of writing
and reading voltages; e) polarisation orientation in the ON and OFF states.

properties in the 3 u.c. PTO can be attributed to extrinsic effects originating from
defects at ferroelectric/electrode interfaces and substrate-induced stress.

The transient current caused by polarisation switching is comparable to the tun-
nelling current which makes it difficult to directly investigate ferroelectricity at these
barrier thicknesses. Based on the main characteristic of FTJ, information on the po-
larisation orientation is further determined from the effect of the polarisation on the
resistance value. Applying a voltage pulse with amplitude higher than the coercive
value switches the polarisation in the direction of the field. The resistance can then
be measured at low voltages without affecting the polarisation direction. Resistance
memory loops as a function of the pulse amplitude are presented and the ON and
OFF states are highlighted in Figure 5.8. Tunnelling devices with 12, 9 and 6 u.c.
thick PTO barrier and 40x40 um? area were tested at room temperature. A volt-
age pulse with the amplitude V)5 and 50 us width is applied on the Co electrode,
then the resistance value is measured at 100 mV. The amplitude of the pulses was
increased as shown with the arrows, until saturation was achieved. The ON state
when the resistance is low and the polarisation is oriented towards the Co electrode
can be obtained by applying negative voltages higher than the coercive value. The
OFF state corresponds to higher resistance and polarisation oriented towards LSMO

and results from applying high enough positive pulses. Multiple intermediate states
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can be obtained when areas of opposite polarity coexist in the film which makes
them suitable for applications in memory-resistor (memristor) devices [117]. The
6 u.c. PTO devices present a strong imprint which shows a higher stability in the
P| state, and the resistive switching occurs at different field compared with the
values of coercive field obtained by PFM. The imprint is caused by the asymmetric
screening of the electrodes. The PJ state is closer to the ’as grown’ state and has
a more stable polarisation which corresponds to the higher value obtained from the
TEM analysis. The imprint is weaker for 9 u.c., while in the thickest sample it is
also weak, but slightly shifted in the opposite orientation of the field. This could
be due to the decreasing effect of the depolarising field. The TER values are within
the same order of magnitude for all the thicknesses: 954% for 12 u.c. thick PTO,
304% for 9 u.c. and 453% for 6 u.c. Comparing the TER sign with devices having
the same electrodes, it is in agreement with LSMO/PZT/Co [7], but opposite to
LSMO/BTO/Co junctions [129].

5.2 Transport mechanisms in LSMO/PTO/Co tunnel

junctions

In ferroelectric tunnel junctions it is essential for the barrier to be both thin enough
to allow tunnelling and thick enough to exhibit ferroelectric properties. In this
section particular attention will be given to the case of the critical thickness of PTO,
3 u.c.. Because it lacks a reversible macroscopic polarisation, but does exhibit local
dipoles it is expected these devices do not display all the characteristics the thicker
junctions do. This could happen because the two resistive states in FTJ (caused
by polarisation reversal) can be achieved by applying voltage pulses higher than
the coercive field of the film, but when the dielectric breakdown occurs at smaller
fields, the polarisation is impossible to switch. In the following experiments, the
polarisation is switched by applying voltage pulses with the suitable polarity on
the Co electrode: towards the Co top electrode- negative pulses (P?1) and towards
the LSMO bottom electrode- positive voltage amplitude (P]). An AFG function
generator is used to apply and set the pulse parameters: 100 s width and amplitudes
higher than the corresponding coercive bias of the film. In order to identify the P
and P| states in the devices, current-voltage curves and current values are measured

at low voltages, usually 100 mV, which does not affect the polarisation state.
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5.2.1 Amnalysis of the I(V) curves

In this section the existence of genuine tunnelling process through the barriers is
demonstrated and the direct and Fowler-Nordheim tunnelling contributions are iden-
tified as dominating mechanisms depending on voltage and temperature. First, the
quality of the junctions is determined to ensure the measured current results from
tunnelling processes through the barrier and not conducting pinholes. For this pur-
pose, Rowell’s criteria for MTJ are used [130, 131]:

e the tunnelling current has an exponential decrease with increasing barrier

thickness

e parabolic dependence of the differential conductance curves which can be fit
with a direct tunnelling model (in this case with Brinkman model for trape-

zoidal barriers)

e weak insulating-like dependence of the tunnelling current on temperature.
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Figure 5.9: a) Current-voltage characteristics in the P1 and PJ states for 6, 9 and
12 u.c. PTO tunnel junctions; b) current as a function of applied electric field on
the PTO films; c) exponential decrease of the tunnelling current with the barrier
thickness at 10, 50 and 100 mV applied bias in PT and PJ states; c¢) thickness-
dependence of TER.

The tunnelling current dependence on the barrier thickness at low applied fields (up

to ~100 mV) and room temperature is extracted from the I(V') curves in figure 5.9 a
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Figure 5.10: Parabolic dependence of the conductance in the two states for: a) 6
u.c., b) 9 u.c. and c¢) 12 u.c. thick PTO devices, where Go=7.748x107° S is the
quantum conductance.

and shown in figure 5.9 b for the 6, 9 and 12 u.c. PTO samples. Tunnel junctions
with 3 u.c. PTO are not included, due to the possibility that the high value of the
measured current is determined by the presence of pinholes or film roughness. These
cannot be excluded despite the TEM images showing local homogeneous growth be-
cause at this reduced thickness variations can have a great influence. Moreover, in
junctions with 3 u.c. PTO, no TER effect could be measured. The exponential
decrease of the current with the thickness at several fixed values of the voltage (10,
50 and 100 mV) is highlighted in the logarithmic plot of the current in figure 5.9 b.
The faster decrease for the PJ state leads to a higher TER value at higher thick-
nesses as predicted by theoretical model in [132]. The junction containing 6 layers
of PTO yields a TER of ~170% and increases in 9 u.c. (~360%) and 12 u.c. PTO
devices (~1120%) (Figure 5.9 c).

The parabolic conductance dependence on the applied bias in the two polarisation
orientation states are shown in figure 5.10 a-c up to 100 mV. At higher voltages
Fowler-Nordheim tunnelling (FNT) is expected to dominate the tunnelling pro-
cess [41]. FNT can be identified and distinguished from the direct tunnelling (DT)
mechanism with the aid of a In(J)=f(d/V’) plot also called Fowler-Nordheim plot.
The curved dependence at low voltage values in figure 5.11 is associated in literature
with direct tunnelling, while the linear dependence is characteristic to FNT [133, 19].
The transition from direct tunnelling to Fowler-Nordheim tunnelling occurs at ~1
Vin 6 u.c., ~0.8 V for 9 u.c. and ~1.05 in 12 u.c. PTO, values obtained from the
first derivative of the logarithmic function show the change in the slope. The values
are in agreement with theoretical simulations for similar structures in [41] which
predict the transition voltage is ~1 V for thicknesses between 1.2 and 4.8 nm. For
the 3 u.c. sample, the applied voltage was limited below 1 V to avoid damaging

the barrier and FNT was not observed. The transition denotes the thinning of the
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Figure 5.11: Logarithmic representation showing the transition from direct tun-
nelling to Fowler-Nordheim tunnelling for devices with 6, 9 and 12 u.c. thick PTO
and schematic representation of the corresponding barriers and tunnelling process
from the LSMO to the Co electrode; the black points represent the transition voltage
from DT to FNT mechanisms.

effective barrier thickness. Due to the high applied voltage, as the barrier becomes
triangular (shown schematically in figure 5.11 electrons tunnel with a higher rate
leading to an increase of the measured current.

The ON and OFF states resultant from applying voltage pulses were investigated
at small voltages corresponding to the direct tunnelling regime by acquiring I(V')
curves. Brinkman direct tunnelling model (Equation 2.29) provides a good fit for
the experimental dependence of the current density on the applied voltage in fig-
ure 5.12 a-c. The barrier parameters (effective barrier thickness d, effective tun-
nelling mass m, barrier height at the Co and LSMO interfaces ¢; and ¢2, mean
barrier height ¢ and asymmetry of the barrier A¢) are presented in Table 5.1 for
both P1 and PJ| state and used for the schematic representation of the barriers in
figure 5.12 d-f. The parameters were obtained by using FindFit model within the
Wolfram Mathematica software. The advantage is that constraints and initial values
can be set to ensure the parameters keep their physical meaning within the direct
tunnelling model, however, a drawback is the fit cannot consider experimental er-
rors, weighting and does not provide information on the uncertainties.

The TER effect is caused by a few orders of magnitude difference between the low
and high tunnelling current at polarisation reversal. The high resistance when the
polarisation is oriented towards LSMO (PJ, high resistance, OFF state) is caused
by the larger mean height of the barrier compared to when polarisation points to-
wards Co (P1, low resistance, ON state). One of the origins of the TER effect are
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Figure 5.12: a-c) Direct tunnelling fit of the current-voltage characteristics with
Brinkman model; d-f) schematics of the barrier profiles indicating the barrier pa-
rameters obtained from the fit (Table 5.1) for tunnel junctions containing 12, 9 and
6 u.c. PTO.
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Table 5.1: Estimation of the barrier parameters from fitting with Brinkman model
for direct tunnelling

PTO thickness d (nm) mess (mg) o1 (eV) ¢2 (eV) ¢(eV)
12 u.c. Pt 4.682 0.281 0.054 1.165 0.609

12 u.c. P} 4.711 0.331 0.133 1.171 0.652
9 u.c. Pt 3.605 0.506 0.133 1.030  0.581
9u.c. P| 3.711 0.393 0.133 1.534  0.833
6 u.c. P71 2.342 1.107 0.080 1.240  0.660
6 u.c. Pl 2.367 0.987 0.050 1.587  0.818

the different electrode screening lengths (Arsaro > Aco) on the potential barrier
profile [132]. The barrier effective thickness obtained from data fitting vary with
0.029 nm between the two orientations in the case of 12 u.c. PTO, 0.106 nm for
9 u.c. and 0.025 nm for 6 u.c. PTO barrier and cannot be not be solely due to the
inverse piezoelectric effect (variation of the order 0.005 nm), but also due to metalli-
sation of the last few layers of PTO [10]. Ab initio studies indicate that when the
polarisation is switched up, due to the stronger hybridisation of the 3d electronic
states of Co with the 3d states of Ti and p states of intermediate O ions at the
interface, the first layers of the PTO barrier become metallic. Thus the barrier is
thicker and electrons tunnel with a lower rate in P| state compared to P1.

Even though the Brinkman model is commonly used for characterising magnetic and
ferroelectric tunnel junctions, the values of the barrier parameters can be trusted
only to a certain extent. First, the fitting process implies the parameters are inter-
dependent and sometimes can result in unphysical values [134]. Second, the fitting
can be problematic due to the characteristics of the physical device such as inter-
facial roughness [135]. Even the obtained values for effective tunnelling mass are
reasonable, their dependence on thickness is not very reliable and probably has no

physical meaning.

5.2.2 Temperature dependent tunnelling mechanisms

Theoretically, the tunnelling current is independent of temperature, but in practice,
thermally activated spin hopping through chains of localised states can influence the
electron transfer. It was previously shown that the tunnelling current is voltage-
dependent: direct tunnelling occurs at low voltages and by increasing the voltage,

FNT becomes dominant. To investigate how the transition between the two mech-
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Figure 5.13: a) Logarithmic dependence of current density (J) on voltage at dif-
ferent temperatures; b) two-dimensional color map of J with applied voltage and
temperature from a); c) logarithmic representation of I/V? as a function of d/V
highlighting direct tunnelling and Fowler-Nordheim tunnelling processes in a tun-
nelling junction having 9 u.c. PTO and d) magnified plot of ¢) where the black
points represent the DT-FNT transition voltage.

anisms evolves with temperature, I(V') curves acquired for the 9 u.c. PTO tunnel
junction were investigated. A change in the slope of the current density can be
observed in figure 5.13 a which implies different transport mechanisms at low and
high voltages. Figure 5.13 b is the two-dimensional representation of the current
density as a function of the applied voltage and temperature and it highlights the
DT mechanism at low voltages (blue) and FNT at higher voltages (red) and a diffuse
transition between the two. The FNT appears at higher voltages as the tempera-
ture reaches 300 K, as confirmed by the Fowler-Nordheim plot in figure 5.13 c. The
linear dependence at high bias voltages confirms the Fowler-Nordheim tunnelling
mechanism, while the dependence at low values is attributed to direct tunnelling.

The FNT becomes dominant at the expense of direct tunnelling at higher voltages
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as the temperature increases (0.7 V at 10 K compared to 1.2 V at 250 V). The inset
offers a closer look at the transition voltages where the black points mark the values

where the slope changes (obtained from the first derivative).

5.3 Tunnelling magnetoresistance

Half metallic LSMO is used in spintronic devices due to its high spin polarisation
which would lead to a high TMR effect. Even so, the performance of manganite-
based tunnel junctions was not very good over the time due to TMR vanishing
at temperatures much lower than the Curie temperature of the ferromagnetic elec-
trodes. Due to improvements in device fabrication processes, currently the TMR
effect offers a better depiction of the electrodes’ intrinsic properties, including at
room temperature. In this section, the TMR effect is studied in tunnel junctions
with LSMO and Co electrodes separated by 3, 6, 9 and 12 layers of PTO.

5.3.1 Low temperature tunnelling magnetoresistance

Ideally, the TMR effect is caused by spin scattering at the barrier /ferromagnets in-
terfaces and is independent of the barrier thickness. In real devices, defects present
in the bulk of the barriers and interface quality variation between samples can play
an important role in spin transport. At low temperatures and small voltages, di-
rect tunnelling is expected to be the dominant mechanism. This is highlighted by
the Arrhenius plot in Figure 5.14 which shows significantly lower activation energy

below ~50 K compared to higher temperatures.
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Figure 5.14: Logarithmic plot of the conductivity for devices with 6, 9 and 12 u.c.
PTO with linear fit at low and high temperatures (green lines).

Electrical measurements were performed at 10 K on 40x40 pm? LSMO/PTO/Co
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devices using a TTP4 Lake Shore cryoprobing station. The current was acquired
with a Keithley 6517 voltmeter while the voltage was maintained constant in the
tunnelling regime and the magnetic field was sweeped using the superconductive
magnet of the equipment. Figure 5.15 (bottom plots-green) shows the hysteretic
dependence of the resistance with the magnetic field which outlines what is called
an inverse (negative) TMR (calculated with the equation 2.33) for all the investi-
gated thicknesses of lead titanate barrier: the resistance is higher when the electrode
magnetisations are oriented parallel to each other (R,) compared to the resistance
in antiparallel configuration Rg;,) as seen in figure 5.15. In this case tunnelling is
attributed mainly to d band electrons instead of s electrons considered dominant in
normal TMR.

In order to correlate the observed transport effect with the magnetic properties of
the electrodes, the total magnetic moments of the entire 5x5 mm? trilayer samples
were measured using a Quantum Design VSM (Figure 5.15, top plots-blue). To avoid
differences due to history-dependent character which was observed in the samples,
both measurements were performed after cooling the samples in -10 kOe magnetic
field. From previous characterisation stages, the lower value of the coercive field is
attributed to LSMO and the higher value to Co. Thus the resistance switching is
directly caused by the alignment of the electrode magnetisations. The Co magnetic
moment contribution is shifted along the positive magnetic field axis due to existing
exchange bias in the system. The samples exhibit also a training effect observed
in both magnetic and electric measurements which consists in a higher value of the
Hpgx field for the first hysteresis cycling and then reducing and stabilizing for the
following cycles [136, 137]. The exchange bias cannot be solely explained by the
presence of CoO due to the exchange field variation with the spacer thickness which
implies the existence of a coupling mechanism between LSMO and Co. Moreover,
in samples with 3 layers PTO, despite the same field cooling history (with -10 kOe),
the exchange bias field is negative, unlike in the thicker samples. Another experi-
mental observation worth noting is that at higher temperatures differences between
the coercive field values measured electrically on the micrometric tunnelling devices
and measured magnetically on the entire samples appear and increase with the tem-
perature.

From Julieres model, the negative TMR is caused by spin polarisations with oppo-
site signs at the interfaces. Due to the robust spin polarisation of LSMO (almost
completely polarised in LSMO/STO/LSMO junctions) plus the possible effects of
the Co ions (hybridisation with other transition metal ions present in the barrier)

at the interface, in LSMO /insulator/Co systems, inverse TMR and changes in the
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Table 5.2: TMR sign in tunnel junctions containing LSMO and Co electrodes and
Ti-based barriers

Bottom electrode Barrier Top electrode TMR
Comments

La0,67Sr0,33Mn03 T102 La0.67Sr0.33Mn03 normal [138}
La0_67Sr0_33Mn03 TiOQ Co inverse [138]
Lag.g7Srp.33MnO3 SrTiO3 (standard) Co inverse [139]
Lag.7Sr0.33Mn0O3  SrTiO3 (oxygen-deficient) Co normal [139]
La0_67Sr0_33MnOg SI‘TiO3 La0.67Sr0.33Mn03 normal [140}
Lag.g7Srg.33MnOs3 BaTiOg3 Co inverse [141]

TMR sign are attributed to the insulator/Co interface. Considering the high quality
epitaxial growth of the perovskite films on the STO substrate having TiOs termina-
tion, it is most likely that the PTO film terminates also with TiOs layer. TMR in
tunnel junctions having LSMO and Co electrodes and PTO barrier has the same sign
as tunnel junctions with the same thickness TiOg barrier (Table 5.2) and strongly
suggests that the inverse TMR might be the result of Ti-Co hybridisation at the in-
terface and that the termination might be solely responsible for the TMR sign. The
nature of the barrier also influences spin transport processes dictating the amplitude
of the effect which is higher than in TiOg [138].

TMR dependence on barrier thickness

Ideally, when direct tunnelling is the main transport mechanism the TMR effect
is determined by the surface density of states of the electrodes and should not be
affected by the barrier thickness. In the case of the PTO barrier under study, the
minimum TMR is seen for 3 u.c. (~-4.5%) PTO film and the maximum in 6 u.c.
(~-87%) and similar intermediary values for 9 to 12 u.c. (~-36%). Considering
there are variations between device performance within the same sample, the TMR
is decreasing with the thickness (which is also confirmed in the following sections
of the chapter) in junctions with functional ferroelectric barriers and might indicate
the presence of additional transport channels apart from spin-dependent tunnelling.
The magnitude of the TMR effect was shown to vary with the barrier thickness
also in M'TJ containing MgO, where it can present oscillations and low variations at
small thicknesses [142, 143]. However in this case the sampling interval is not small

enough for obtaining detailed information on the TMR dependence on thickness.
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5.3.2 TMR variation with temperature

The spin dependent tunnelling is caused by the ferromagnetic nature of the elec-
trodes thus it is expected to be directly related to the magnitude of the magneti-
zations. However, in the past, the TMR effect could not be measured up to the
Curie temperature in tunnel junctions containing manganites [144, 145, 146]; an
effect attributed to the quality of the fabricated devices which improved over time.
TMR was measured in the as grown state for all the samples from 10 K to room
temperature with an applied bias of 100 mV. The magnitude of the TMR effect
decreases with increasing temperature for all the samples and the maximum value
is measured on the 6 u.c. thick barrier sample, shown in detail in figure 5.16 c. The
TMR decay with increasing temperature is shown in figure 5.16 for samples with all
thicknesses. The plotted values were normalised to the TMR measured at T= 10 K
(TMR(10K)). The decrease of TMR is linear and appears to vary little with the PTO
spacer thickness, which can be attributed to defects that cause spin-flip scattering
at the ferromagnet /barrier interfaces. The magnetization of Co, having a high Curie
temperature, is expected to suffer negligible changes in the investigated temperature
range [147, 148], therefore the lower TMR at high temperatures is caused by changes
in the LSMO magnetisation. The reduced magnetization M (T)/M (10K) of a 5x5
mm? LSMO sheet from measurement using the SQUID magnetometer is plotted
for comparison with normalized TMR in figure 5.16 b. The TMR temperature-
dependence does not follow the magnetic moment behaviour due to a much faster
decay of the moment at the surface which is where the tunnelling processes oc-
cur [149, 150]. Both the surface and the bulk magnetisation follow the Bloch law
[151]:

M(T) o (1 — BT?) (5.3)

where B is the Bloch coefficient and its value for the surface is generally higher
compared to the bulk. The spin polarisation, due to its surface sensitivity, follows
the same law causing the TMR to decrease at a higher pace when compared to the
magnetisation in the bulk of the electrodes.

Room temperature is the most suitable for evaluating the devices for potential ap-
plication as memory devices. TMR values are reduced below 10% for 6, 9 and 12
u.c. thick PTO barriers when increasing the temperature to 300 K. These values
are in agreement with results in other manganite junctions [152], but lower than
in MgO-based junctions [153, 154]. The existing TMR up to room temperature,
near the Curie temperature of the LSMO electrode, proves the high quality of the

epitaxially grown films and interfaces.
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Figure 5.16: a) TMR effect in tunnel junctions with 3, 6, 9 and 12 u.c. PTO; b)
reduced TMR values extracted from a) compared to the reduced magnetization of
LSMO; ¢) TMR as a function of temperature for devices with 6 u.c. PTO barrier.
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LSMO/PTO/Co tunnel junctions with 3 u.c. thick barrier

A different behaviour in terms of electronic transport was observed in junctions con-
taining 3 monolayers of PTO, probably caused by existing conduction channels due
to the small thickness combined with one unit cell roughness of the film. While the
first two of Rowell’s criteria can also be observed in MTJ containing pinholes, the
differentiating characteristics from the insulating samples is the high conductance
of the junction and its metallic temperature dependence. After attempts to switch
a sample with 3 u.c. thick barrier causing dielectric breakdown, current through
the junction was measured as a function of temperature resulting in a metallic-like
behaviour (Figure 5.17 a). The resulting junction is formed of two ferromagnets
connected through nanoscale metallic channels connected in parallel with the chan-
nel corresponding to tunnelling phenomena through the insulator [155]. A change in
the magnetoresistance (MR) sign takes place at temperatures between 200 and 250
K. From inverse, typical to PTO barriers, the MR becomes normal. The high Curie
temperature (325 K) determined from the total magnetic moment of the tri-layers
measurements (Figure 5.17) excludes the influence of ferromagnetic-paramagnetic
LSMO transition in this range. Moreover, the magnetoresistance measured at 300 K
(0.03 % normal MR) is not characteristic to just Co (1.9 % inverse MR) [156, 157].
The behaviour can be described in the strong transmission tunnelling limit within
Kim’s model which predicts a change in the ballistic magnetoresistance at increasing

temperature [158].

5.4 Influence of polarization orientation on tunnelling

junction transport

Increasing the coupling of electric and magnetic order parameters is a long-standing
scientific challenge with great implications in real devices. Small intrinsic coupling
has been observed in multiferroic materials and at ferroelectric/ferromagnet inter-
faces. In multiferroic tunnel junctions this entails the control of electron spins by
electric fields and represents a low-power alternative for magnetic writing in spin-
tronic devices [7, 141, 6]. The originating coupling mechanism is an interplay be-
tween charge, spin and valency and it can be tailored with the choice of barrier and
electrode materials [159].

In LSMO/PTO/Co junctions, the coupling is attributed to the interfacial Ti-Co
ion hybridisation, similar to hybridisation processes observed in other systems con-

taining Ti-based barriers and transition element electrodes (Table 5.2). Due to the
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Figure 5.17: a) Resistance of 3 u.c. thick PTO barrier containing pinholes mea-
sured with the variation of temperature and b) magnetoresistance loops measured
at different temperatures.
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reduced number of studies on such devices, the microscopic cause is not fully under-
stood and there is no generalised approach to predict the behaviour of a combination
of materials. Thus the experimental measurements are confirmed from case to case
by theoretical calculations.

Figure 5.18 illustrates the magnetoresistance curves in the Pt and P| at 10 K which
were obtained by applying negative and positive voltage pulses to the Co electrode.
The four resulting resistive states are highlighted: 1-P1 with antiparallel magneti-
sations, 2-P1 with parallel magnetisations, 3-P] with antiparallel magnetisations
and 4-P| with parallel magnetisations. The polarisation switching process consists
of local displacement of Ti ions in the bulk of the barrier and in the TiOs layer
termination. The Ti cations are shifted in the direction of the applied field and O
anions in the opposite direction. Hybridisation of the Ti and Co ions occurs at the
interface through the O ions which is affected by the shortening of the bond in the
P1 state and lengthening in the PJ state and modifies the density of states of the
electrodes at polarisation reversal. In the following section, the effect of the fer-
roelectric polarisation orientation on the spin transport is investigated purely from

electric measurements.

5.4.1 Thickness and temperature dependence of electronic trans-
port

Theoretically, the current resultant from tunnelling is independent of temperature,
but in practice the measured current may vary with temperature due to the contri-
bution of the electron hopping processes. In order to investigate how the ferroelectric
polarisation influences the transport properties in the ON and OFF states, the tem-
perature dependence of the resistance is measured. At 10 K, the polarisation was
switched towards Co and towards LSMO by applying voltage pulses with suitable
polarity. Then the resistances in figure 5.19 were aquired with 100 mV bias while
heating the samples with 2 K/min rate. The obtained variations of the resistance are
within the same order of magnitude which excludes the oxygen vacancies influence
in transport properties according to [139]. The higher resistance in the P state than
in P71 is caused by changes in height and effective thickness of the barrier (as seen in
the barrier profiles at room temperature in figure 5.12) and density of states of the
metals when the polarisation is reversed. The tunnelling current can be significantly
influenced by the change of the barrier effective thickness as predicted theoretically
by metallisation processes of superficial PTO layers [10]. Due to the proximity of Ti
and Co when polarisation is pointing upwards, the charge transfer is enhanced and

a reversible metallisation of the superficial layers in PTO occurs. This mechanism
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may also contribute to the temperature dependence in P{ state. The processes
occurring at the LSMO/PTO interface cannot be excluded completely either. A
carrier-mediated field effect has been observed in LSMO /ferroelectric stuctures: the
temperature dependence of the LSMO resistivity differs in the accummulation (ac-
cummulation of holes when polarisation is pointing away from LSMO) and depletion
(when the polarisation is pointing towards LSMO) states [159].

Due to the design of the devices with 40x40 pum? Co patches and continuous LSMO
film, the electrical contacts for PPMS measurements were made by using Pt wires
and conductive silver paste on the top Co electrode patch and at the edge of the
LSMO film. This causes the current in a device to flow from the top Co electrode
through the barrier and then laterally through the LSMO bottom electrode. In the
circuit created by the resistances (of the wires, contacts, electrodes and across the
barrier) connected in series, if the resistance of the junction is comparable or lower
than the sheet resistance of the LSMO, the current could be limited by the electronic
transport in LSMO. The shape of R(T) plot in the P7 state is indeed similar to the
sheet resistance of LSMO electrode, with an increasing slope at higher tempera-
tures which might indicate the metal-insulator transition. However, the junction
resistance is higher with at least one order of magnitude than that of the LSMO
sheet.

The resistance dependence in the OFF state is different for the investigated thick-
nesses: it peaks at ~230 K in 6 u.c. PTO junctions, while 9 and 12 u.c. PTO
exhibit a minimum below 200 K. The device with 6 u.c. has a metallic depen-
dence up to 230 K where the resistance increases by 100%, then after a metal-
insulator transition, the resistance decreases to a higher value than R(10 K) at
room temperature. The value of R(10 K) is reached again at 314 K. The R(T)
plot is in agreement with the typical dependence obtained in manganite based tun-
nel junctions (LSMO/STO/LSMO in [140, 145, 160, 161]; LSMO/STO/Co in [139];
LSMO/BaTiO3/LSMO in [115]; Fe3sO4/STO/LSMO in [162]; LaBaMnOg3/STO/
LaBaMnOs in [163]), which is attributed to inelastic hopping of electrons and treated
within the Glazman-Matveev model. A shoulder-like feature resembling the P state
dependence can be seen at a slightly higher temperature ~250 K in the 6 u.c. junc-
tions in P1 state (Figure 5.19 d). In the 6 monolayers of PTO, two peaks (marked
in figure 5.19 ¢) can be observed at a lower temperature (226 K) for polarisation
oriented towards LSMO; and at higher temperature (251 K), fainter and overlapping
with the metallic behaviour when polarisation points towards Co. This observation
is consistent with the peak shifting of LSMO resistance in LSMO /ferroelectric struc-

tures in accumulation and depletion states [159, 164]. Obtained from the differences
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Figure 5.20: Resistance measured in: a) P| and b) P71 states without field and in
the parallel magnetisation state at -5kOe field.

between the two states, the TER effect is decreasing faster at high temperatures
due to the junction in PJ state becoming more conductive. In the OFF state, the
devices with 9 and 12 layers of PTO exhibit three distinct temperature regimes: first
a metallic behaviour up to 40-50 K with a slow increase of resistance; followed by an
insulating character up to 150-180 K, more pronounced in the 9 u.c. device and then
they have a metallic-like behaviour which almost imitates the dependence in the P1
state in this range. In both cases, the TER is reduced from lower temperatures,
probably due to the increasing role of density of defects in the bulk barrier.

In order to show the trend of R(T') is not due to the states the electrodes settle in,
they were also measured in the parallel magnetisation orientation of LSMO and Co
under external magnetic field and are shown in figure 5.20 for a junction containing
9 layers of PTO. Due to the variation of the coercive field of both the electrodes with
temperature, antiparallel orientation of the magnetisations cannot be continuously
studied with temperature. Instead, TMR is reflected by the difference in conduc-
tivity at zero (after aligning the magnetisations antiparallel at 10 K) and -5 kOe
applied field measured during heating with 2 K/min rate. In both P1 and P states,
applying the field affects just the resistance value, with no significant difference to
the overall behaviour compared to zero field measurements.

Usually in manganite magnetic tunnel junctions the tunnelling process is described
as a combination of direct tunnelling and additional thermally activated inelastic
processes where conduction occurs through chains of localised states within the bar-

rier. Experimental data in this case is characterised with the Glazman-Matveev

87



(GM) model for the temperature-dependence of the conductance [165, 166]:

2

G =Gpr+ Z CLNT(NfNiH) (5.4)
N=1

Where ayox exp[—2d/(N + 1)a] are constants depending on the radius of the lo-
calised states o and the barrier d and Gpr is the direct tunnelling conductance.
According to the GM model, direct tunnelling and tunnelling through a single chan-
nel (resonant tunnelling) result in elastic tunnelling current, while hopping through
N >2 channels results in inelastic tunnelling current. In order to investigate the
contributions of the inelastic tunnelling channels with the thickness, temperature
dependencies of the currents were measured. Limitations such as eV kT and
also eV and kpT lower than the barrier height are necessary for G(T") to be valid.
Thus low applied voltage (5 mV) in relatively low temperature intervals (10 to
350 K) were used for the experimental determination of conductance for 6, 9 and 12
u.c. PTO junctions (Figure 5.21) which display the same trend as measured with
100 mV (Figure 5.19). The conduction increase is fitted with the GM model and
inelastic multistep tunnelling through a different number of impurity levels within
the barrier is obtained (Table 5.3). The best fit for the experimental data was found
with FindFit using the Mathematica software to allow setting resonable constraints
for the parameters. The 6 u.c. PTO barrier can be fitted in good agreement to
the model above ~260 K. The number of hopping channels resulting from the fit is
N=T7, indicating a high density of localised states in the barrier. The value is the
same as obtained in thicker PZT in (10 u.c. in [9]). The thicker samples exhibit a
conductance increase at low temperature which was fitted starting with N=3 and
then decreasing to N=2, which is the opposite of the expected behaviour where the
contributions of the inelastic channels are increasing with available thermal energy
[167, 168]. The low temperature dependence is reproducible for heating and cooling,
but no significant conclusion can be drawn since data can be affected by different
heating/cooling rates at the extremities of the sampling interval. It is possible that
inelastic processes similar to the one observed in 6 u.c. PTO are activated also
in thicker samples, above the temperature measurement range. The radius of the
localised states is one order of magnitude lower in the sample containing 6 layers
PTO (1072 nm) compared to the thicker ones (10! nm).
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Table 5.3: Estimations of the parameters from fitting with the Glazman-Matveev
model

PTO thickness (u.c.) a(m) N Gpr(Qh
12 1.15x10719 3 1.38x10~*
12 2.04x10710 2 1.26x107*
9 8.92x1071° 3  1.64x107*
9 1.62x10719 2 1.21x1074
6 1.27x1071 7 9.05x107°

5.4.2 Size effect of magnetoelectric coupling

The TMR loops were obtained for the two resistance values corresponding to P1
and P| at 10 K with 100 mV applied voltage (Figure 5.22). A significantly in-
creased negative TMR is obtained in samples with switchable polarisation when it
is oriented towards the LSMO electrode. Due to the half-metallicity of LSMO, the
robust spin polarisation of the LSMO/PTO interface is less likely than PTO/Co to
cause this change. Considering the high crystallinity of the LSMO and PTO films
grown on B-site terminated STO substrate, there is a high probability they have the
same termination. The local ionic displacement characteristic to ferroelectric polar-
isation in the lead titanate barrier occurs also for the outermost Ti ions in the TiO9
termination which contributes to interfacial effects (Figure 5.22 e and f). When
polarisation is oriented towards the Co electrode (P1), interfacial Ti ions shift closer
to the first layer of Co, the Ti-Co bond shortens causing d orbitals to overlap to a
larger extent, thus enhancing the d orbital hybridisation. The Ti-Co (d-d) hybridis-
ation is believed to cause the inverse TMR. When the polarisation is reversed (P),
Ti ions shift away from Co and the bonds become longer and weaker. However, in
the studied structure, the magnitude of the TMR effect increases (becomes more
negative) as the Ti ions are shifted away from the Co ions in P state.

Experiments and theoretical calculations performed on Ti cations when combined
with transition-metal electrodes are summarised in table 5.4. In the case of Ti-Co
bonds, Co induces an antiparallel magnetic moment in Ti (mg;). The proximity of
Ti to Co increases the magnitude of the magnetic moment [9, 169] and thus the spin
polarisation; which would mean measuring a higher TMR in P1 state compared to
P|. This is noticeable in other MFTJ devices [170], but quite the opposite in the
junctions under study. At the LSMO/PTO interface, the innermost Mn ions induce
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Table 5.4: Experimentally determined magnetic moment coupling of T1i ions induced
by Mn ions from LSMO and Co ions.

structure interaction
Lag.7Srg.3MnO3/BaTiO3 antiparallel moment induced by Mn [174]
Lag.7Srg.3MnOg3/SrTiO3  antiparallel moment induced by Mn [175]
Co/PbTiO3 moment induced by Co (mpy > mpy) [9]

an antiparallel magnetic moment on Ti, too. Ferroelectric/LSMO interfaces have
been studied with polarisation reversal, but focused just on the orbital degeneracy of
Mn ions [171, 172]. Generally it is assumed that no subtantial change occurs at the
LSMO /barrier interface in a tunnelling junction. However, a carrier-mediated field
effect was observed in LSMO /ferroelectric stuctures: when polarisation is oriented
away from LSMO, charge accumulation induces antiferromagnetism in the interfacial
LSMO layers [159, 173]. This supports the hypothesis that a higher spin scattering
due to antiferromagnetic superficial LSMO layers in the accumulation (P1) state
overcomes the influence of my;. In this case, PTO would have an increased effect
on the Mn ions than BTO due to the higher ferroelectric polarisation [172].

There are no general rules to predict how the exchange (ferromagnetic or antiferro-
magnetic) coupling of the ions at the electrode/barrier interface affects the spin po-
larisations. For example, antiferromagnetic exchange can characterise both positive
and negative spin polarisations. In LSMO/SrTiO3 and LSMO/BaTiO3, Mn induces
an antiparallel magnetic moment on Ti (Table 5.4), LSMO/STO being commonly
used as a reference for the positive robust spin polarisation in LSMO/FE/FM tunnel
junctions. The hybridisation process of the Ti*T ions causes a non-zero occupation
of the d orbitals which otherwise would have the electron configuration of Ar. At the
same time, at interfaces containing Ti and other more than half-filled d orbital ions
(PZT/Co, BTO/Fe) the antiparallel magnetic moment induced on Ti is associated
with a negative spin polarisation used for explaining the inverse TMR. Therefore, a
generalised model is needed to predict the type of interaction and TMR in a tunnel
junction device. For this purpose, the Goodenough-Kanamori rules [176, 177, 178]
can be used if the tunnelling process is seen as a virtual electron transfer through the
junction. They consider the wave function of the d orbital ions extending into the
neighbouring ions which leads to exchange interaction. Depending on the occupa-
tion of the d orbitals in the magnetic ion-ligand-magnetic ion (in this case Ti-O-Co),

a parallel or antiparallel magnetic moment can be induced through hybridisation.
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However, the electronic occupation of the orbitals at the interface is non-intuitive
and the rules can offer sensible explanations only when combined with more inves-
tigations [171, 172]. In the junctions under study, during parallel alignment of the
magnetisations, at the Co/PTO interface, Ti (with less than half-filled d shell in
Ti?* state and empty d shell in Ti** state) spin ordering would favour the transfer
of an electron with antiparallel spin from Co (having more than half filled d shell),
determining a larger value of the resistance in parallel than in antiparallel alignment.
Even though the rules provide a simplistic explanation for interface effects, they can
not explain the inverse TMR in tunnelling devices without deeper understanding of
energy level occupation. The sensitivity of TMR on polarisation orientation can be

quantified using the tunnelling electro-magnetoresistance:

TMR(P ) — TMR(P %)
TMR(P 1)

TEMR = (5.5)
where TMR(P |) is the absolute value of the TMR when the polarisation is pointing
towards the bottom LSMO electrode and TMR(P 1) corresponds to polarisation
towards the top Co electrode. The values in the LSMO/PTO/Co structure are lower
compared to MFTJs containing barium titanate (450% in [6]): TEMR ratio reaches
a higher value in the thinnest functional MFTJ (higher than 100%) compared to
values for 9 u.c. (21.5%) and 12 u.c. PTO junctions (14.1%).

5.4.3 Tunnelling magnetoresistance dependence on applied bias

Comparison of the spin transport properties between the samples with different bar-
rier thicknesses was made by TMR measurements acquired with 100 mV applied dc
voltage. However, the TMR can be affected [179] and even reversed [20, 139, 180]
by the reading voltage. Moreover, by making use of the high theoretical spin polar-
isation of LSMO, the voltage-dependence of the magnetoresistance can be used to
probe density of states of Co near the Fermi level [35]. In order to investigate this
aspect, TMR values were extracted from magnetic field sweeps performed at fixed
voltages and plotted in figure 5.23.

In devices containing 3 u.c. PTO films, the TMR is slightly asymmetric and
decreases in magnitude with increasing amplitude of the voltage. The voltage-
dependence resembles the symmetry observed in MgO-based junctions [179], LSMO/
ALO/STO/Co [180] and in oxygen defficient LSMO/STO/Co tunnel junctions [139],
while the thicker samples have a similar behaviour to the standard LSMO/STO/Co
junctions for both polarisation orientations. The latter dependence usually infers

the tunnelling process is dominated by d electrons. In the case of 6 monolayers PTO
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Figure 5.23: a) TMR magnitude in P1 (black) and P (red) states depending on bar-
rier thickness at 10 K (left) and calculated TEMR (right-green); voltage-dependence
of TMR for: b) 3 u.c., ¢) 6 u.c. and d) 12 u.c. thick PTO.

devices, it can be seen in figure 5.23 ¢ that the TMR reaches the largest magnitude at
~100 mV for all polarisation orientation configurations. In the antiparallel magneti-
sation state, at low voltages the tunnelling occurs between the LSMO e, majority
spin band and the Co d minority band, determining the inverse TMR. The maxi-
mum TMR is attributed to tunnelling with a high probability between the LSMO
majority spin band and the peak in the DOS in the Co minority spin band [180].
The TMR dependence is slightly broader and the maximum value is obtained at
higher value in the thickest samples, 300 mV compared to 150 mV in 6 u.c. PTO.
TMR dependence on applied voltage is very similar in the two orientations of ferro-
electric polarisation.

The effect of partial switching of the polarisation is investigated on spin transport
properties in the case of the functional device with thinnest and thickest PTO. The
polarisation is gradually reversed by applying pulses with increasing amplitude in

order to obtain intermediary resistive states and then the resistance is measured
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Figure 5.24: a) Intermediary resistance states after partial polarisation switching
with increasing voltage amplitude pulses in devices with 6 u.c. PTO barrier; b)
variation of TMR between P1 and PJ; ¢) TMR as a function of f-the fraction of
domains having polarisation towards LSMO electrode, fitted with a linear function
(blue line); d) schematics of the contribution of domains to the junction resistance
during switching, as resistances connected in parallel.

at 100 mV (Figure 5.24 a) for 6 u.c. PTO. The amplitude is increased so there is
a noticeable change in the resistance until the polarisation in the junction is com-
pletely switched. The large TEMR effect in the junction containing 6 u.c. PTO
makes the variation of TMR evident during polarisation reversal. The initial stages
of polarisation switching process, nucleation and forward fast growth of the domains
across the ultra-thin film most likely occur within the first applied pulse. Then the
slower sideways growth of the domains directly causes the Ti-Co bonds to elongate
at the interface on expanding areas proportional to the P fraction (Figure5.24 d).
It is assumed that 180° domains coexist, with minimum contribution from vortices
and complex structures and when the domains are switched progressively from P71
(f=0) to P} (f=1), the intermediary states are characterised by a certain fraction f
and limited by the ON and OFF states [181]. The junction resistance is equivalent
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to domain resistances in P1 state (R1) and P state (R|) connected in parallel (Fig-
ure 5.24 d). In figure 5.24 b the TMR effect increases from the value characteristic
to the P1 state to the maximum value in P| (Figure 5.24 b and c).

1 f 1-f

The TMR magnitude represents a cumulative effect of the Co-Ti bonds with dif-
ferent lengths over the entire interface and is proportional to the fraction f of the
switched areas. This result shows that the TMR can be tuned by manipulating the

ferroelectric domains in the barrier.

5.4.4 Temperature-dependent magnetoelectric coupling

Analysis of the temperature-dependent tunnelling properties and magnetoelectric
coupling are performed on devices with 9 u.c. barrier. The magnetic field-dependence
of the resistance is determined from 10 K to room temperature in 50 K steps (Fig-
ure 5.25). The polarisation is switched by applying 50 us wide pulses with 5 V
amplitude, then the low and high resistances are measured in the direct tunnelling
range with 100 mV. TMR magnitude decreases with increasing temperature down
to 2% at room temperature and becomes negligible at T=330 K, near the Curie
temperature. The values of the coercive fields of both Co and LSMO given by the
resistance switching become lower at room temperature (H, goed”czlél(] Oe) but they
are significantly higher compared to the ones obtained from SQUID magnetic mea-
surements (H/. gnetic_30 Oe). The four resistive states (determined by parallel and
antiparallel magnetisation alignment in combination with the polarisation oriented
towards LSMO or Co) corresponding to the presented TMR loops are summarised
in figure 5.25 b.

Figure 5.25 ¢ presents the decay of the TMR effect with the temperature for the
P1 and P| states in devices with 6 u.c. and 9 u.c. thick PTO barrier. As demon-
strated previously at low temperatures, the spin polarisation can be modulated by
the ferroelectric polarisation. As the temperature rises, the two samples behave dif-
ferently, suggesting the influence of polarisation becomes weaker when approaching
room temperature in the thicker sample, while in the thinnest its effect increases.
The TEMR increases from 21% at 10 K, peaks at 150 K (940%) and then decreases
to 4% at room temperature. The peak of the TEMR coincides with the broader
minimum corresponding to the temperature dependence of the resistance in the P
state. As the temperature increases, the T1i ions are shifted on smaller distances in
the unit cell [182], thus the fading of the effect.
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Figure 5.25: a) TMR curves measured in the P1 (black) and PJ (red) states with
increasing temperature for tunnel junctions with 9 monolayers of PTO; b) variation
of the resistive states (orientation of magnetisation and polarisation shown schemat-
ically) corresponding to the TMR in a) and ¢) TMR in P{ and P| states of 9 u.c
PTO (filled symbols) compared to 6 u.c. PTO (empty symbols); inset: TEMR
variations with temperature for the two samples.
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5.5 Summary

This chapter highlights the size effect in LSMO/PTO/Co multiferroic tunnel junc-
tion properties using films with 3, 6, 9 and 12 monolayers of PTO. Changes in
the domain structure were observed with reducing thickness of the PTO barrier by
analysing the ionic displacements, and local polarisation was observed down to 3
u.c.. However, in real devices containing 3 layers of PTO, the polarisation cannot be
switched, which indicates this is the critical thickness of PTO in the case of positive
in-plane strain imposed by the STO substrate.

Four resistive states characteristic of multiferroic tunnel junctions were obtained in
the 6, 9 and 12 u.c. thick PTO: two states due to the switching of the polarisation
orientation in the barrier and two additional states due to the relative orientations
of the electrode magnetisations (also in 3 u.c.). The TER and TMR effects reduce
with increasing temperature, but both can still be measured at room temperature
(near the Curie temperature of LSMO) due to the good film and interface quality.
Polarisation-dependent spin transport is observed and weakens at high temperatures
and in thick samples. Partial polarisation switching results in an intermediary TMR
value between the TMR corresponding to ON and OFF states. From experimental
observations, the mechanism that allows tuning the TMR by polarisation reversal
is due to charge accumulation effects at the LSMO/PTO interface, rather than to
the magnitude of the induced magnetic moment on Ti at Co/PTO interface.

The TMR obtained in LSMO/PTO/Co tunnel junctions is inverse to that in LSMO/
TiO2/Co junctions, underlining the importance of the barrier termination on the
TMR sign, but also the importance of the barrier nature on its magnitude. In com-
parison with LSMO/PZT/Co, the mechanism acts contrary to the expectations of
TMR modulation with polarisation reversal. Separate investigations on the influ-
ence of Zr ions are necessary for understanding the contributions of Zr and Ti ions
in PZT.
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Chapter 6

Multiferroic tunnel junctions
with PZO barrier

Bulk lead zirconate (PbZrOgs, PZO) is a typical antiferroelectric. Due to its field-
induced ferroelectric polarisation, when used as a thin tunnelling barrier, the mech-
anisms present in ferroelectric tunnel junctions should also dictate its behaviour.
There are no reports so far on tunnelling junctions containing PZO barriers, even
their characteristics could lead to obtaining devices with novel properties. This
chapter presents original work on Lag 7Srg sMnO3(LSMO)/PbZrO3(PZ0O)/Co anti-
ferroelectric tunnel junctions (AFTJ) which at high fields exhibit a high tunnelling
electroresistance (TER) effect determined by the non-polar (AFE) to polar (FE)
and polar to non-polar transitions, equivalent to the polarisation switching in FTJ.
Indeed, further improvements on the stability and reliability of the junctions are
necessary in order for antiferroelectric tunnel junctions to be considered for appli-
cations on a larger scale.

Experiments have shown that multiferroic interfaces can be obtained when titanate
barriers are combined with ferromagnetic electrodes containing transition elements [6,
170, 173], but the mechanisms are not fully understood. For example, control of spin
transport was achieved using the ferroelectric polarisation of PbZry2TipsO3 (PZT)
in LSMO/PZT/Co and was attributed to the interaction between the interfacial
Ti and Co ions [7]. To understand the contribution of the Zr-Co interaction, the
influence of polarisation switching in LSMO/PZ0O/Co junctions on spin transport is
investigated at low temperatures. Zr ions are suggested as the origin of the observed
effect, as a magnetoelectric coupling is detected which affects the TMR value and

sign similar to PZT and much different than in PTO junctions.
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6.1 Antiferroelectric tunnel junctions at room temper-

ature

In magnetic tunnel junctions TMR effects of the order of 103% [1] can be obtained
which are modulated by the magnetisation orientation of the ferromagnetic elec-
trodes. If the oxide barrier is replaced with a ferroelectric, its spontaneous polarisa-
tion will influence the ferroelectric/electrode interfaces and therefore the electronic
transport through the junction. By switching the polarisation orientation, ON/OFF
current ratios of 10* and TER effects of 10°% can be measured [115, 183]. By us-
ing simultaneously ferromagnetic electrodes and a ferroelectric barrier, both TER
and TMR concepts are present in the same device which by its four resistive states
enables encoding of additional information. In FTJ the ferroelectric polarisation is
typically controlled by electric field and in MTJ the magnetisations are controlled
by magnetic field, while in the resulting multiferroic tunnel junctions an interfacial
magnetoelectric coupling was observed which could lead to multi-field control over
the junction resistive states [6].

Antiferroelectrics, similar to antiferromagnets, posses the order parameter at a mi-
croscopic level. The neighbouring stack of opposite dipoles cancel each other and
in the absence of external fields result in zero macroscopic polarisation and mag-
netisation, respectively. When an external electric field is applied, above a certain
value the dipoles orient in the direction of the field and the AFE phase becomes FE.
The process is characterised by a double hysteresis P(E) loop. Due to their volatile
nature, both antiferroelectrics and antiferromagnets have not been considered for
data storage, until the recent successful case of antiferromagnets [184]. Even though
antiferroelectrics have been used as artificial terminations in FTJ to reduce fatigue
and increase the TER effect, no results have been reported so far on self-standing
AFE tunnel junctions [185, §].

In this section it is shown that the non-polar AFE to polar FE transition driven by
applied electric field determines the existence of a double-hysteresis loop in the tun-
nelling current, leading to a TER effect of seven orders of magnitude. The amplitude
of the effect is determined by the low current density in the OFF state associated
with a high barrier height and a considerably higher ON current density caused by
polarisation-induced changes in the barrier profile.

Similar to the ferroelectric case, when the AFE barrier is thin enough, tunnelling
current can be measured though the junction at low fields. This occurs due to
the zero macroscopic polarisation which would cause negligible polarisation-induced

lowering of the electronic barrier, as described in [132]. At the value of the for-
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ward bias where the AFE-FE transition is induced the local dipoles are oriented
in the direction of the field determining a net macroscopic polarisation. In this
process surface charges at the now ferroelectric surface are created and screened
by the electrodes, affecting the electrode/barrier interface and lowering the effec-
tive electronic barrier [186]. The concept is shown schematically in figure 6.1. The
double hysteresis loop where the forward and backward bias are associated with
the current switches to ON (high current) and OFF (low current) states. While
in ferroelectrics the ON and OFF states are remnant, antiferroelectrics are in OFF

state at low voltages and the ON state is volatile. In orded to prove this concept,

—
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Figure 6.1: Schematics of: a) antiferroelectric double P(E) hysteresis loop in anal-
ogy with b) ferroelectric P(FE) hysteresis loop; ¢) expected TER effect caused by
polarisation orientation in antiferroelectrics and d) in ferroelectrics.

Lag.7Sr9.3sMnO3 /PbZrO3/Co antiferroelectric tunnel junctions were fabricated with
different thicknesses ranging from 11 u.c. to 27 u.c. Thicker PZO films were also
grown to ensure the obtained properties are in line with previous work on thicker
films [187]. Figure 6.2 shows the current-voltage dependences in AFTJ with PZO
barriers having 11, 16, 22 and 27 u.c. measured using a Keithley 2635A source
meter. The current is low, in the OFF state at low voltages. As the field increases
the AFE-FE forward transition is induced causing the tunnelling current to increase
several orders of magnitude. At this point, the polarisation in PZO is oriented by
the applied electric field and induces a significant change of the electronic barrier
at the interfaces. The changes of current between the two states are induced by the
forwards (AFE-FE) and backwards (FE-AFE) switching in a manner resembling
the predicted shape from figure 6.1. TER values of 10°% and ON/OFF current
ratios of 107 are obtained from tunnelling current density rising from 107% A /cm?
in the AFE state to 10 A/cm? in the FE state. This value is much higher than
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observed from resistive switching in PZO single crystal at high temperatures [188].
The resistance-area (RA) product is in the ranges 10’Qum? and 10'2Qum?, higher
than reported in [179] for memory applications.

The specific shape of the current-voltage dependence excludes the formation of con-
ducting filaments (which is the typical mechanism in unipolar and bipolar resistive
switching [189]) since it is nonlinear and has a threshold resistive switching-like
behaviour. The threshold resistive switching has been reported mainly in binary
oxides and chalcogenides such as VOg, TiO2 and GeSe [190] in which the resistive
switching might be caused by a temperature-induced metallic phase [191], a non-
stoichiometric phase induced by migration of oxygen ions and Magnéli phases [192].
However, there are no reports of the threshold resistive switching in perovskite oxide
junctions. In this case, PZO does not present complex phases like Magnéli phases
nor highly conductive phases. Therefore it is reasonable to attribute the resistive
switching in the current and the very high TER values to a genuine electronic origin
which is a field-induced non-polar to polar phase transition consequently modifying
the electronic barriers at both AFE-metal electrode interfaces.

The heights of the barriers at the two interfaces can be determined by fitting the
experimental data with a direct tunnelling model and Fowler-Nordheim tunnelling
model on the appropriate voltage intervals which are determined from a Fowler-
Nordheim plot In(jpyr) = f(1/E):

3/2
e2m. 8m/2m* Py (s

] = ° F? VT e Bt — O1E? — 6.1

IENT = S hmr g, 3he E i A (6.1)

Where e is the electron charge, m, is the electron mass, h is Planck’s constant,
$p; is the barrier height at the electrode, E = V/d is the electric field on the
barrier with the thickness d and m} is the effective tunnelling mass of electrons. In
figure 6.3 a and b the 2" and 4*" I(V') branches are plotted. The FNT mechanism
is highlighted by the linear dependence at the high voltages (low 1/E values) and
the height of the barrier at the electrodes can be determined from the slope of the

In (jf;ng) — O+ O (é) (6.2)

3h (2/3)
CPpi=|c—F—=+ .
B <8w\/2m:C’2> (6:3)

The dependence at low voltages (higher 1/FE values) is associated in the literature

logarithmic plot:

Where

with direct tunnelling and was fitted accordingly up to 1 V with the Brinkman
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Figure 6.3: a-b) Fitting with the Fowler-Nordheim tunnelling mechanism on the 274
and 4" I(V) dependences; c) experimental data with direct tunnelling model (red
line) and FNT model (blue lines) dependencies.

model (Equation 2.29). Figure 6.3 shows the experimental data and the fits of the
proposed DT and FNT models.

In the AFE phase where the average polarisation is zero, the barrier is high, 2.012 eV
at the PZO/Co interface and 1.232 eV at PZO/LZMO in 4.5 nm PZO (Figure 6.2 a).
When the polarisation is induced by the applied field, the height of the barrier
drops to 0.422 eV and 0.318 eV at the PZO/Co and PZO/LSMO, respectively. The
crossover from direct tunnelling to FNT is highly probable due to applied voltages
comparable with the barrier height and this too can induce very high values of TER
as predicted for FTJ [41]. In the AFE phase, when applying low voltages, the tun-
nelling current is still sizeable despite the high barriers.

The size effect on AFE can be inferred from tunnelling currents. The effects on the
coercivity of the AFE can be seen in figure 6.4. The voltage where the AFE-FE
forward transition occurs (2V¢) increases with the thickness, from ~3V for 11 u.c.
thick PZO to more than 3.5 V for 27 u.c. and reaches higher values (2E¢ in figure
6.4) of the field than determined in single crystal PZO [193]. Simultaneously, the
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backward FE-AFE transition coercive voltage decreases dramatically being consis-
tent with qualitative observations [194]. The bi-stability of the tunnelling current
seen at low voltages could be caused by weak FE contributions of small remnant po-
larisation coexisting with the dominant AFE properties [69]. At reduced thicknesses
it is largely suppressed, most probably due to large depolarising fields. In order to
check ferroelectricity locally, a local piezoloop of the thinest sample (4.5 nm) was
attempted with dual frequency resonance tracking PFM; the contact resonance at

the surface was not detectable, supporting that it is non-ferroelectric.
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Figure 6.4: Variation of coercive AFE-FE (forward) and FE-AFE (backward) a)
voltage and b) field with PZO thickness for positive and negative values of the
voltage.

At room temperature, AFTJ shows a certain instability: after a relatively small
number of cycles, the ferroelectric behaviour becomes dominant. After this point,
two resistive non-volatile states can be obtained by switching the polarisation by
applying electric pulses. Critical thickness studies available so far have been per-
formed on broad thickness ranges with relatively large sampling intervals, so there
are no details on the AFE-FE transition and coexistence of the two phases in small
increment thickness variation for comparison. Considering the increasing effect of
the depolarising field on polarisation when reducing the film thickness, it might be
that at thicknesses ranging over a few unit cells, complex polarisation curling struc-
tures could take place, similar to the ferroelectric case [3]. Moreover, the 230°C
Curie temperature in the bulk might be significantly lowered in ultra-thin films,
destabilising the AFE phase [193, 195]. In any case, further work is necessary to
understand the size effects on AFE films which could lead to obtaining tunable,
reliable and stable AFTJ devices.

In this section the study of antiferroelectric tunnel junctions is reported for the first

time. PZO films with thicknesses down to ~4 nm were shown to still have an AFE
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behaviour, close to the theoretically predicted values [70]. The significant TER ef-
fect comes most probably from the combination of the non-polar AFE-polar FE
and polar-non-polar transitions with the crossover from direct tunnelling to Fowler-
Nordheim tunneling as the applied voltage increases. Due to the volatile nature of
the AFTJ, they would not be suitable for information storage, rather would play the
role of a complementary resistive switching device. The genuine electronic switch-
ing of the present antiferroelectric junctions, along with its ferroelectric counterpart,
means they could be good candidates for multi-state and programable memristors

with applications in cognitive computing [116, 117].

6.2 Temperature dependent electric measurements

Due to the ferromagnetic nature of the electrodes, TMR effect is expected to be
present at low temperatures. Figure 6.5 shows the TMR measured at 10 K af-
ter cooling in -10 kOe magnetic field the samples having 4.5 nm and 6.5 nm thick
PZO barriers. In the initial (as grown) state inverse TMR was obtained, similar to
LSMO/PTO/Co tunnel junctions, but with lower values (~1.5%), rather compara-
ble to the magnitude of the TMR effect in LSMO/PZT/Co junctions [8, 186]. The
total magnetic moment measured on the samples using the SQUID magnetometer
proves a direct correspondence between the resistance change and magnetisation
switching in the electrodes. The existence of the TMR effect highlights that most
of the current through the junctions is attributed to tunnelling processes.

Bulk lead zirconate has a complex structural phase diagram in electric fields [193]
and the transition temperatures could vary significantly in the case of ultra-thin
films, similar to ferroelectric materials. While the junctions present a certain bi-
stability at room temperature, decreasing the temperature to 10 K produces ir-
reversible changes in the junction properties. At low temperatures the junctions
are more stable and the ferroelectric phase becomes dominant. This observation
is in agreement with previous studies reporting thickness-induced ferroelectricity in
PZO films [187, 69, 68]. By applying positive (negative) voltage pulses on the Co
electrode, a high (low) resistance state can be obtained. Measuring the temperature-
dependence of the junction resistance provides information on the tunnelling mecha-
nisms. The data in figure 6.6 was acquired from a 6.5 nm thick PZO tunnel junction
during heating from 10 K at 2 K/min in the states characterised by the minimum
(P1) and maximum (P]) values. The junction resistance in the ON state (plotted in
the inset) rises tenfold due to electron scattering at higher temperatures. Quite the

opposite, in the OFF state, the junction resistance suffers two orders of magnitude
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Figure 6.5: a-b) Magnetic moment dependence on the external magnetic field cor-
related with; c-d) tunnelling magnetoresistance effect for 11 and 16 u.c. PZO junc-
tions, respectively; the schematic arrows indicate the parallel and antiparallel ori-
entations of the LSMO and Co magnetisations when sweeping the magnetic field.

decrease with increasing temperature which also affects the TER. The magnitude
of the TER varies from 10°% at 10 K to 10?% at 300 K and exceeds by three
orders of magnitude the values measured in junctions containing PTO barriers (see
previous chapter).

Ti and Zr ions, on one hand, are expected to behave similarly, both having less than
half-filled d shells. On the other hand, the dissimilarities in ionic size, shapes of
the 3d and 4d orbitals could influence greatly the hybridisation with the interfacial
Co ions. Evidently, the changes in Zr interactions with Co when the polarisation
is reversed determine a much larger TER effect. Increasing TER effect up to sim-
ilar values was also reported in LSMO/PTO/Co junctions by introducing at the
PTO/Co interface a PZO monolayer in [9]. Therefore the high TER effect may be
attributed to the interface, rather than the nature of the barrier itself.

The presence of inelastic processes are investigated in the OFF state (PJ), by inves-
tigating the temperature-dependence of the junction conductance near zero applied
voltage (V=5 mV). In figure 6.7 two different behaviours can be observed for low
and high temperatures. First, the conductivity increases slowly with ~ 50% up
to 200 K. Then inelastic hopping of electrons might be thermally activated caus-
ing a four-fold increase at room temperature. The overall temperature dependence

is similar to the one observed in [163] and at high temperatures it behaves like
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Figure 6.6: Temperature-dependence of minimum (ON state-black plot) and maxi-
mum (OFF state- red plot) resistance values measured at 100 mV and the resulting
TER (blue plot) for a tunnel junction with a 6.5 nm thick PZO barrier; inset: zoom
on the resistance in the OFF state.
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Figure 6.7: Conductance of a tunnel junction containing 6.5 nm PZO in the OFF

state, measured with temperature at 5 mV and fitted with Glazman-Matveev model
(green line).
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the LSMO/PTO(6 u.c.)/Co junction. The experimental data is in good agreement
with the Glazman-Matveev model, thus the transport at high temperatures might be
dominated by the inelastic hopping of electrons through localised states. The depen-
dence is fit using the FindFit model in Mathematica which allows setting reasonable
constraints for the parameters, so they keep their physical meaning. The resultant
parameters are estimated values, as the model does not provide information on the
uncertainty. The obtained values are N=7 hopping channels, the same as in 6 u.c.
PTO and the radius of the localised states inside the barrier o = 3.3 x 1072 nm,

almost three times the value obtained in the PTO junction.

6.3 Influence of ferroelectric polarisation on spin trans-

port

Zr and T1i ions have the same number of electrons in their 3d and 4d shells, thus their
hybridisation with Co ions, according to the Goodenough-Kanamori rules should
give rise to the same type of interaction. So far there are no experimental reports
on the spin polarisation of lead zirconate. However, magnetic interaction between Zr
and other transition ions at tunnel junction interfaces has been predicted theoreti-
cally in PZT/Co [169]. In the following section, the influence of the PZO polarisation
on the spin transport is investigated by means of electric measurements.

At low temperatures the tunnel junctions present two stable non-volatile resistive
states caused by the ferroelectric polarisation orientation. Negative and positive
pulses were applied on the top Co electrode to switch the polarisation towards
the Co and LSMO electrode, respectively. Figure 6.8 a shows the two reversible
states obtained after subsequent switching of the polarisation by applying negative
(P, ON state) and positive voltage pulses (P, OFF state). The corresponding
I(V') characteristics are shown in figure 6.8 b and are in good agreement with the
direct tunnelling model. The resistance variation with applied magnetic field is
measured at 100 mV and shown in figure 6.8 c. An inverse (negative) TMR is ob-
tained when the polarisation is oriented towards the Co electrode (ON), the same
as in LSMO/PTO/Co and LSMO/PZT/Co with the same orientation [7]. A normal
TMR is obtained by reversing the polarisation towards the bottom LSMO electrode
(OFF). The sign is also consistent with the LSMO/PZT/Co junctions. Within the
Julliere model, the change in the TMR sign is produced by a change in the spin
polarisation at one of the interfaces. The half-metallicity of LSMO is generally as-
sociated with a robust spin polarisation in magnetic tunnel junctions that should

not suffer significant changes when the polarisation switches, thus the change occurs
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Figure 6.8: a) The two reversible resistive states (ON-black plot and OFF- red plot)
of tunnel junctions with 6.5 nm PZO at T=10 K; b) the corresponding current-
voltage curves fitted with a direct tunnelling model; c) resistance dependence on
applied magnetic field in the two states.

at the PZO/Co interface. It is worth mentioning that negative TMR is obtained
also in LSMO/PTO/PZ0/Co junctions where just one monolayer of PZO is grown
on top of the PTO ferroelectric barrier [9]. At barrier polarisation reversal, even the
Zr ions seem to affect other interface-dependent parameters such as the TER, no
significant change is observed in TMR. This could be due to no significant displace-
ment of Zr ions occuring under applied electric field, but cannot exclude completely
a possible effect of the LSMO/PTO interface.

In analogy with the better known Ti/Co interfaces, some hypotheses can be formu-
lated about the Zr-Co interactions at the PZO/Co interface. First principle calcula-
tions are useful in understanding this effect. In LSMO/PZT/Co [169], they predict
Co is antiferromagnetically coupled with Zr (Co induces an antiparallel magnetic
moment on Zr, -0.04u5/atom) when the ions are in immediate vicinity (P71). This
would determine, in analogy with PTO/Co interface, a negative spin polarisation

and inverse TMR. When the ions are driven apart (PJ), the bond weakens, causing
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a ferromagnetic coupling between the Zr and Co ions (parallel magnetic moment,
0.03up/atom).

6.3.1 Voltage-dependence of tunnelling magnetoresistance

Due to its half-metallicity, LSMO is used as a spin analyser in probing the d band
of Co from the voltage dependence of TMR [196]. The TMR effect was measured at
fixed dc voltages in low (P1) and high (PJ) resistive states. The dependence of the
resistance on the applied voltage is different for the two polarisation orientations
as seen in figure 6.9. At negative measuring voltages, the values of the TMR are
positive and similar in both states and at positive measuring voltage, TMR remains
positive in P17 and becomes negative in P state. In the P state, the maximum
absolute value of TMR, which infers the highest density of states, occur at similar
values of V' with LSMO/PTO/Co junctions.

There are several mechanisms which can be responsible for the TMR, change of sign,

driven by the device properties or by intrinsic properties of the barrier:
1. Extrinsic effects:

e Magnetic reordering can be induced by electrostatic charge modulation.
The superficial layers of LSMO are known to modify their magnetic prop-
erties at the interface with a ferroelectric. The charge accumulation in
P1 state is equivalent to a higher hole doping and induces antiferromag-
netic alignment of the spins in the first layer. In the depletion state (PJ),
ferromagnetic alignment with spins in the bulk of the LSMO electrode is
favoured [159].

e Different active atoms can be probed in the device. Due to the slightly
rougher interfaces the LSMO/PZO/Co junctions, defects cannot be ex-
cluded so that in the two polarisation orientations, different atom chan-
nels can become responsible for conduction in the device. Bias-crafted bi-
stability through oxygen vacancies was reported before in non-ferroelectric
SrTiOgs junctions, including a change of TMR sign in the two induced
states [197].

2. Interface effects given by the intrinsic barrier properties:

e At the PZO/Co interface, by shifting the Zr ions closer (P1) to the Co ions
at the PZO/Co interface, their d orbitals overlap to a larger extent and de-

termine a strong Zr-Co hybridisation resulting mainly in d type tunnelling
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Figure 6.9: a) TMR as a function of the applied voltage in P1 (black) and P (red)
states measured at 10 K for a tunnel junction with 6.5 nm thick PZO barrier; b-c)
TMR measured at -0.1V; d-e) TMR measured at 0.1 V highlighting the change from

normal to inverse with polarisation reversal.
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electrons. By separating the Zr and Co ions (PJ), the d orbital hybridis-
ation is suppressed, favouring the Co-O hybridisation and the tunnelling
is more likely to be dominated by the delocalised s and p states [198].
In figure 6.9, the TMR(V') highlights the changes in the density of states
at the PZO/Co interface with polarisation reversal. In prior theoretical
studies it has been shown that the spin polarisation determined solely by
s orbitals has the opposite sign from the spin polarisation resulting from
s, p and d orbitals combined [199]. In this case, the positive TMR in
P| appears to be caused by s orbitals, the TMR(V') symmetrically de-
creases with increasing measuring voltage, similar to the s hybridisation
mechanism induced by AlO (ALO) in LSMO/STO/ALO/Co [35, 180].
Overall, TMR (V') appears to be characterising different sub-bands of Co,
depending on the polarisation orientation as depicted in figure 6.10. d
type electrons dominate the tunnelling process in the P17 state, when Zr-
Co bond is stronger, Co inducing an antiparallel magnetic moment on Zr.
s type electrons are dominating in the P| state, where the orbital over-
lapping is suppressed and a smaller parallel magnetic moment is induced
on Zr. However, this suggested behaviour has yet to be confirmed in tun-
nel junctions with pure PZO barriers by means of theoretical calculations

and synchrotron measurements of the interface magnetism.

e At the PZO/LSMO interface a similar mechanism cannot be completely
excluded, but is generally considered not to change the spin polarisation
sign due to its robust half-metallicity. There are reports of weak exchange
interaction between Ti and Mn in SrTiOs [175] and BaTiOs [174], but
no systematic studies on the effect of the polarisation reversal have been

done.

6.3.2 Tunnelling magnetoresistance in devices with 6.5 nm thick
PZO barrier

TMR was measured at 10 K by applying 100 mV in a junction containing a 6.5 nm
thick PZO film. The state with the most significant TMR effect was studied with
temperature (Figure 6.11). The states characterised by parallel and antiparallel
magnetisations can be distinguished up to 150-200 K, then the TMR effect becomes
negligible and disappears at lower temperatures than in the PTO junctions (where
TMR of a few % can still be measured at room temperature). This might be due
to the higher decaying rate of the interface magnetism and spin polarisation at the

PZO/LSMO interface compared to the electrode bulk magnetic properties. From
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Figure 6.10: a-b) Schematics of Zr and O ions position relative to Co in P1 and
P| states; tunnelling in: ¢) P17 state-electrons tunnel from the majority d orbital of
LSMO to the majority d orbital of Co and d) PJ state- electrons tunnel from the
majority d orbital of LSMO to the s orbital of Co; adapted from [35].

the TEM analysis, PZO junctions exhibit a higher density of defects through the
barrier and less sharp interfaces with the electrodes compared to PTO junctions.
Therefore the TMR, decay can be caused by the interface defects where significantly
more inelastic scattering processes occur. Within the Glazman-Matveev model, the
vanishing TMR at 200 K is related to the inelastic scattering channels which affect
the conductance significantly above this temperature as seen for the OFF state
previously.

In comparison, the tunnelling magnetoresistance is measured in a device with 4.5
nm PZO barrier presenting highly conductive channels (after dielectric breakdown)
in parallel with the tunnelling channels. This device no longer obeys the Rowell
criteria [130, 131], having an ohmic I(V') characteristic and a metallic temperature-
dependence of the resistance. Therefore, measuring a TMR effect is not sufficient to
prove the functionality of a multiferroic tunnel junction. In this case, even though
there is a measurable TMR in conductive junctions (Figure 6.12), its magnitude is
significantly lower (~ 0.2%) than in functional tunnel junctions (a few % at 10 K
in PTO and PZO junctions). Moreover, the TMR(V') is symmetric, which is not

characteristic of the expected d orbital behaviour.
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Figure 6.12: a) TMR loops at different temperatures of a conducting PZO junc-
tion; b) temperature-dependence of TMR with the values from a); ¢) Ohmic I(V)
characteristic of the junction at 10 and 300 K.
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6.4 Summary

In this chapter, the study of antiferroelectric tunnel junctions is reported for the first
time. It is shown experimentally that at room temperature, lead zirconate films can
exhibit AFE properties down to a few nanometers thickness, at values approaching
the theoretical predictions. The obtained AFTJ yield a TER effect with ON/OFF
ratio of 107, however, a certain instability is observed at room temperature where
after a small number of cycles a ferroelectric-like behaviour is observed. One of the
aims of this chapter is to present the proof of concept of antiferroelectric tunnel
junctions, whose high TER value can be exploited once the stablity and reliability
issues of the devices are solved.

At low temperatures, PZO exhibits a ferroelectric behaviour with two nonvolatile
resistive states which determine a TER effect reaching 10°%, with 3 orders of mag-
nitude higher than the tunnel junctions containing PTO presented in the previous
chapter. The polarisation orientation presents also a strong influence on the TMR:
when polarisation is oriented towards the LSMO bottom electrode, the measured
TMR is normal, while when it is oriented towards the Co electrode, the TMR is
negative. The TMR(V') dependencies indicate that different sub-bands might con-
tribute to the tunnelling process in the two states. The magnetoelectric effect at
the interface was predicted by first principle calculations, but here its influence is
reported for the first time in experiments containing tunnel junctions with PZO
barriers.

The results resemble the TMR modulation observed experimentally in LSMO/PZT/
Co junctions and imply that the PZT response is dictated by the Zr ions.
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Chapter 7

Conclusions

This last chapter summarises the content of the thesis and draws the main conclu-
sions from the experimental observations and correlates them with existing infor-
mation in literature. Further experiments and calculation on the Lag 7Srg3MnOs/
PbTiO3/Co and Lag 7Srg.3sMnO3/PbZrO3/Co systems are suggested in order to gain
a broader view on spin transfer in tunnelling junctions with barriers and electrodes

containing 3d and 4d orbital ions.

7.1 Summary

The aim of this thesis is to present the fabrication and characterisation of LSMO/PTO/
Co and LSMO/PZO/Co multiferroic tunnel junctions which combine the advantages
of both magnetic tunnel junctions (MTJ) and ferroelectric tunnel junctions (FTJ)
in single four-state memory devices. Chapter 1 presents the motivation behind the
chosen materials and investigations.

In Chapter 2, the basic concept of electron tunnelling through a potential barrier is
illustrated to set the base for understanding the experimental chapters. The func-
tionality of quantum process is explained in real devices, highlighting the evolution
of spintronic applications and defining the parameters which dictate their perfor-
mance.

Chapter 3 presents the principles of the experimental methods used in the fabri-
cation and characterisation of the tunnelling devices, while Chapter 4 presents the
optimised parameters used in the fabrication process and step-by-step characterisa-
tion of the samples in order to obtain highly crystalline functional tunnel junctions
and to understand the overall properties of the final devices. Apart from the char-

acteristic four resistive states, the junctions present other interesting and distinct
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behaviours given by the barrier properties.

In Chapter 5 LSMO/PTO/Co multiferroic tunnel junctions were investigated with
reducing thickness. In this positive strain system, even though a local out of plane
polarisation was detected, the micron-sized devices do not exhibit switchable po-
larisation at 3 unit cells (u.c.) thickness. Above this critical thickness, the domain
pattern changes locally, going through a disordered phase with toroidal flux closure
domains at 6 u.c and displays almost classic antiparallel domains with rough walls
in 9 u.c. films. From 6 layers PTO, polarisation can be switched between two states:
towards Co (P1) and towards LSMO (PJ) by applying voltage pulses, giving rise to
the TER effect (~102%). The ferroelectric polarisation affects the spin polarisation
properties and the effect appears to weaken with increasing thickness and temper-
ature.

In Chapter 6, the fabrication and characterisation of LSMO/PZ0O/Co tunnel junc-
tions is reported for the first time. At room temperature, the junctions behave
as antiferroelectric tunnel junctions, with a TER effect of ~ 107% determined by
forward nonpolar-polar and backward polar-nonpolar transitions. One drawback is
that after a relatively small number of cycles a dominant ferroelectric behaviour is
activated. At low temperatures PZO exhibits ferroelectricity. The TER effect is
higher with 3 orders of magnitude than in PTO junctions, which can be promising

for applications once the stability and reliability of these junctions are improved.

7.2 Outlook

The ferroelectricity-controlled TMR in LSMO/PTO/Co and LSMO/PZO/Co can
be discussed in relation to PbZrgoTipgO3 (PZT) solid solution, as PbTiOs (x=1)
and PbZrO3 (x=0) are its component materials. Thus pure lead titanate and lead
zirconate barriers are used to generalise the role of Ti and Zr ions, including in
the TMR sign change from inverse (P1) to normal (PJ) with polarisation rever-
sal [7] in LSMO/PZT/Co. The polarisation orientation in the barrier influences
the spin transfer by changes in the spin polarisation (density of states) at the bar-
rier /electrode interface.

The TMR measured in LSMO/PTO/Co junctions is inverse as observed in junctions
containing LSMO/TiO2/Co [138], which coincides with the expected termination at
the Co interface. It counter-intuitively decreases when P1 state (creating shorter
and stronger Ti-Co bonds) compared to P state (longer and weaker Ti-Co bonds)
and its values can be tailored between the two extremes by partially switching the

polarisation. The TMR sign is given by the character of the tunnelling electrons
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which depends on the type of magnetic interaction between ions at the interfaces.
In both orientations, TMR(V') implies that d type electrons are responsible for
tunnelling. The results are in partial agreement with theoretical predictions: the
induced magnetic moment by Co on Ti preserves its orientation, but increases in
magnitude when approaching the Co ions which would lead to a stronger hybridisa-
tion and higher TMR effect. This might indicate a different mechanism involved in
Ti-Co hybridisation than in other systems containing 3d transition elements [6, 141]
or a greater influence of the LSMO/PTO interface on the tunnelling properties.

In devices with PZO barriers, both normal and inverse TMR were measured at low
temperatures by switching its polarisation. A normal TMR is obtained in the P
state (longer and weaker Zr-Co bonds) and an inverse TMR when the polarisation
is reversed in P1 state (shorter and stronger Zr-Co bonds). The voltage-dependent
TMR implies d character electrons are responsible for tunnelling in P1 and s and p
character electrons in P| state [180], depending on the Zr-Co hybridisation at the
interface. This appears to be the same effect as in LSMO/PZT/Co junctions. It is
worth mentioning that when PTO barrier is engineered with a PZO monolayer ter-
mination which cannot be ferroelectric, an inverse TMR is obtained which keeps its
sign when polarisation is switched. In this case the great importance of the interface
in ferroelectric tunnel junctions is inferred by the increased value of the TER.
This thesis shows that Ti and Zr d shell electrons in the barrier have different ef-
fects on the spin transport properties in multiferroic tunnel junctions, despite their
similar electron configurations. This can occur due to the different behaviours of
magnetic moments induced by Co or due to the different degree of strain in the
systems which can affect the orbital preference in LSMO through the Jahn-Teller
effect.

7.3 Future work

The common behaviour of PZO and PZT might be caused by the Zr content, since
the Ti ions produce a significantly different effect in PTO. The results indicate the
TMR modulation with the ferroelectric polarisation observed in LSMO/PZT/Co
is caused by the presence of Zr ions. Quantitative experimental confirmations of
the results can be made by the determination of locally induced magnetic moment
on Ti and Zr ions. For this purpose, X-ray absorbtion spectrum (XAS) and X-
ray magnetic circular dichroism (XMCD) spectra are commonly used due to their
sensitivity to the interface magnetisation and detection of small magnetic moments
[141, 9, 200].
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A detailed study would focus on the measurement of magnetic moments induced on
Ti and Zr ions by Mn and Co at both barrier/ferromagnet interfaces in ’as grown’
(unpoled), Pt and P| states. From the presented results and other existent data,
the magnetic moment induced on Ti and Zr should be robust (antiparallel to Mn
ions in LSMO [175]) at the insulator/LSMO interface. The Ti-Co magnetic ex-
change was studied in several systems already: unpoled LSMO/BaTiO3/Fe [141],
LSMO/PTO/Co with for both polarisation orientations [9]. Thus it is expected that
the magnitude of the magnetic moment induced on Ti by Co remains antiparallel,
but smaller when Ti shifts downwards. So far, no experimental results are reported
on Zr interaction with other d shell ions, but the change in the moment orientation
is predicted at the PZT/Co interface [169] and expected at PZO/Co. A comple-
mentary study on these interfaces should be performed by theoretical calculations
in the same conditions as the local moment measurements, in order to identify the
contributions of the mechanisms proposed in Chapter 6. By understanding the mul-
tiferroic tunnel junctions, tailoring of their properties can be achieved, which along
with improvements on stability and reliability can lead to performing multifunc-

tional spintronic devices.
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